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Abstract 

 
TiO2 is one of the most interesting oxides industrially because it has number of unique 

properties like high mechanical strength, strong absorption and photoluminescence in the 

UV-vis range, high refractive index, good transmission in visible and infrared regions, 

strong adhesion, high thermal stability, high dielectric constant and wide band gap energy. 

Besides to the above mentioned properties there are substantial examples where titania best 

towed with such unique properties have widely applied as oxygen sensors, solar cells, high 

temperature ceramics, glass polishing materials, sunscreen materials, UV-shielding 

materials, hydrogen generation. The most important application of it is currently being used 

as photocatalysts to remove the organic pollutants, like dyes and other toxic compounds to 

clean the environment. The present work is undertaken on multigram synthesis of anatase 

TiO2 and TiO2-based oxides with using cheaper metal inorganic precursor with simple 

approaches. All the prepared oxide calcined at 500°C so that the particles show good 

crystallinity with higher surface area. XRD results showed all the 500°C calcined samples 

have the important anatase phase. All the nanopowder exhibited strong absorption in the 

UV region and good transmittance in the visible region. The modified TiO2 and TiO2–based 

nanoparticles showed red shifts in absorption spectra and lower band gap energy. TiO2 

based nanoparticles shows effective photodegradation of model organic pollutants under 

natural sunlight irradiation. Some of the modified TiO2 materials showed selective and 

effective adsorption of methylene blue dye from aqueous solutions at room temperature 

without any adjustment of pH. The formation of stable anatase phase with high crystallinity, 

high surface area, low band gap energy and lower recombination of the charge carriers’ 

contributed towards an improved activity of TiO2-based materials, which appears to be 

potential candidates for environmental and biomedical applications.  

Keywords: Titania; Nanoparticles; Semiconductor; Photocatalyst. 
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Chapter 1 

 

General Introduction 

Outline:  

This chapter comprised a general introduction and thorough literature survey on 

TiO2, different polymorphs of TiO2, and stabilization of its anatase-phase of TiO2-based 

oxides, including synthesis strategies, and, structural properties. Applications of TiO2 and 

TiO2-based oxide materials were also briefed with prominence to adsorption and removal 

of organic pollutants from aqueous solution. A short introduction of nanomaterials is also 

included. Synthesis and applications of TiO2 and TiO2-based oxides have been also briefed 

with prominence for removal of organic pollutants from aqueous solution. The main 

objectives of the present work are summarized to the end of this chapter. 
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1.1. Historical Background in Development of TiO2 and Derivatives 

Globally, the growth of industry has tremendously increased the generation and 

accumulation of waste by products. Environmental problems have turn out to be a serious 

concern because the productions are mainly focused on making useful products by ignoring 

the generation of waste by-products from it. To address this problem researcher have been 

working on various approaches all over the world. Photoinduced processes have been 

studied and several applications have been developed. One of the most significant methods 

to remove the industrial waste or by-products is the use of light energy and materials 

sensitive to this energy to mineralize waste, which aids in its removal from solution. 

Titanium dioxide (TiO2) is considered as the only material suitable for industrial use at 

present and almost certainly in the future.  

In 1791, William Gregor discovered the element Titanium (Ti) from a mineral called 

menachanite. After four years, a man named Martin H. Klaproth, recognized that in the 

mineral, there was a new element and named “Titanium” after the Titans (from Greek 

mythology). He was not able to extract the pure element of titanium but he produced 

titanium dioxide or TiO2. From the ancient times TiO2 powder were generally used as white 

pigments. TiO2 was inexpensive, chemically stable and harmless, and have no absorption 

in the visible region of light. One can say, it was chemically stable under dark. However, 

under UV light irradiation it is active along with some chemical reactions. This type of  

activity was found when the paints becoming flaked and fabrics begin to degrading under 

sunlight while they contain TiO2 [1]. Moreover, in early part of the 20th century scientific 

work on such photoactivity of TiO2 have been reported. There was a report on the 

photobleaching of dyes by TiO2 both in vacuo and in oxygen in 1938 [2]. It was reported 

that absorption of the UV light generates active oxygen species on the surface of TiO2, 

which is the reason of photobleaching of dyes. Interestingly, in the report TiO2 was called 

as “photosensitizer” not “photocatalyst”. 

The first utilization of photochemical power of TiO2 to induce chemical reactions is 

unclear. Mashio et al. from Japan come through a series reports entitled “Auto-oxidation by 

TiO2 as a photocatalyst” at the year of 1956 [3].  In their experiments, organic solvents like 

alcohols and hydrocarbons used to disperse TiO2 powders. Then UV light irradiated with 

an Hg lamp to the solutions. They detected auto-oxidation of solvents and the instantaneous 

formation of H2O2 under ambient conditions. In addition, they had already compared the 

photocatalytic activities of several TiO2 powders using twelve types of commercial anatase 
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and three types of rutile. The result comes out was very interesting. Among the set of 

experiments the activity of anatase TiO2 towards auto-oxidation is much higher than that of 

rutile, signifying a high degree of progress of the research [4]. 

A great scientist, Dr. Fujishima and his group for the first time reported photolysis of 

water using a single crystal n-type TiO2 (rutile) semiconductor in the 1960s. The 

semiconductor has sufficiently positive valence band edge to oxidize H2O to O2. After 12 

years, in 1972 electrochemical photolysis of H2O was published in Nature by analogy with 

a natural photosynthesis [4]. At that time, after the report electrochemists and other scientists 

attracted their attention to the area of research due to the “Oil crisis”.  

In the late of 20th century many interesting work had been reported like; Frank and Bard, 

in 1977 reported reduction of CN− in H2O using photo-irradiation. Schrauzer and Guth 

reported the photocatalytic reduction of N2 to NH3 and N2H4 over Fe-doped TiO2 [5]. As an 

alternative of photoinduced Kolbe reaction (CH3COOH → CH4 + CO2), first time in 1978, 

an organic photosynthetic reaction was reported which, opened the field of photosynthetic 

reaction. Wang et al. produced a highly hydrophilic TiO2 surfaces with outstanding anti-

fogging and self-cleaning properties in 1998 [6]. 

It is highly necessary to look into a number of unique properties of TiO2. It has high 

mechanical strength, strong absorption and photoluminescence in the UV-vis range, high 

refractive index, good transmission in visible and infrared regions, strong adhesion, high 

thermal stability, high dielectric constant and wide band gap energy [7–12]. Besides to the 

above mentioned properties there are substantial examples where titania best towed with 

such unique properties have widely applied as oxygen sensors, solar cells, high temperature 

ceramics, glass polishing materials, sunscreen materials, UV-shielding materials, hydrogen 

generation [13–18]. The most important application of it is currently being used as 

photocatalysts to remove the organic pollutants, like dyes and other toxic compounds to 

clean the environment [19–21]. Several authors reported TiO2 and TiO2 based materials can 

also be used as an adsorbent. The removal (as photocatalyst and adsorbent) of pollutant such 

as organic dyes from wastewater by TiO2 has also been reported. The excellent properties 

and extensive applications of TiO2 driven my attention to the controlled synthesis of the 

material and its application towards environmental remediation. 
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1.2. Titanium Dioxide (TiO2): Structure and Properties 

1.2.1. Crystal structure of TiO2 

Generally, there are four known polymorphs of TiO2 in nature: anatase, brookite, 

rutile, and TiO2 (B) [22]. In addition, there are two other polymorphs, TiO2 (II) with a PbO2 

structure and TiO2 (H) with a hollandite structure, respectively [23]. These are the high-

pressure crystal forms synthesized from the rutile phase. A brief about crystal structure and 

properties of the main three polymorphs (anatase, rutile, and brookite) are discussed below. 

Anatase: Anatase TiO2 crystallize in the tetragonal crystal structure fashion with two 

TiO2 formula unit (six atoms) per primitive cell. TiO6 octahedron in the lattice is slightly 

distorted. It belongs to the I41/amd space group [24, 25]. The lattice parameters are a = b = 

3.784 Å and c = 9.515 Å. The equatorial and axial Ti-O bond length in the octahedron are 

1.9437 Å and 1.965 Å, respectively [26]. Figure 1.1 illustrates the crystal structure of the 

anatase TiO2. Anatase, a metastable phase, which is the most active of the three varieties of 

TiO2, can be transformed rapidly into the inactive rutile phase at temperatures above 600C. 

However, the difference is small, about ∼ 2 to 10 kJ/mol. Anatase TiO2 polymorphs have 

unique properties like higher electron mobility, low dielectric constant, and lower density, 

which make it preferred over other polymorphs for solar cell applications. Moreover, among 

other polymorphs anatase have the higher photoactivity owing to its slightly higher Fermi 

level, lower capacity to adsorb oxygen and higher degree of hydroxylation. 

 

Figure 1.1. Crystal structure of anatase phase of TiO2. 

Rutile: Rutile TiO2 also crystallize in the tetragonal crystal structure fashion with two TiO2 

formula unit (six atoms) per primitive cell. TiO6 octahedron in the lattice is lesser distorted 

compared to anatase [27][28]. It belongs to the P42/mnm space group. The lattice parameters 
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are a = b = 4.5936 Å and c =2.9587 Å. The equatorial and axial Ti-O bond length in the 

octahedron are 1.9479 Å and 1.980 Å, respectively [26]. Figure 1.2 displays the crystal 

structure of the rutile TiO2. At most temperature and pressure (< 60 kbar) rutile is the most 

stable phase. Zhang et al. reported that after reaching definite particle size the anatase and 

brookite phase transformed to the rutile phase and becomes stable [29]. 

 

Figure 1.2. Crystal structure of rutile phases of TiO2. 

The growth rate of rutile phase is much faster compared to the anatase TiO2, once it is 

formed. The photocatalytical activity of the rutile phase is very poor compared to anatase. 

However, there are some reports, which suggested that the rutile phase can be active but 

that depends on the synthetic conditions. 

Brookite: Brookite TiO2 is crystallizing in the orthorhombic crystal structure fashion. Each 

unit cell contains eight formula units of TiO2. Each edge of the TiO6 octahedron participates 

to form the lattice. It belongs to the Pbca space group.  

 

Figure 1.3. Crystal structure of brookite phase of TiO2. 

The lattice parameters are a = 9.184 Å, b = 5.447 Å and c = 5.154 Å. The Ti-O bond length 

lies between 1.87-2.04 Å [30]. Among all the crystal structures, brookite phase of TiO2 has 
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the larger cell volume. However, this TiO2 phase is hardly investigated in the research fields 

[31]. 

1.2.2. Band structure of TiO2 

The respective band gap energy of the anatase, rutile and brookite TiO2 are about 

3.2, 3.02, and 2.96 eV, which is quite large. TiO2 is formed by hybridization of the 2p 

orbitals of oxygen and 3d orbitals of titanium [32]. Therefore, the valance band (VB) of 

TiO2 is hybrid of O 2p and Ti 3d orbitals, whereas conduction band (CB) is only the Ti 3d 

orbitals. Transition from VB to CB take places in TiO2 under near-UV light where, the 

exited electrons in VB transfer to the CB by creating holes (ℎ+) at VB, as illustrated in 

Figure 1.4. 

 

Figure 1.4. Electron-hole pair formation by light absorption and recombination by TiO2. 

Now, the exited electrons in the CB are in pure 3d state and its causes decreasing in the 

transition probability of  𝑒− to recombine with ℎ+ in VB because of the dissimilar parity 

[33]. Therefore, in this way the recombination rate of the charge carriers’ is decreased.  

 

Figure 1.5. Surface band bending of (a) anatase and (b) rutile [34]. 

Chemical properties, charge carrier dynamics, and photocatalytic activity (mainly 

photodegradation of organic compounds) marks anatase TiO2 to consider as active 

photocatalytic component among all other polymorphs. The lifetime of the charge carriers 
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in anatase is much longer compared to rutile because of the typical surface band bending 

[33]. However, the band bending process is more spontaneous in a deeper region with a 

steeper potential. In anatase, surface hole trapping dominates since spatial charge separation 

can be realized by the transfer of photogenerated holes towards the particle surface along 

the strong upward band bending. On the other hand, in rutile phase, the bulk recombination 

of charge carriers prevails, so only holes very close to the surface are trapped and transferred 

to the surface. 

1.2.3. Thermal treatment of TiO2 

Thermal treatment has a significant part in the synthesis of particles, achieving the 

desired morphology, crystallinity and porosity. On the other hand, the process decreases the 

surface area, hydroxyl groups on the surface and causing in phase transformations [35]. 

When TiO2 especially mesoporous structured TiO2, annealed at higher temperature (phase 

transformation) the surface area decreases due to collapsing of the pores, which is actually 

present in the amorphous TiO2. However, for phase transformation delicate heating rates is 

necessary. The transformation of anatase to rutile phase is usually undergoes in the range of 

600–700°C as found from the literature. The report also says that the following factors like; 

precursors, preparation conditions, oxygen vacancies, impurities and the primary particle 

size of the anatase phase was affected the transformation process [36]. Wang et al. reported 

that there is a relationship between the photocatalytic activity and phase transformation. The 

data indicates that the anatase nanopowder have the highest photocatalytic activity (acid red 

B degradation) under visible light irradiation, when the rutile phase is about to form [37]. 

In fact, the visible light absorption increased, while TiO2 comprising of both rutile and 

anatase phases rather than individually. However, the photocatalytic activity started to 

decrease fast as soon as the rutile phase formed separately. Literature survey suggested large 

surface area and high crystallinity could provide high photocatalytic activity [38]. Large 

surface helps to absorbed substrates and high crystallinity assists to decrease the 

recombination rate of the photo-excited charge carriers. Moreover, surface area decreases 

and crystallinity increases with annealing temperature. Therefore, there have an adequate 

annealing temperature where the two requirements partly fulfilled. The photocatalytic 

activity also depends on the duration of thermal treatment. For example, Yu et al. reported 

that, when TiO2 films are annealed at 500°C, the rate constant first increased as the 

annealing time increased but after reaching a maximum (60 min) its gets decreased [39]. 
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1.2.4. Why TiO2 acts as photocatalyst? 

The main criteria to be a potential semiconductor photocatalyst is that the band gap 

domain should lies within the redox potential of the charge carriers, i.e. 𝑒−/ℎ+. The reducing 

ability of photogenerated electrons determines by the energy level at the bottommost of CB 

whereas the energy level at the topmost of VB determines the oxidizing ability of 

photogenerated holes [40]. Figure 1.6 represented the lower edge of the CB, upper edge of 

the VB, and band gap of several semiconductors. The horizontal straight line signifies the 

internal energy not the free energy. In fact, the free energy of an 𝑒−/ℎ+ pair is lesser than 

the band gap energy because 𝑒−/ℎ+ pairs have a substantial configurational entropy 

generates from the huge number of translational states accessible to the charge carriers in 

the CB and VB. 

 

Figure 1.6. Bandgaps and band-edge positions with respect to the vacuum level and NHE for 

several semiconductors [41]. 

Aside from having a reasonable band gap, an ideal semiconductor should also be 

economical, photostable, nontoxic, solar light active, effective to catalyze the reaction and 

importantly easy to produce and use. There have also been limitations in the most of the 

reported photocatalysts. For example, ZnO is unstable in water because of its dissolving 

nature. The oxide produces the corresponding hydroxide on the surface, which reduces the 

catalytic activity over the time [42]. Semiconductors like GaAs, CdS, and PbS, are not 

adequately stable to participate in aqueous based catalysis because they readily undergo 

photocorrosion and are toxic too. 
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Fe2O3, WO3, and SnO2 hold a CB edge at an energy level lower than the reversible 

H2 – potential. Therefore, systems using these semiconductors to produce H2 from water 

splitting reaction require application of an external electrical bias to complete the process. 

TiO2 is almost a perfect photocatalyst and a standard to compare photocatalytic 

performances. It is photocatalytically stable in solution, nontoxic in nature and more 

importantly cheaper. It has been reported that, TiO2 is being used in several novel 

heterogeneous photocatalytic reaction because the holes generated during illumination are 

strongly oxidizing and redox selective. That is why the TiO2 as photocatalyst and TiO2-

based photocatalysis has been profoundly investigated for environmental clean-up 

applications. The only disadvantage is that TiO2 does not absorb visible light [40]. 

Therefore, to make it visible light active several modifications have been done using 

different approaches like, doping, hybridization, coupling, and dye sensitization etc. A brief 

literature survey on the modification of TiO2 is discussed in section 1.2.8. 

1.3. Introduction of Nanomaterials 

Nanomaterials (nanocrystalline materials) are materials possessing grain size on the 

order of a billionth (10−9) of a meter [43]. All materials are composed of grains, which in 

turn comprise many atoms. Nanocrystalline materials have grains or say one dimension on 

the order of 100 nm. Although nanotechnology (field of applied science focused on the 

design, characterization and application of materials and devices on the nanoscale) is a new 

area of research, nanomaterials are known to be used for centuries. 

 

Figure 1.7. The Lycurgus cup appears (a) green in reflected light, and (b) red in transmitted light 

(preserved in the British museum in London). 

 The two version of Lycurgus cup (remarkable piece of Roman glasswork) is the 

finest example of the uses of nanomaterials used in the 4th century AD.  The colour of the 
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cup appears green when illuminated from the outside and when illuminated from inside 

appears red and purple (Figure 1.6). The apparent dichroism is due to the interaction of light 

with gold-silver and copper nanometals and alloys embedded within the soda glass matrix 

of the cup. This renewed interest in nanomaterials research started after the well-known 

lecture by the Nobel laureate Richard. P. Feynman in 1959. He stated, “There is a plenty of 

room at the bottom” and indicated the vast potential of materials having small dimensions. 

Nanomaterials can be classified into four different classes zero dimensional, one 

dimensional, two dimensional and three dimensional nanostructures. 

Zero-dimensional (0-D): Materials in which all the dimensions are measured within 

the nanoscale (0-D or no dimensions are larger than 100 nm). The most common 

representation of 0-D nanomaterials are nanoparticles. Quantum dots are the perfect 

example of 0-D nanoparticles. 

One-dimensional (1-D): Materials in which one dimension is outside the nanometer 

range. Nanowires, nanorods, and nanotubes are 1-D materials. 

Two-dimensional (2-D): Materials, where two dimensions are outside the nanometer 

range. Nano sheet, nano disk, nano flakes, ribbons and plates are few examples of this kind 

of materials. 

Three-Dimensional (3-D): All dimensions of these are outside the nano-meter range. 

Materials in nanodimension exhibits exceptional properties which are caused by quantum 

mechanics, small grain sizes, large grain boundary environments, large surface area, 

interfacial volume fraction, high surface to volume ratio and other phenomena. Conversion 

of a material from bulk to nano significantly changes its physical, chemical, optical, 

mechanical, electrical and magnetic properties. For example, Fe2O3 (maghemite) in its bulk 

form used in disc drives as a recording medium because of its magnetic properties whereas 

the nanoparticulate form is superparamagnetic and used in magnetic resonance imaging 

(MRI). Properties of nanoparticles can be controlled by engineering the size, morphology 

and composition of the particles. Several effects like size, dimension of the system, change 

in atomic structure, temperature control the properties of nanostructured materials.  

In fact small crystallite size (2-20 nm) characterizes the nanocrystalline materials.  They 

are separated by their high angle grain or interface boundaries or in other word, by their 

large volume fraction of disordered region of grain boundaries.  Surface of a nanoparticle 

have 60-20 % surface atom of the total atoms. Size and morphology of particles are strongly 
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depend on the fraction of the surface atoms (φ). A systematic investigation was carried out 

by Sigel where φ as a function of average particle diameter (D) with different thickness for 

grain boundary. The surface atoms in an isolated nanoparticle generally assume to have 

lower atomic density, coordination number, and symmetry as well as have an enhanced 

interatomic distance than core atoms according to phenomena of the special surface and 

surface energy density (σ). 

1.3.1. Essential features and applications of nanomaterials 

Nanomaterials are of particular interest in recent year because it has unique optical, 

magnetic, electrical, and other properties. For example, (a) nanostructured materials are 

more ductile at elevated temperatures as compared to the coarse-grained materials. (b) The 

shape and size of nanomaterials are important parameters to control the properties of 

nanostructured materials. In recent year, a great research interest have been devoted to 

develop nanowire, nanotube, nanodisc etc. to meet the desired characteristics and hence 

applications. (c) The production of dense parts and porous coatings required nanosized 

metallic powders. Combination of cold welding properties and ductility produce appropriate 

metal-metal bonding, which specifically used in the electronic industry. (d) Semiconductors 

in the nanoscale possess numerous non-linear optical properties, which may lead to special 

properties. (e) Particles in the nano-range contain special atomic structures i.e. have discrete 

electronic states, which will may arise special properties, may be like superparamagnetic 

behaviour. (f) Nanostructured metal oxide can be served as heterogeneous catalysts, which 

suggest significant benefits about activity, greater selectivity and lifetime in chemical 

transformations and electrocatalysis (fuel cells). 

Nanomaterials offers an extremely broad range of potential applications such as 

catalysts, sensors, semiconductor devices with a wide band gap-energy, insulators of 

enhanced band gap, tunable lasers of enhanced power, permanent magnets, information 

storage systems, magnetic toner in xerography, ferrofluids, contrast agents in magnetic 

resonance imaging, magneto optic or magneto resistance devices so on. 

1.4. TiO2 nanoparticles 

Numerous literature proven that TiO2 in the nanoparticle from is much more 

functioning than bulk powder for the use as photocatalyst [44]. When the diameter of the 

crystallites of a semiconductor particle falls below a critical radius about 10 nm quantum 

confinement effect appears or can say it act as a simple particle in a box [45]. The effect 

results in the increase of the band gap energy and shifting in band edges and that produces 
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larger redox potentials [46]. On the other hand, the solvent reorganization free energy of 

charge transfer to a substrate remains unchanged. It has been found that the rate constant of 

charge transfer in the normal Marcus region increases and which is due to the unchanged 

solvent reorganization free energy and increased driving force [47]. Those effect results in 

an increased photoefficiency of a system because charge transfer process is the rate-limiting 

step. Mill and Le Hunte also reported that the quantized semiconductor particles show higher 

photoactivity than macrocrystalline semiconductor particles [48]. Over the past few years, 

different TiO2 has been synthesized in form of powders, crystals, thin films, nanotubes and 

nanorods [49–51]. The most appropriate and frequently used approaches in chemical 

synthesis is liquid phase processing. This method provides the advantages of controlling the 

stoichiometry, homogeneous products and allowing the formation of complex shapes and 

preparation of composite materials. 

1.4.1. Applications of TiO2 nanoparticles 

   

Figure 1.8. Applications of TiO2 nanomaterials. 

Mostly TiO2 uses as a pigment and photocatalyst. A diagram is represented in Figure 

1.7, which shows the application of TiO2 in various fields. Some important application of 

TiO2 discussed in this section. TiO2 nanoparticles are uses for photoinduced hydrophilic 

coatings and self-cleaning devices. It is necessary to clean the surfaces of buildings from 

the dirt deposition, soot, vehicular exhaust and other particulates. Moreover, the growth of 
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organisms, e.g. algae, fungi and bacteria, damages the facades of buildings and resulting in 

mechanical weakness and ultimately in permanent damage. To prevent the damage, TiO2 

photocatalysts are coated on the facades of buildings. In presence of the light photocatalysis 

occurs and chemically break down the organic particles adsorbed on the coated surface. The 

process increases the contact angle of water and makes the surface superhydrophobic that 

washed away the dirt very easily. Toma et al. reported the degradation of gaseous nitrogen 

oxide pollutants like NO (about 52%) and NOx (about 34%) by sprayed TiO2 coatings. 

Chang et al. synthesized TiO2-coated polyester fibre filter by spray-coating which shows 

photocatalytic degradation of gaseous formaldehyde [52]. Verdier et al. reported 

antibacterial activity on Escherichia coli (Gram- negative bacteria) which showed 

significant activities under low UV-light using TiO2 transparent coatings [53]. 

 TiO2 nanoparticles have been used for the degradation of wastewater pollutants over 

the last two decades and still in the present. It has been used to complete mineralize organic 

pollutant like dyes, surfactants, aliphatics, aromatics, pesticides, herbicides and polymers. 

Bui et al.  reported complete mineralization of  Cibacron Brilliant Red 3B-A and Remazol 

Black B to using TiO2 powder in waste water. Metals ions are another cause for the 

contamination of water [54]. Prairie et al. reported photocatalytic reduction Ag+, Cr6+, Hg2+, 

and Pt2+ with 0.1 wt% TiO2 [55]. Mahmoodi et al. reported photocatalytic degradation of 

Acid Blue 25 (a textile dye) by immobilized nano-TiO2 in a photocatalytic reactor from 

wastewater. TiO2 has also been used for the degradation of herbicides, fungicides and 

insecticides. Pulgarin et al. studied photodegradation of four biorecalcitrant phenylurea 

herbicides in aqueous TiO2 suspension which shows significant photoactivity in the 

following order: (isoproturon ≥ chlortoluron ⪢ metobromuron ≥ chlortoluron) [56]. Chen et 

al. studied photodegradation of an organophosphate insecticide (Methamidophos) using 

aqueous suspension of mesoporous TiO2 nanoparticles, which showed significant activity 

under UV irradiation [57]. Chovelon et al. reported photodegradation of sulfonylurea 

herbicides (Cinosulfuron and Triasulfuron) using aqueous TiO2, which can used in the field 

of agricultural water decontamination [58]. Saien and Khezrianjoo studied degradation of 

Carbendazim (a fungicide) by aqueous solution of TiO2 particles under UV-light irradiation 

[59]. Hydrogen is the new energy source for a sustainable society to and its production 

should be from a renewable resources and natural energy sources. Honda and Fujishima 

first report production of H2 from water in 1972 by n-type TiO2 using solar energy, which 

open a new area of research [4]. Fujihara et al. reported continuous splitting of water to 
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produce H2 using combination of two photocatalytic reactions on suspended TiO2 [60]. 

Kawai et al. reported greater H2 production using a methanol/water mixture TiO2 [61]. They 

showed the H2 production enhanced 56 times with the mixture compared to water alone. 

Yoshida et al. studied the photocatalytic reaction of methane gas with water vapour over Pt 

modified TiO2 at room temperature and obtained hydrogen and carbon dioxide as the main 

products with bit quantities of ethane and carbon monoxide [62].  

1.5. Literature survey: Modification of TiO2 

Doping of TiO2 has been a significant method in band gap engineering to modify 

the optical response of the photocatalyst. The primary objective of doping is to reduce the 

band gap energy. Doping introduces intra-band gap states, which results in the absorption 

of more visible light (a red shift in the absorption edge). Doping may lead to photocatalytic 

systems that exhibit enhanced efficiency. Doping has been carried out using transition metal 

cations, addition of noble metals, anions, codoping etc.  

 Literature suggested that doping of transition metal ions provides additional 

energy levels within the band gap of TiO2, so that the electron transfer from one of these 

levels to the CB requires lower photon energy than in the unmodified TiO2. Choi et al. 

reported a systematic investigation of the photo reactivity of TiO2 doped with 21 different 

metal ions. Dopants such as Fe3+, Mo5+, Ru3+, Os3+, Re5+ and V5+ significantly improved 

the photochemical reactivity of TiO2 for the oxidation of CHCl3 and reduction of CCl4 

[63]. El-Bahy et al. reported lanthanide ions (La3+, Nd3+, Sm3+, Eu3+, Gd3+ and Yb3+) 

doped TiO2 nanoparticles using sol-gel method. The reported data shows that the Gd3+-

doped TiO2 have smallest particle size, highest surface area and  pore volume and most 

importantly lowest band gap energy among all samples. The lanthanide ions showed 

improved photocatalytic activity compared to pure TiO2. Moreover, among all the 

lanthanide ions, Gd3+ doped TiO2 had the best activity [64]. Khan et al. reported a 

synthesis of TiO2 and Ru-doped TiO2 nanotubes hydrothermally using an ion exchange 

method. The nanotube photocatalyst was active under visible light. The MB 

photodegradation result showed about 60% more degradation compared to undoped 

nanotubes [65].   

 Addition of noble metals with TiO2 is also another approach to make it 

efficient photocatalysts. Nobel metals have lower Fermi levels compared to TiO2. So, 

now the photo-excited electrons in the CB of TiO2 can transfer to metal particles set on 

the surface of the lattice while photogenerated holes remained in the VB. This is how the 
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noble metals in the lattice reduce the possibility of  𝑒−- ℎ+ recombination and results in 

efficient charge separation and higher photocatalytic activity.  Rupa et al. synthesized 

1% noble metal (Au, Ag, and Pt) modified TiO2 nanoparticles by the sol-gel technique 

through photodeposition. The resulting photocatalysts exhibited significant activity 

towards the decolorization of tartrazine in the order of Au-TiO2 > Ag-TiO2 ∼ Pt-TiO2 > 

synthesized TiO2 > Degussa P-25 even under visible-light [66]. Thampi et al. reported 

photo-reduction of CO2 with hydrogen using Rh doped TiO2 samples, which selectively 

produced CH4 [67]. Papp et al. synthesized Pd modified TiO2 powder using 

photodecomposition and thermal decomposition procedure. The resulting data showed 

enhanced photocatalytic activity towards the degradation of 1,4-dichlorobenzene [68].  

 Many researchers reported visible light responsive TiO2 by doping anions as 

a substitute for O2 in the lattice. Anions doping shifts the VB edge upwards, narrowing 

the band gap energy of TiO2 and make it much more efficient as photocatalysts [69–71]. 

Ao et al. synthesized N-doped TiO2 hollow spheres by a one-pot hydrothermal method 

using urea as nitrogen source. They have studied photodegradation of the Reactive 

Brilliant Red dye X-3B under visible light. The result showed higher activity of the N-

doped TiO2 hollow spheres compared to undoped TiO2 hollow spheres and commercial 

Degussa P25 [72]. Yu et al. reported F-doped TiO2, which showed photo-oxidation of 

acetone into CO2 at higher rate compared to undoped TiO2 [73]. Dong et al. synthesized 

N-doped TiO2 nanotube array by annealing anodized TiO2 nanotubes with NH3 at 500°C 

and carried out photodegradation of methyl orange under visible light. The results 

displayed enhanced photocatalytic efficiency of doped nanotube array than undoped 

nanotubes because the band gap energy decreased after the doing [74]. Sakthivel and 

Kisch synthesized C and N-doped TiO2 and carried out photodegradation of 4-

chlorophenol by artificial light (λ ≥ 455 nm). The result showed that the C-doped TiO2 

is five times more active than N-doped TiO2 [75].  

 Codoping is also as an effective way to improve charge separation and many 

researchers improved the photocatalytic activity of TiO2 by this process. Song et al. 

synthesized Cu and N -codoped TiO2. They studied how photocatalytic activity 

influenced by the amounts of codopant. The results showed codoping of TiO2 extended 

absorption upto 590 nm and have higher photocatalytic activity than pure N- or Cu-doped 

TiO2 for the photodegradation of xylenol orange [76]. Vasiliu et al. synthesized Fe- and 

Eu-codoped TiO2 and carried out degradation and catalytic oxidation of styrene and 
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phenol under visible light, respectively. The results showed a red shift in its absorption 

spectrum and higher photoactivity in both processes [77]. 

TiO2 have unique 𝑒− and ℎ+ transport properties and that can also be improved by 

coupled it with conjugated materials because the conjugation will provides the superior 

transportation of the charge carriers in a photocatalytic process. Zhang et al. studied surface 

hybridization of TiO2 with a few molecular layers of graphite-like carbon, which exhibited 

an efficient photocatalyst. They demonstrated that the graphite-like carbon/TiO2 increases 

the electron mobility because of the electronic interactions between the materials at the 

interface. Moreover, TiO2 adsorbed the light in the visible region, which is due to the 

electronic coupling of p states of the graphite-like carbon and CB states of TiO2. The 

photocatalytic activity of the TiO2 with a carbon shell with a thickness of three molecular 

layers showed two-times high of Degussa P25 under UV-light [78]. The same group also 

reported an improved TiO2 photocatalyst by surface hybridization using a thin layer of C60 

molecules. The resulting C60-hybridized TiO2 photocatalysts showed that the photocatalytic 

activity is four times more compared to Degussa P25 under UV light [79].  

Dye sensitization is one of other approaches, which make a wide band gap 

semiconductor an efficient photocatalysts. Dye adsorption on the TiO2 surface can increase 

efficiency of the excitation process and expand the wavelength range of excitation. The 

process is the excitation of the sensitizer followed by charge transfer to the semiconductor. 

Li et al. sensitized TiO2 using xanthene dye and this resulting in efficient photocatalytic 

decomposition of 2, 4-dichlorophenol under visible light irradiation. The decreasing order 

of photodecomposition of different dyes in terms their efficiency is as follows: eosin Y≈ 

rose bengal > erythrosine > rhodamine B [80]. Ray et al. reported dye-sensitized 

photocatalysis for phenol degradation under visible solar light. Where dye Eosin Y used as 

sensitizer [81]. Choi et.al. synthesized dye-sensitized TiO2 photocatalysts for CCl4 

degradation, where they used tris (4, 4′-dicarboxy-2, 2′-bipyridyl) ruthenium-(II) complex 

as sensitizer [82]. Moreover, dye-sensitized TiO2 has been used productively in photovoltaic 

applications, e.g. dye-sensitized cells and photolysis of water. Disadvantage of this method 

is that the dyes used for the sensitization can undergo photodegradation themselves. 

Coupling of different semiconductor is another method to make a better 

photocatalysts in both gas and liquid phase. This can simply synthesized by coupled 

colloidal structures, in which illumination of one semiconductor produces a response in the 

other semiconductor at the interface. The synthesized composite photocatalysts increases 
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the charge separation and extending the energy range of photoexcitation. However, 

parameters like particles geometry, particle size, texture of the particle surface and proper 

placement of the both semiconductor as well as proper width of the covering semiconductor 

are play a substantial role in interparticle electron transfer and efficient charge separation, 

respectively. Bessekhouad et al. synthesized a Bi2S3/TiO2 junction prepared by precipitation 

of different concentrations of Bi2S3 onto TiO2. Bi2S3 absorbed a large portion of visible light 

and when the junction contained 10 wt% Bi2S3, the absorbance started at 800 nm [83]. Song 

et al. reported WO3/TiO2 system and showed decomposition of 1, 4-dichlorobenzene in 

aqueous solution, which found to be 5.9 times faster compared to pure TiO2 [84]. 

Vinodgopal et al. synthesized SnO2/TiO2 composite, which showed increased rate of 

photodegradation about 10 times for several textile azo dyes indicating an improved charge 

separation. Song et al. synthesized CdS/ nanosheet-TiO2 heterojunction by hydrothermal 

method. The resultant composite showed photocatalytic reduction of CO2 in cyclohexanol 

under UV–vis light [85]. Luo et al. reported a synthesis p-type Cu2O/ n-type TiO2 NT arrays 

network. The results indicated decomposition of p-nitrophenol under artificial solar-light 

[86]. Liu et.al reported nanobelts heterostructure of Ag2O/TiO2, synthesized by chemical 

precipitation of Ag2O nanoparticles on the nanobelts of TiO2. The heterostructure had been 

a novel photocatalyst for degradation of methyl orange under UV and visible light with 

higher degradation rate compared to both Ag2O nanoparticles and TiO2 nanobelts [87]. 

1.6. Objectives of the thesis 

Literature survey reveals that TiO2 and TiO2-based oxides have been extensively 

investigated due to their varieties of applications including photocatalysis for environmental 

remediation. TiO2 is only active in UV-light because of its high band gap energy. To make 

a better TiO2 photocatalyst it should have high crystalline anatase phase, high surface area, 

low band gap and lower recombination rate of the photogenerated electrons and holes. 

Literature study showed surface area could be increased by follow up the microemulsion 

synthetic method (using surfactant templates), doping of transition metal ions can create 

new additional energy to lowering the bang gap as well as slow the electron hole 

recombination process to make TiO2 visible light active photocatalyst. Literature study also 

showed hybridization of conjugated material is also a way to improve the photocatalysis by 

improving the transportation of photocarriers.  

Motivated by the unique properties and environmental applications (mainly 

photocatalysis) of pure TiO2 and TiO2-based materials, the present research work on 
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synthesis of pure TiO2 as well TiO2-based materials (with specific anatase phase) from low 

cost materials using simple synthetic approaches. This has been taken-up with a special 

emphasis of their structural and optical characterization, physiochemical and electrical 

properties, and applications in photocatalysis under solar-light irradiation. 

The objectives have been defined based on the existing problems, challenges and 

current status in the field of TiO2 based photocatalysts. The present work is to develop a 

better TiO2 and TiO2-based photocatalysts with anatase phase, those will be solar light 

active, easily synthesizable and economic. This involves series of experiments and 

measurements followed by a systematic analysis as follows:  

 Preparation of pure TiO2 nanoparticles with anatase phase (using surfactant 

templated route), and anatase TiO2-based materials (Fe3+-doped TiO2, Cu2+-doped 

TiO2 (with Na-incorporation), and reduced graphene oxide-TiO2 nanocomposite) 

using low cost precursor and methods. 

 Analysis of crystal structure, surface area, pore size, pore volume and morphology. 

 Microstructural and elemental characterization of selected specimens using 

HRTEM and XPS techniques, respectively. 

 Studies of band gap energy and photoluminescence of anatase-TiO2 based 

materials.  

 Studies of charge carrier dynamics using complex impedance spectroscopic 

technique and explore the structure-property relationship. 

 Investigation of applications mainly photocatalysis using model pollutants (organic 

dyes) under sunlight irradiation. 

1.6.1. Outline of the thesis 

The thesis is divided into eight chapters, the contents of which are as follows: 

 Chapter 1 gives a brief introduction with a historical background on TiO2 

photocatalyst and its related materials. Structure and properties of TiO2 are briefly 

discussed. In addition to this, literature survey describing the chronological 

development and current status of the TiO2 based materials has been presented. 

Based on the literature survey we have set our objective of the present study. 

 In Chapter 2, the sample preparation technique is elucidated in detail. Some common 

analysis methods are surveyed and a brief description of the instruments/setups used 

in the present investigation is given. 
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 Chapter 3 describes the distinct surfactant templated synthesis of anatase TiO2 

nanoparticles. The structural, microstructural, physiochemical, optical, electrical 

characterization and photocatalytic degradation of methylene blue under solar light 

irradiation have been studied in detail.  

 Chapter 4 is devoted to the understanding of the compositional driven structural, 

microstructural, physiochemical, optical, electrical properties Fe3+-doped TiO2 

nanoparticles with anatase phase where Fe3+-concentrations are varied from 0 to 10 

wt% and photocatalytic degradation of methylene blue under solar light irradiation 

have been studied in detail. 

 Chapter 5 deals with a systematic study of Na-intercalated Cu2+ doped TiO2 with 

anatase phase, where Na+-ion is self-incorporated. We have varied Cu-concentration 

from 0 wt% to 2 wt%. The structural, microstructural, physiochemical, optical, 

electrical characterization, selective adsorption behavior and photocatalytic 

degradation of malachite green dyes under solar-light irradiation have been 

discussed in detail. 

 In Chapter 6, we have systematically studied the structural, microstructural, 

physiochemical, optical, electrical properties and photocatalytic degradation of 

rhodamine B dye in detail by a nanocomposite comprises of reduced graphene oxide 

and anatase TiO2 nanoparticles.  

 A brief summary, conclusion and future scope of the work have been discussed in 

Chapter 7. 
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Chapter 2 

 

Materials Synthesis and Characterization 

 

Outline:  

This chapter deals with a discussion of the synthetic methodology developed and 

explored for the synthesis of pure titania (TiO2) as well as iron oxide and copper oxide 

doped TiO2 based materials and their characterization by various sophisticated 

instrumental techniques employed in the present study. X-ray diffraction (XRD),BET N2 gas 

sorption, Fourier transform-infrared spectroscopy (FTIR), UV-visible diffuse reflectance 

spectroscopy (UV-vis DRS), Photoluminescence (PL), Raman spectroscopy, X-ray 

photoelectron spectroscopy (XPS), Field emission scanning electron microscopy (FESEM), 

High resolution transmission electron microscopy (HRTEM), and complex impedance 

spectroscopy (CIS) were used to understand the structural, optical and other typical 

properties of the pure TiO2 and TiO2based materials. 
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2.1. Synthetic Methodology 

In order to obtain high quality TiO2 nanoparticles in terms of their particle size, 

uniformity, purity, homogeneity, morphology, specific surface area and other specific 

properties, many methods have been developed and explored such as homogeneous 

precipitation techniques with different precipitating agents and additives, co-precipitation, 

combustion method, microemulsion, hydrothermal, spray pyrolysis, surfactant assisted 

synthesis, microwave-assisted synthesis, solid-state reactions, sol-gel, electrochemical 

methods, micelle route etc. Each method has its own merits and demerits. Compared to the 

aforementioned methods, precipitation is one of the most utilized and economically feasible 

method for the large-scale production of TiO2 nanoparticles due to the cheaper salt 

precursors, simple operation and mild adjustable reaction conditions, which satisfy a variety 

of purposes.  

In this present work, different pure TiO2 and TiO2 based materials have been 

developed and synthesized. The synthetic procedure developed here is versatile, simple and 

cost-effective. Metal inorganic salt solutions are used for the synthesis of materials are 

cheaper and readily available. Surfactants have been used in different synthetic procedure 

where it can act as a pore directing agent. Somewhere in the synthetic part hydrothermal 

method have been also used for the growth of desired phase. All the materials have been 

prepared using precipitation / co-precipitation method. Preparation methods of TiO2 and 

TiO2 based materials are demonstrated according to chapter-wise fashion. All the chemicals 

used during the synthesis of TiO2 and TiO2 based materials were of analytical grade. 

2.1.1. Preparation of anatase titania nanoparticles using distinct surfactant template 

(Chapter 3) 

2.1.1.1. Chemicals used 

 Titanium (IV) oxysulphate (TiOSO4) (as a TiO2 precursor), Sigma Aldrich 

 Brij C10, Aldrich chemicals 

 Sodium dodecyl sulphate (SDS), Merck chemicals 

 Dodecylamine (DDA) from Merck chemicals 

 Ammonia solution (about 25%) (as precipitating agent) 

 Isopropanol, Merck chemicals and 

 Ethanol, Merck chemicals. 
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2.1.1.2. Preparation 

 
Figure 2.1. Schematic flow chart of various steps involved for the synthesis of anatase TiO2 

nanoparticles using distinct surfactant templates. 

All TiO2 nanoparticles have been prepared by controlled precipitation of the 

precursor by ammonia solution in presence of surfactant templates. In a typical procedure, 

the surfactant solutions are prepared separately as follows; sodium dodecyl sulfate (SDS), 

dodecyl amine (DDA) are dissolved in water and Brij C10 (average Mn ~ 683) in 

isopropanol at 15 wt% ratio and stirred constantly for 30 min. Different surfactant solutions 

are added dropwise separately to each set of 0.5(M) precursor solution followed by constant 

stirring for one hour. Then to each set of mixed solution (precursor and surfactant solutions), 

NH4OH solution (30 vol%) is added slowly to obtain the precipitate until the pH of the 

solutions becomes 7. The resulting precipitates are kept under aging about two days at room 

temperature. The precipitates are filtered and washed with distilled water for numerous 

times and through ethanol 4-5 times to remove excess surfactants and other impurities. The 

subsequent precipitates are dried in oven at 60C and then calcined at 500C, 650C and 

900°C in air atmosphere at a heating rate of 4°/min for 2 hrs. For evaluation purpose, TiO2 

samples are prepared using the same procedure without surfactant template. The synthesized 

powders are assigned as “Ti - (S, B, and D) - T”. S - represent sodium dodecyl sulphate, B 
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- represent Brij C10, D - represent dodecylamine, and T - represent the annealed 

temperatures. The TiO2 nanopowder synthesized without surfactant template is named as 

Ti-T. 

2.1.2. Preparation of pure and iron-doped anatase titania nanoparticles (Chapter 4) 

2.1.2.1. Chemicals used 

 Titanium (IV) oxysulphate (TiOSO4) (as a TiO2 precursor), Sigma Aldrich 

 Ferrous sulphate hepta-hydrate (FeSO4∙7H2O), Merck chemicals 

 Brij C10, Aldrich Chemicals 

 Ammonia solution (about 25%) (as precipitating agent) 

 Isopropanol, Merck chemicals and 

 Ethanol, Merck chemicals. 

2.1.2.2. Preparation 

Fe3+-doped TiO2 nanoparticles are synthesized 1, 2, 3, 5, and 10 wt% Fe3+- in 

presence of a non-ionic surfactant template using co-precipitation method followed by 

hydrothermal treatment, drying, and annealing. The prepared samples are identified as 1Fe-

Ti, 2Fe-Ti, 3Fe-Ti, 5Fe-Ti, and 10Fe-Ti, respectively. For comparison, a TiO2 sample is 

prepared using the same procedure without any addition of Fe-precursor and identified as 

0Fe-Ti. The surfactant solution (15 wt% isopropanol solution of Brij C10) is prepared 

followed by adding 0.5(M) aqueous solution of TiOSO4 dropwise under vigorous stirring 

for one hour at room temperature (~ 27°C). An aqueous solution of FeSO4∙7H2O prepared 

and kept one hour for aerial oxidation. Then the Fe-salt solution is added to the above 

prepared mixed solution under constant stirring for extra one hour. Ammonia solution is 

introduced into the mixed solution to obtain the precipitate until pH becomes 9. The 

resulting precipitate has been kept in aging for two days at room temperature. The 

precipitate is filtered and washed for numerous times with ethanol to remove the surfactant 

and other impurities. The subsequent precipitate (1g) is transferred into a hydrothermal unit 

containing 100 mL distilled water at  200°C with auto-generated pressure for one day. Then 

the precipitate is filtered and dried in an oven at 60°C for two days. The dried sample are 

annealed at 500°C with 4°/min for 120 min in air atmosphere and the resultant samples used 

for further characterizations.  
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Figure 2.2. Schematic flow chart of various steps involved for the synthesis of anatase TiO2 

nanoparticles using distinct surfactant templates. 

2.1.3. Preparation of Na-intercalated TiO2 and Cu2+ doped TiO2 (Chapter 5) 

2.1.3.1. Chemicals used 

 Titanium (IV) oxysulphate (TiOSO4) (as a TiO2 precursor), Sigma Aldrich 

 Copper (II) sulphate pentahydrate (CuSO4∙5H2O), Merck chemicals 

 Brij C10, Aldrich Chemicals 

 Sodium hydroxide (NaOH) (as precipitating agent) 

 Isopropanol, Merck Chemicals and 

 Ethanol, Merck Chemicals. 

2.1.3.2. Preparation 

Na-intercalated Cu2+ doped TiO2 are synthesized by co-precipitation method using 

a non-ionic surfactant template with 0.5, 1, and 2 wt% Cu2+-content. The samples are 
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respectively identified as 0.5Cu-NaTi, 1Cu-NaTi, and 2Cu-NaTi. For each synthesis, a clear 

1/2 (M) aqueous solution of Ti4+ is prepared by dissolving TiOSO4 in distilled water with 

constant stirring. Then 15 wt% isopropanol solution of Brij C10 is prepared separately in a 

beaker and mixed it with the precursor solution with constant stirring (600 r.p.m) for 1h at 

room temperature. Afterwards aqueous solutions of Cu-salt is added to the subsequent 

solution and leave it for another 1h. 5(M) NaOH solution is then introduced into the 

resulting solution at 5 drops/min to obtain the precipitate.  

 

Figure 2.3. Schematic flow chart of various steps involved for the synthesis of Na-intercalated Cu2+ 

doped TiO2. 

After complete precipitation pH of the precipitated solution maintain at 9 ± 0.2. The 

precipitated solution is then aged for two days. Then the precipitate is filtered followed by 

washing with distilled water (50 ml) and ethanol (50 ml) for a total of four times (each 2 

times) to remove the surfactant and other salts. The subsequent precipitates are dried in an 
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oven at 60°C for two days. After being cooled, the resulting solid crushed using mortar 

pastel to make fine powder. The powders are then annealed using RECIO Muffle Furnace 

at 500°C in air atmosphere with a heating rate of 5°C/min followed by maintaining the 

corresponding temperatures for another 2h. Na-intercalated TiO2 is prepared by following 

same synthetic procedure without using the dopant. The sample is identified as 0Cu-NaTi. 

2.1.4. Preparation of TiO2 / RGO nanocomposite (Chapter 6) 

2.1.4.1. Chemicals used 

 Graphite powders (100 microns), SD Fine chemicals 

 Sulphuric acid (H2SO4) SD Fine Chemicals 

 Potassium permanganate (KMnO4), Finer reagent 

 Sodium nitrate (NaNO3), SD Fine chemicals 

 30% hydrogen peroxide (H2O2), SD Fine chemicals  

 Titanium (IV) oxysulphate (TiOSO4) (as a TiO2 precursor), Sigma Aldrich 

 Ammonia solution (about 25%) (as precipitating agent), Merck Chemicals and 

 Ethanol, Merck Chemicals. 

2.1.4.2. Preparation 

2.1.4.2.1. Synthesis of Graphene oxide (GO) 

GO has been prepared by following the modified Hummers method [88]. We have 

modified the process some extent to reduce the usage of chemicals wherever possible and 

to get rid of toxic gases and some impurities. Flake graphite (2.5 g) powder is added into a 

500 ml beaker under mechanical stirring (2000 r.p.m.) containing a mixture solution of 58 

ml concentrated H2SO4 and 1.2 g of NaNO3. KMnO4 (7.5 g) is then added slowly to yield a 

purple green mixture in an ice bath (0C) and stirred for 30 min. The temperature of the 

suspension is then maintained at room temperature for another 30 min, followed by the slow 

addition of 170 ml of deionized water. The temperature of the reaction when reaches to 100-

110C, then the solution further kept for another 15 minutes.  Deionized water ~180 ml is 

added to the reaction mixture by keeping it for 15 min and then added 10-15 ml of 3% of 

H2O2 solution. The resultant brownish aqueous solution of GO is kept for one day and 

sonicated for 30 min to create exfoliated GO. The GO solution is now filtered, washed 

(using deionized water, 20 vol.% hydrochloric acid and ethanol), and dried at 60C for 10 

hrs, which results a dark brownish solid. 
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2.1.4.2.2. Synthesis of RGO-TiO2 nanocomposite and pure TiO2 

A clear 0.5(M) aqueous solution of Ti4+ is prepared by dissolving TiOSO4 in distilled 

water with constant stirring. GO (5 wt%) solution is prepared separately and sonicated for 

1h. After that, Ti4+ and GO solutions are mixed with constant stirring for 30 min. Ammonia 

solution (30%) is added dropwise into the solution to get the precipitate and maintain the 

pH at 5. The obtained precipitate is then kept for three days for ageing, and then the 

precipitate is filtered, washed with double distilled water and ethanol, and dried up in an 

oven at 60C. Pure TiO2 sample is prepared by following the same synthetic route in absence 

of GO. The obtained composite is annealed at 400C, which produces reduced graphene 

oxide (RGO) with anatase TiO2. The pure and RGO modified TiO2 samples are identified 

as T-400 and TG-400, respectively. 

 

Figure 2.4. Schematic flow chart of various steps involved for the synthesis of RGO-TiO2 

nanocomposite. 
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2.2. Characterization and measurements 

Brief descriptions of several characterization techniques are employed in the present 

study to comprehend the complete structural, optical and spectroscopic properties of the 

synthesized materials. The characterization techniques such as X-ray diffraction (XRD), 

Brunauer–Emmett–Teller (BET)/Barrett-Joyner-Halenda (BJH) analysis,  Raman 

spectroscopy, Fourier transform-infra red spectroscopy (FTIR), UV-visible diffuse 

reflectance spectroscopy (UV-vis DRS), photoluminescence (PL) spectroscopy field 

emission scanning electron microscopy (FESEM), high resolution transmission electron 

microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS), and complex impedance 

spectra (CIS) are discussed in this segment. 

2.2.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive technique; predominantly used to 

determine the atomic structure of the crystalline materials. It is one of the fundamental 

procedures to find out whether a desired phase of the intended material is successfully 

formed or not. X-rays are electromagnetic waves having a wavelength similar to the lattice 

spacing of the crystalline under study. Monochromatic X-rays are impinged to know the 

structural information. They are scattered by the outer electrons of atoms or ions. It is found 

that the incident and scattered waves are having the same energy, hence termed as elastic 

scattering. These elastically scattered electromagnetic waves interfere and generate a 

diffraction pattern. The information about the nature of the sample can be obtained from 

this observed diffraction pattern. For a given inter-planer spacing (d) and wavelength ( λ), 

the various orders (n) of reflection occurs only at the precise values of angle θ, which 

satisfies the Bragg condition given by 

𝑛𝜆 =  2𝑑 𝑠𝑖𝑛𝜃                                                  Eq. 1 

Using XRD data the Rietveld refinement is carried out to get structural information of 

materials. However, conventional indexing is performed and calculations of d- spacing have 

been carried out using the XRD patterns. A brief idea about Rietveld refinement process is 

given below. 

Rietveld Refinement 

Detailed structural information can be extracted by performing Rietveld refinement 

of XRD pattern. The basic concept behind Rietveld refinement techniques is the comparison 
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between the simulated XRD pattern based on the theoretical model structure with the 

experimentally obtained XRD pattern [89, 90]. This method consists of a least square 

reiterative refinement and its aim is to minimize the difference between the model predicted 

and the experimentally obtained XRD patterns. Rietveld refinement is carried out with the 

help of Full Prof Suite software using standard lattice parameter, cell volume, Wyckoff 

position and Pseudo-Voight profile function to refine the XRD pattern. Firstly, background 

data has been generated using linear interpolation method. Then the scale factor, zero 

correction, displacement, lattice parameter, FWHM parameter, and Wyckoff position are 

refined to archive better fit. The occupancy of all the atomic sites are kept fixed during the 

refinement process. The Rietveld Refinement process has been done where the titania based 

materials formed specific anatase phase. 

The crystallite size of the nanopowder are calculated by using Scherer’s equation, 

𝐷 =  
0.89𝜆 

𝛽𝑐𝑜𝑠𝜃
                                                             Eq. 2 

Where 𝐷 is the crystallite size, λ is the wavelength of the 𝑋-rays, θ is the diffraction angle 

and β is the instrumental corrected full width at half maximum corresponding to the 

diffraction peak [91]. Powder X-ray diffraction data are recorded using Rigaku Ultima-IV 

using Cu-Kα radiation (1:5405 Å). Diffraction patterns are recorded with a scanning step of 

0.05° and speed 5° per minute over a wide range of Bragg diffraction angle. The Rietveld 

refined X-ray diffraction pattern of TiO2 nanoparticles are shown in Figure 2.5. 

 

Figure 2.5. Rietveld refined X-ray diffraction pattern of 500°C calcined anatase TiO2 nanoparticles. 
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2.2.2. Brunauer-Emmett-Teller (BET) measurements 

Determination of the surface area of the nano-size particles is of paramount 

importance in the field of nanotechnology. The most extensively used technique for this 

purpose is BET isotherm [92]. As the various type of experimental adsorption isotherm is 

not to be explainable by Langmuir monolayer adsorption theory, Brunauer, Emmett and 

Teller developed a theory of multilayer adsorption, which is known as BET theory. This 

theory based on following assumptions [93]: 

 Adsorption involves the formation of multilayer rather than monolayer, 

 Adsorption at one site does not affect the adsorption of neighboring site, 

 There is a dynamic equilibrium between the successive layer, and 

 Langmuir theory is adopted for the formation of single complexes. 

On the basis of above postulates they derived an equation called BET equation which is 

expressed as  

1

𝑣[(
𝑝0
𝑝

)−1]
=  

𝑐−1

𝑣𝑚𝑐
(

𝑝

𝑝0
) +  

1

𝑣𝑚𝑐
                                          Eq. 3 

where 𝑝 and 𝑝0 are the equilibrium and the saturation pressure of adsorbates at the 

temperature of adsorption, 𝑣 is the adsorbed gas quantity (for example, in volume units), 

and 𝑣𝑚 is the monolayer adsorbed gas quantity. The BET constant 𝑐 is expressed as 

𝑐 =  (
𝐸ℎ−𝐸𝐿 

𝑅𝑇
)                                                         Eq. 4 

where 𝐸ℎ is the heat of adsorption for the first layer, and 𝐸𝐿 is that for the second and higher 

layers and is equal to the heat of liquefaction. 

Equation 3 is an adsorption isotherm and can be plotted as a straight line with 
1

𝑣[(𝑝0 𝑝⁄ )−1]
 on 

the y-axis and 𝑝/𝑝0 on the x-axis. This plot is called a BET plot. The linear relationship of 

this equation is maintained only in the range of 0.05 <
𝑝

𝑝0
< 0.35. The value of the slope (𝐴) 

and the y-intercept (𝐼) of the line are used to calculate the monolayer adsorbed gas quantity 

𝑣𝑚 and the BET constant 𝑐. The following equations are 

𝑣𝑚 =  
1

𝐴+𝐼 
                                                        Eq. 5 

 𝑐 = 1 +  
𝐴

𝐼
                                                        Eq. 6 
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A total surface area 𝑆𝑡𝑜𝑡𝑎𝑙 and a specific surface area 𝑆 are evaluated by the following 

equations: 

𝑆𝐵𝐸𝑇,   𝑡𝑜𝑡𝑎𝑙 =  
𝑣𝑚𝑁𝑠

𝑉
                                                 Eq. 7 

𝑆𝐵𝐸𝑇 =  
𝑆𝐵𝐸𝑇,   𝑡𝑜𝑡𝑎𝑙

𝑎
                                                 Eq. 8 

where 𝑁 is Avogadro's number, 𝑠 is adsorption cross section, 𝑉 is molar volume of adsorbent 

gas, and 𝑎 is the molar weight of adsorbed species. 

The textural properties of the sample are investigated by nitrogen sorption analysis.  

The nitrogen sorption isotherms and the corresponding pore size distribution are obtained at 

77 K on a Quantachrome Autosorb-1 apparatus after degassing the samples at 200°C for 2 

h. The surface area, total pore volume and pore diameter of the samples are also calculated. 

A BET isotherm profile of 500°C calcined anatase titania nanoparticles is shown in Figure 2.6. 

 

Figure 2.6. BET isotherm profile of 500°C calcined anatase TiO2 nanoparticles. 

2.2.3. Raman spectroscopy 

Raman spectroscopy comprises the family of spectral measurements made on 

molecular media based on inelastic scattering of monochromatic radiation. Throughout this 

process, energy is exchanged between the photon and the molecule such that the scattered 

photon is of higher or lower energy than the incident photon [94]. 
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Figure 2.7. (a) Raman spectrum of 500°C calcined anatase TiO2. 

The difference in energy is caused by a change in the rotational and vibrational 

energy of the molecule and gives information on its energy levels. Raman spectroscopy is 

used to identify molecules and study chemical bonding and intramolecular bonds. Because 

vibrational frequencies are specific to a molecule’s chemical bonds and symmetry [95]. It 

is commonly used to provide a structural fingerprint by which molecules can be identified. 

Raman spectra were recorded on Witec alpha-300 confocal Raman microscope with solid-

state laser source using excitation line of 532 nm. A typical Raman spectrum is shown in 

Figure 2.7. 

2.2.4. Fourier transform-Infra red spectroscopy (FT-IR) 

  

Figure 2.8. FT-IR spectrum of 400°C calcined anatase TiO2 nanoparticle. 
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Fourier transform-infra red spectroscopy (FT-IR) is a spectroscopic technique to 

study the interactions between matter and various frequencies of electromagnetic radiation 

in the infrared region of the electromagnetic spectrum [96]. In this spectral region, 

molecules are excited to higher vibrational state by coupling of the electromagnetic waves 

with the molecular vibrations. The probability of a particular FT-IR frequency being 

absorbed depends on the actual interaction between this frequency and the molecule. 

A vibrational mode in a molecule to be “IR-active”, it must be associated with 

changes in the dipole. A permanent dipole is not necessary, as the rule requires only a 

change in dipole moment. FT-IR spectroscopy is a very powerful technique, which provides 

fingerprint information on the chemical composition of samples. FT-IR studies were carried 

on some samples in the present work. Perkin-Elmer IR spectrophotometer was used to 

record the spectra in the range of 400- 4000 cm-1. The sample were prepared by properly 

mixing about 0.1 g of the powder sample with KBr (sample: KBr = 1:5). The mixture was 

finely grounded and then it was placed between two evacuable die under pressure for 3-4 

minutes to form a transparent pellet. These transparent pellets were for the analysis. A 

recorded FT-IR spectrum of TiO2 shown in Figure 2.8. 

2.2.5. UV-visible absorption and diffuse reflectance spectroscopy 

UV-visible spectroscopy is the most useful optical techniques refer to absorption 

spectroscopy or reflectance spectroscopy in the ultraviolet-visible spectral region i.e. 200-

800 nm. The basic principle of ultraviolet visible spectroscopy is that the electrons are get 

excited from its ground state to higher energy state due to absorption of the electromagnetic 

radiations. The energy of the absorbed electromagnetic radiation is equal to the energy 

difference between the ground state and excited states [97, 98]. Generally, the most favored 

transition is from the highest occupied molecular orbital (HOMO) to lowest unoccupied 

molecular orbital (LUMO). UV-Vis spectroscopy are used to measure both in a quantitative 

way to determine concentrations of an absorbing species in solution, and band gap of the 

semiconductor by using the Beer-Lambert law and Kubelka-Munk plot, respectively.  

The expression of Beer-Lambert law is 

A = log
I0

I
= cL                                                 Eq. 9 

where A is the absorbance, in absorbance units (a.u.),  I0 is the intensity of the incident light 

at a given wavelength, I is the transmitted intensity, L the path length through the sample, 

https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Absorption_spectroscopy
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Visible_spectrum
https://en.wikipedia.org/wiki/Absorbance
https://en.wikipedia.org/wiki/Wavelength
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and c the concentration of the absorbing species and ε is the molar absorptivity or extinction 

coefficient.  

For the evaluation of band gap energy of the samples the reflectance data was 

converted to the absorption coefficient (α) values according to the Kubelka–Munk equation 

i.e. 

α =
(1−𝑅)2

2R
                                                     Eq. 10          

Where α is equivalent to the absorption coefficient and R is the reflectance data values. 

Indirect and direct band gap of samples were calculated by plotting (αhν)1/2 vs. hν and (αhν)2 

vs. hν, respectively [99]. UV-visible absorption spectra and diffuse reflectance spectra 

(DRS) of samples were measured on a UV-2450 Shimadzu spectrometer. For DRS spectra 

analytical grade BaSO4 was used a reference. A recorded UV-Vis absorption and diffuse 

reflectance spectra of TiO2 sample shown in Figure 2.9. 

  

Figure 2.9. UV-Vis absorption spectrum and diffuse reflectance spectra of 500°C 

calcined TiO2 sample. 

2.2.6. Photoluminescence (PL) spectroscopy  

Photoluminescence spectroscopy is a contactless, non-destructive technique of 

probing the electronic structure of materials. Electrons within a material move from ground 

state to permissible excited states due to the photo-excitation. These electrons return to their 

equilibrium states through a radiative process. The energy of the emitted light 

(photoluminescence) relates to the difference in energy levels between the two electron 

states involved in the transition between the excited state and the equilibrium state [100]. 

https://en.wikipedia.org/wiki/Concentration
https://en.wikipedia.org/wiki/Molar_absorptivity
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Therefore, PL measurement can gives us information about the optoelectronic properties of 

the materials, which will deliver valuable data about the feature of surface, impurity levels, 

gauge alloy disorder and interface roughness. A typical PL spectrum is just a plot of the PL 

intensity as a function of wavelength for a fixed excitation wavelength. 

 

Figure 2.10. Photoluminescence emission spectrum of 500°C calcined TiO2 sample. 

The emission and excitation spectra of the samples were recorded using Jobin Yvon 

spectro-fluorimeter (Fluoromax-4P) at room temperature. In this work, PL spectra were 

carried out to study the rate of recombination of the charge carrier’s i.e. electrons and holes. 

Excitation line at 230 nm is used to record the emission spectrum. A typical PL spectrum of 

TiO2 sample is shown in Figure 2.10. 

2.2.7. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 

spectroscopic technique, which can be used to analyze the specific element, surface 

composition, empirical formula, chemical environment and discriminate between different 

oxidation states of the sample under study [101]. In this technique, a material is bombarded 

by high energy X-ray and an energy spectrum of emitted photoelectrons is analysed.   

https://en.wikipedia.org/wiki/Empirical_formula
https://en.wikipedia.org/wiki/Chemical_state
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Figure 2.11. XPS full survey spectrum of 500°C annealed anatase TiO2 nanoparticles. 

The spectrum is used to calculate binding energy of electrons in the material, which 

that in turn provides information of elements present on the surface and their bonding with 

other elements. Normally, lab based PES provides information on materials up to a depth 

of about 1 nm due to small mean free path of emitted electrons. However, the high energy 

X-ray provides information at larger depths, as the mean free path increases with electron 

energy. The synchrotron source provides high intensity X-rays over a wide range of energies 

and PES at different energies is expected to provide chemical information as a function of 

depth. In this work, X-ray photoelectron spectra (XPS) is studied for essential samples by 

Photoemission Electron Spectroscopy (PES) beamline BL-14 of the Indus-2 synchrotron 

source in an ultrahigh vacuum (≤ 5×10-9 mbar) with the source of monochromatic X-ray 

beam energy of 4357 eV. A double-crystal Si (111) monochromator and SPECS in the 

PHOIBOS 225 HV hemispherical electron energy analyzer has been used to record the 

spectra. Finally, the binding energy (BE) is calibrated using C1s peak using Casa XPS 

software. A typical XPS full survey spectrum is shown in Figure 2.11. 

2.2.8. Field emission scanning electron microscopy (FESEM) 

The field emission scanning electron microscope (FESEM) is a type of electron 

microscope which provides information about surface topology and elemental composition 

at magnifications of 10x to 3,00,000x, by scanning the sample on surface or entire with a 

high-energy beam of electrons emitted from field emission gun [102]. The electrons 

liberated from source are accelerated in high electrical field gradient. Then inside a high a 
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Figure 2.13. FESEM micrograph of 500°C annealed anatase titania nanoparticles. 

high vacuum these so called primary electrons are focussed and deflected by electronic 

lenses to produce a narrow scan beam that bombards on the sample surface. As a result, 

secondary electrons are emitted from each spot of the sample. The angle and velocity of 

these secondary electrons are relates to the surface structure of the sample. These secondary 

electrons are catch by a detector, which produces electronic signal. This signal is amplified 

and transformed to a video scan-image that can be seen on a monitor or to a digital image 

that can be saved and processed further. In this study, FESEM micrograph were carried out 

with a Nova Nano SEM 450 equipped with an energy dispersive X-ray spectrometer (EDX). 

The samples were coated with gold by sputter coater before analysis. A FESEM micrograph 

of titania nanoparticles are presented in Figure 2.13. 

2.2.9. High-resolution transmission electron microscopy (HRTEM) 

High-resolution transmission electron microscopy is a technique allowing unique 

advantage for analysing crystal structures, lattice defects, stacking irregularity, dislocations, 

crystallite size and grain boundaries to a variety of materials on an atomic resolution scale 

[103]. The technique involved a direct interaction of energetic electrons with a thin section 

specimen of a material. Electrons are transmitted and the scattered during the process. A 

sophisticated system of electromagnetic lenses focuses to create an interference image.  

Preparation of thinner specimen of a material very important factor in electron microscopy 

as it’s provide better resolution and contrast due to sufficient transmittance. The electron 

microscopic investigations of the samples were carried on FEI Tecnai G2 F30 S-TWIN 
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transmission electron microscope equipped with QANTEX EDS detector, which was 

operating at 300 kV. A typical TEM and HRTEM (inset) micrograph of titania nanoparticles 

is displayed in Figure 2.14. 

 

Figure 2.14. TEM and HRTEM (inset) micrograph of 500°C annealed anatase titania 

nanoparticles. 

2.2.10. Complex impedance spectroscopy (CIS) 

The complex impedance spectroscopy (CIS) is a powerful and sensitive 

characterization technique to investigative the electron-transfer kinetics occurring in 

different materials, like  single crystal, polycrystalline, polymer composite and amorphous 

ceramics over a wide range of temperatures [104]. Moreover, a relationship between 

electrical and microstructural property can be established i.e., the electrical properties of a 

polycrystalline ceramic depend on its grains, grain boundary and space charge polarization. 

The electric relaxation process occurring at the microscopic dimensions can be visualized 

using equivalent circuits to elucidate the experimentally perceived impedance spectra. 

Resistance (R), capacitance (C), inductance (L) and constant phase elements (Q) are the 

essentials of an equivalent circuit. These elements are linked in series and/or parallel to 

describe the relaxation phenomena occurring due to the grains, grain boundary and space 

charge polarization. The fundamental complex electrical parameters (like admittance (Y*), 

permittivity (ε*), impedance (Z*), and electric modulus (M*)) obtain from CIS technique 
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are interlinked to each other [105, 106]. The relations between the parameters are expressed 

as; 

Complex impedance (Z*) = Zʹ − iZʺ                                                                             Eq. 11 

Complex admittance (Y*) = Yʹ + iYʺ = 1 ∕ Z*                                                               Eq. 12 

Complex permittivity (ε*) = εʹ − iεʺ = 1 ∕ iωCoZ*                                                         Eq. 13 

Complex modulus (M*) = Mʹ + iMʺ = iωCoZ*                                                             Eq. 14 

where, single prime (ʹ), double prime (ʺ), i, Co and ω are represents the real part, imaginary 

part,  imaginary factor (√− 1), vacuum capacitance and angular frequency (2πf) of the 

complex electrical parameters, respectively.  

Electrical measurements are carried out with sample pellets. First, the nanoparticles 

are mixed with a binder (PVA=polyvinyl alcohol) and shaped in the form of pellets. Then 

the pellets are heated at 400°C for 2 hr to remove the binder. The pellets are then polished 

with emery paper and cleaned using acetone. To make an electrode, the pellets are coated 

with silver paint on both side of the surface and then dried at 150°C for 2 hr to remove the 

moisture present in the samples. In this investigation HIOKI IM -3570 Impedance analyzer 

with a computer set up is used in the frequency range 100Hz-1MHz to collect the data. The 

impedance data are fitted using Zview2 software. 
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Chapter 3 

 

Distinct Surfactant Templated Synthesis of 

Anatase Titania Nanoparticles: 

Characterization and Photocatalytic 

Application 

Outline:  

Surfactant-assisted TiO2 nanoparticles have been successfully synthesized using an 

inorganic salt of titanium by controlled hydrolysis method. Anionic (sodium dodecyl 

sulfate), nonionic (Brij C10) and cationic (dodecyl amine) surfactants have been used to 

synthesize the TiO2 nanoparticles. The XRD patterns of the 500°C annealed nanoparticles 

exhibits technologically important anatase phase. Anatase to rutile transformation is 

observed for Ti-D-650 nanoparticles at lower temperature. It has been observed that the 

Ti-S-900 nanoparticles retained to the anatase phase at higher temperature up to 900C. 

The Brij C10 assisted nanoparticles (Ti-B-500) exhibited high surface area and lower 

crystallite size compared to other nanoparticles. In addition, Ti-B-500 samples exhibited 

wormlike mesopores structure. XPS study confirmed the presence of sulphur in Ti-B-500 

nanoparticles, which creates an O-S mixed environment into the lattice. The nanoparticles 

also showed a red shift in the UV-DRS study with a lower band gap (indirect) energy about 

3.02 eV. Impedance spectrum of the Ti-B-500 nanoparticles confirmed the enhanced 

electron-hole separation rate involved in the photodegradation process. Photodegradation 

rate of methylene blue [2 × 10−5 (M)] with Ti-B-500 nanoparticles under direct sunbeams 

has been observed to be higher compared to other surfactant-assisted nanoparticles. The 

rate of photodegradation is found to be the best at pH=6.7 with a rate of 0.0864 𝑚𝑖𝑛−1 and 

the catalyst showed best reusability even after five cycles of experiment. Our results suggest 

these materials developed here are promising alternative solar light sensitive photocatalyst 

and also appears to be potential candidates for environmental remediation.
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3.1. Introduction 

        Now a days, considerable attention has been devoted on developing clean and 

ecological energy sources owing to the cumulative energy and environmental challenges 

[12, 107–112]. Solar energy has the potential to produce a green and environmentally 

friendly society and by using it, numerous research devoted to empowering the 

transformation of solar energy into operational energy. Solar energy is being used in solar 

cells, photocatalysis, photo-electrochemical cells, and in other various applications [113–

117]. Among various semiconductors, TiO2 has always been the one widely studied due to 

its chemical stability, water insolubility, low cost, promising photo-chemical property and 

non-toxic nature [118–121]. It has also been used intensively as a photocatalyst for wide 

range of applications along with  H2-generation, CO2 reduction and in environmental 

remediation [122–124]. Over the past few decades, researchers have given remarkable 

efforts to improve the photocatalytic activity of TiO2-based materials [125–129]. According 

to the literature, to improve the photocatalytic activity, generation, migration, and separation 

of photogenerated electrons and holes are essential which can be achieved by preparing high 

crystalline small TiO2 crystals [130, 131]. Anatase phase of TiO2 is mostly used as 

photocatalyst over rutile TiO2 because of higher redox potential and lower electron-hole 

pair recombination rate [132]. Preparing stable anatase TiO2 nanoparticles with higher 

crystallinity by thermal treatment is bit difficult [133]. Earlier, numerous procedures are 

developed to produce TiO2 nanoparticles with controlled shape, size and porosity for use in 

ceramics, composites, thin films, and catalysts [134–140]. Today various methods such as 

sol−gel, micelle and inverse micelle, hydrothermal, solvothermal, direct oxidation, 

chemical and physical vapor deposition, electrodeposition, sonochemical, microwave, 

ultrasonic spray pyrolysis and so on have been developed to synthesize TiO2 nanoparticles 

[141–150]. Among the above mentioned methods, the micelle and inverse micelle (also 

known as microemulsion method) approaches are cost-effective and energy efficient to 

produce nanometer-sized particles and porous materials [151–154]. The important feature 

of these methods is to constrain the reactions in the nano-reactors core of reverse micelles, 

which control the particle size and porosity generated when the micelles are intact in 

solution and removed during calcination. 

In this work, the TiO2 nanoparticles are synthesized with and without different 

surfactant templates (anionic, non-ionic and cationic) to utilize the nanoparticles for 
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photodegradation of organic dye molecules. Moreover, the experiment is carried out under 

direct sunlight to use the catalyst in real time applications. 

3.2. Experimental and characterization  

Pure TiO2 nanoparticles with and without surfactant has been synthesized using cheaper 

inorganic precursor of TiOSO4 as metal ion precursor and SDS, Brij C10 and DDA as 

surfactants. The samples were prepared conventional and refluxing methods and then 

characterized by different instrumental techniques (details are given in chapter-II). 

3.3.  Results and Discussion 

3.3.1. X-ray diffraction 

Figure 3.1a shows the X-ray diffraction (XRD) pattern of 500C calcined TiO2 

nanoparticles, which manifest the formation of anatase phase (tetragonal) with absence of 

any secondary phase. The XRD pattern of anatase phase is well matched with the JCPDS 

card no. 21-1272 and the basic parameters from the JCPDS are used for the refinement. The 

presented refinement patterns show a good reasonable fit between the experimental and 

simulated data. The obtained refined parameters are shown in Table 3.1. XRD patterns of 

650C calcined TiO2 nanoparticles are presented in Figure 3.1b. The results show sharper 

peaks, which specify the formation of higher crystalline particles. Except Ti-D-650, all other 

650C annealed nanoparticles retained to the anatase phase. Moreover, the results show that 

DDA templating actually helps in increasing the anatase to rutile transformation at lower 

temperature. The Ti-D-650 nanoparticles contain anatase and rutile phases with 81% and 

19%, respectively. The content of anatase TiO2 phase is calculated using Eq. 15, where FA, 

IA, and IR represent percentage of anatase phase, intensity of the anatase peak and intensity 

of rutile peak, respectively. Figure 3.1c represents the XRD profile of 900C annealed 

nanoparticles. The data indicates that except Ti-S-900, the other nanoparticles have 

transformed from anatase to rutile phase fully or partially. Ti-S-900 nanoparticles retained 

the anatase phase at higher temperature up to 900C. Best to the author’s knowledge; anatase 

TiO2 phase stability at that higher temperature in pure TiO2 till now not has been reported. 

Steven J. Hinder et.al reported pure anatase phase stability up to 850C [155]. 

FA = 100 − (
1

1+0.8(IA(101) IR(110)⁄
)100                                    Eq. 15 
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Figure 3.1. Powder X-ray diffraction (PXRD) pattern of (a) 500°C (Rietveld refined), (b) 650°C 

and (c) 900°C calcined TiO2 nanoparticles. 

Crystallite sizes of the nanoparticles have been calculated using the Scherrer’s Equation 

(Eq. 2). Among the 500C heated samples, Ti-B-500 formed the lower crystallite size of 

about 8.0 nm. The crystallite sizes of anatase TiO2 particles are presented in Table 3.1.  
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Table 3.1. Rietveld refined parameters (only 500C heated samples) and crystallite size of prepared 

TiO2 nanoparticles. 

Sample  

name 

Lattice parameters Crystallite size 

(nm) 

a=b (Å) c (Å) 

Cell 

volume 

(Å3) 

𝐑𝐩 𝐑𝐰𝐩 𝝌𝟐 
500C 650C 900C 

Ti-S-500 3.7859(2) 9.4932(1) 136.0 6.30 6.30 6.3 10.3 28.9 66.6 

Ti-B-500 3.7797(3) 9.4716(3) 135.3 7.92 7.30 5.6 8.0 37.3 71.3 

Ti-D-500 3.7875(2) 9.5159(2) 136.5 6.80 6.81 7.7 10.3 32.8 -- 

Ti-500 3.7900(5) 9.4939(6) 136.3 8.59 9.47 7.2 10.6 38.7 64.9 

*The numerical value in the bracket signifies the error in the last digit of the lattice parameter. 

3.3.2. Raman analysis 

Structural phase of TiO2 nanoparticles is further investigated using Raman 

spectroscopy. Figure 3.2 displays the Raman shifts profile in TiO2 nanoparticles. The 

scattering bands are located at 148.4 – 151.3 (Eg), 397.1 – 401.6 (B1g), 520.8 – 525.2 (B1g+ 

A1g), and 642.4 – 645.6 cm-1 (Eg), corresponding to the characteristic peaks of anatase phase 

of TiO2. The Eg mode is due to the symmetric stretching vibration of O-Ti-O, the B1g mode 

is associated with symmetric bending vibrations of O-Ti-O in TiO2, and A1g mode is the 

result of asymmetric bending vibration of O-Ti-O. 

 

Figure 3.2. Raman shifts pattern in Ti-(S, B and D)-500 and Ti-500 nanoparticles. 

From the Raman spectra, broadening and shifting of Raman active modes (to higher 

wavenumber) are observed for Ti-B-500 nanoparticles, which is due to the lower crystallite 
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size of the nanoparticles. Change in crystallites size (to lower value) changes the vibrational 

properties of the Ti-B-500 nanoparticles. Owing to the size-induced radial pressure, a 

volume contraction occurs within the nanoparticles. The interatomic distances in the 

nanoparticles are decreased which leads to an increase in the force constant, resulting in 

shifting of Raman peaks towards higher wavenumber [156]. The broadening of the Raman 

peak is due to the lattice defects which might be created due to the oxygen vacancies 

displacing the oxide ions from their normal lattice positions [157]. 

3.3.3. Microstructural analysis 

3.3.3.1.  FESEM 

The morphology of the nanoparticles has been characterized by FESEM as shown 

in Figure 3.3(a-d). As we can see, the images show less particle agglomeration in surfactant-

modified nanoparticles compared to Ti-500. The surfactant templating supports the 

synthetic process to generate less nucleated homogenous polymorphs. The particle size 

distribution of titania nanoparticles are presented in their corresponding FESEM images 

(insets). Ti-S-500, Ti-B-500, and Ti-D-500 have average particle size of 24.4, 17.5, and 22.2 

nm, respectively. It was very difficult to calculate the particle size for Ti-500 due to its 

agglomerated nature.  

 

Figure 3.3. FESEM micrographs of (a) Ti-S-500, (b) Ti-B-500 (c) Ti-D-500 and (d) Ti-500 nanoparticles. 
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3.3.3.2. HRTEM 

The nanoparticles are also observed by the high resolution transmission electron 

microscope (HRTEM) to identify the nucleation nature of nanoparticles. Ti-S-500 

nanoparticles shown in Figure 3.4a are found to be weakly agglomerated, and of uniform in 

size. Figure 3.4a.1 displays the lattice fringes corresponding to the anatase phase with inter-

planar (101) distance of 0.364 nm. The stable regular and worm-like pores formed in Ti-B-

500 nanoparticles are shown in Figure 3.4b.3. 

  

Figure 3.4. TEM Micrographs, HRTEM micrographs (inset), and SAED pattern (inset) of (a) Ti-

S-500, (b) Ti-B-500 (c) Ti-D-500 and (d) Ti-500 nanoparticles. 

Development of anatase nanocrystals confirmed from the formation of lattice fringes 

with an inter-planar (101) distance of 0.357 nm is shown in Figure 3.4b.1. Figure 3.4c shows 

the non-porous microstructure of Ti-D-500 nanoparticles with a geometrical shape and the 
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particles have an anatase phase with inter-planar (101) distance of 0.364 nm. Figure 3.4d 

shows the agglomerated nanoparticles of Ti-500, formed via the growth of bigger particles 

after nucleation as there is an absence of surfactant throughout the synthetic process. The 

particles have anatase phase with inter-planar (101) distance of 0.359 nm. The ring pattern 

observed in selected area electron diffraction (SAED) pattern in Figures 3.4a.2, 3.4b.2, 

3.4c.2 and 3.4d.2 indicates the development of well crystalline nature in all nanoparticles. 

3.3.3.3. Particle Growth Mechanism  

 

 
Figure 3.5. A plausible mechanistic pathway to the formation of (a) Ti-S-500, Ti-D-500 and (b) Ti-

B-500 nanoparticles. 
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In order to understand the nucleation process of titania nanoparticles, we have 

proposed a mechanistic pathway about how the particles are designed according to their 

microstructure. Due to the ionic nature of SDS and DDA, they are dissolved in water and also 

they started to form micelle in solution at CMC. The surfactant head groups (polar groups) 

of the micelles attracted first the precursor ions (Ti4+) and then the precipitating agent that 

was introduced. As the surfactants are polar in nature, they are organized in solution to form 

a unilameller vesicle in which, both the precursor and precipitating agent are present. After 

that, they formed the corresponding precipitate TiO(OH)2, into the core of the vesicle. During 

the ageing process, the precipitate gets aggregated into core and while washing the 

precipitate, the excess surfactant from the solution gets removed. When the precipitate is 

annealed at 500C, the corresponding oxide (TiO2) is formed with a geometrical shape due 

to the complete removal of the surfactant. The nucleation of the nanoparticles is illustrated in 

Figure 3.5a. When the non-ionic (Brij C10) nature of the surfactant prevails, strong 

interaction between the solvent and surfactant does not operate. As a result, the surfactant 

molecules get self-aggregated in different shapes in the solution as shown in Figure 3.5b (iii) 

and the precipitate forms without any core, whereas ionic surfactants does it. After ageing 

and washing, the precipitate is annealed at 500C which removes the surfactant from the 

samples generating a pore within the resultant oxide. 

3.3.4. BET surface area and pore size distribution  

Figure 3.6a shows the nitrogen adsorption-desorption isotherms of nanoparticles. 

All the nanoparticles show type IV isotherm with a hysteresis loop, but the isotherm of Ti-

B-500 is the vibrant one which confirms the presence of mesopores [158]. Specific surface 

area, pore diameter and total pore volume of the nanoparticles are listed in Table 3.2. Ti-B-

500 nanoparticles have a higher surface area of 117 m2/g compared to others due to the 

formation of pores (also confirmed in TEM micrographs (Figure 3.4b.3)). The structural 

properties, surface area, and pore volume indicate that the Brij C10 surfactant assisted TiO2 

has a technologically advanced anatase nanostructure. Figure 3.6b illustrates the pore-size 

distribution plot of the corresponding nanoparticles. A sharp peak appeared approximately 

at 8 nm for Ti-B-500 and it is gradually decreased to 55 nm indicating the availability of 

large amount of mesopores along with some macropores (55-150 nm). Ti-500 nanoparticles 

also have a sharp peak like Ti-B-500, indicating the formation of pores, but it has not been 

found in TEM, which suggest that it may appear due to the formation of grain boundaries. 
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Figure 3.6. (a) N2 adsorption-desorption isotherms and (b) pore size distribution plot of Ti-(S, B and 

D)-500 and Ti-500 nanoparticles. 

Table 3.2.  Surface area, pore diameter and pore volume of Ti-(S, B and D)-500 and Ti-500 

nanoparticles. 

Sample name Ti-S-500 Ti-B-500 Ti-D-500 Ti-500 

Surface area (m²/g) 72 117 57 74 

Pore diameter (nm) 3.4 3.2 3.8 12.2 

Total pore volume (cm3g-1) 0.098 0.190 0.085 0.156 
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3.3.5. XPS analysis 

X-ray photoelectron spectroscopy (XPS) has been carried out to understand the 

elemental identification and chemical states of element present in the titania nanoparticles. 

 

Figure 3.7. XPS full survey spectrum and high-resolution spectra of Ti 2p and O 1s in Ti-

(S, B and D)-500 and Ti-500 nanoparticles. 
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Figure 3.7 displays the XPS survey spectra, high-resolution spectra of Ti 2p and O 

1s and the binding energy (BE) values along with atomic percentage of the elements. Survey 

spectrum confirmed the presence of Ti, O, and C atoms in all the nanoparticles. The carbon 

peak is attributed to adventitious hydrocarbon from XPS instrument itself. Additionally, the 

Ti-B-500 nanoparticles contain N-atom (1.32 at%) and S-atom (1.57 at%) as evident from 

the survey spectrum. The high-resolution spectra of Ti 2p of Ti-B-500 represent the binding 

energies of Ti 2p3/2 and Ti 2p1/2, which are centered at 457.3 eV and 462.3 eV, respectively, 

corresponding to a spin–orbit coupling. The high-resolution O 1s peak could be 

deconvoluted into two peaks at 528.1 eV and 530.1 eV, corresponding to Ti-O-Ti and Ti-

O-H bonds, respectively. According to the previous literature, pure TiO2 has binding 

energies of Ti 2p3/2 and Ti 2p1/2 at 459.0 eV and 464.7 eV, respectively [159]. Here, the pure 

Ti-500 nanoparticles have binding energies of Ti 2p3/2 and Ti 2p1/2 at 458.9 eV and 464.9 

eV, respectively. Therefore, the lower shifts in binding energy of Ti-B-500 nanoparticle are 

due to the presence of mixed O-S atom into the lattice environment which is confirmed by 

National Institute of Standards and Technology (NIST), XPS database [160]. Binding 

energies of Ti 2p (Ti 2p3/2 and Ti 2p1/2 states) and O 1s (deconvoluted peaks corresponding 

to Ti-O-Ti and Ti-O-H bonds) in other nanoparticles are indicated to their corresponding 

high-resolution spectra. The source of sulphur in Ti-B-500 nanoparticles is from the 

precursor (TiOSO4). To make the precipitates sulphate free, each time the filtered solutions 

are cross checked with BaCl2 test. However, during synthesis of Ti-B-500, some sulphate 

ions remained with the surfactant Brij C10. Due to non-ionic nature of the surfactant, 

complete removal does not take place and after calcination, sulphur atoms are introduced to 

Ti-B-500 nanoparticles. 

3.3.6. Band gap measurement 

The optical responses of the nanoparticles are investigated using UV-DRS as shown 

in Figure 3.8a. The Ti-B-500 nanoparticles show an absorption edge around 416 nm and the 

other nanoparticles are closer to 395 nm, i.e. a red shift. The red shift may be attributed to 

the presence of sulphur atom in the lattice. Both Ti 3d and O 2p orbitals in pure TiO2 are 

the participant of the valence band (VB) and conduction band (CB). Splitting of the Ti 3d 

orbital (VB) generates two parts: the t2g and eg states and CB divided into the lower and 

upper parts. Presence of sulphur (the S 3p states) in the lattice may be contributing to the 

formation of VB with the O 2p and Ti 3d states because some extents of the S 3p state is 

delocalized. Thus, the mixing of S 3p states with VB increases the width of the VB itself 
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[161]. This result arises in the red shift and consequently decreases the band gap energy in 

Ti-B-500 nanoparticles. The direct and indirect band gap energies are calculated using 

Tauc's plot and marked in the inset of Figure 3.8b and 3.8c, respectively. 

 

Figure 3.8. (a) UV−vis absorption spectra, (b) direct band gap, (c) indirect band gap and (d) the 

schematic diagram of S 3p modified VB of Ti-(S, B and D)-500 nanoparticles. 

3.3.7. CIS analysis 

Figure 3.9a shows the room temperature impedance spectra of the titania 

nanoparticles. The Nyquist plots are modeled using RQ-RQ circuit and are represented in 

Figure 3.9b. All the samples show formation of two semicircular arcs. The arc at high 

frequency (1st) is due to the grain property while the low frequency arc (2nd) signifies the 

grain boundary of the samples. The radius of the arcs gives the resistance of individual grain 

(Rg) and grain boundary (Rgb). It is observed that Ti-S-500 catalyst (Figure 3.9b) has the 

largest arc radius among the rest. Therefore, it has higher resistance value in both grain and 

grain boundary. On the other hand, Ti-B-500 displays the low resistance value at grain and 

grain boundary (i.e., smaller arc radius) due to the porous nature of Ti-B-500 catalyst 

(Figure 3.4b).  
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Figure 3.9. (a) Nyquist plots of the complex impedance spectra and (b) individual fitted Nyquist 

plots (green line) of the respective titania catalysts. Additionally, the red and blue arc of the 

semicircles indicates resistance at high and low frequency, respectively. 

It is alleged that mesoporous TiO2 is a consequence of the unique character of well-

sintered nanograins (at interfaces). Thus, it formed a facile electronic transport path with a 

long diffusion length as in 1D single crystalline nanorods [14]. Therefore, it is assumed that 

the enhanced diffusion length for electrons in Ti-B-500 catalyst is because of the formation 

of accumulation of electrons at the grain-grain interface [162]. Such assembly of electrons 

at the interface assists electronic conduction across the grains. The resistance values of Ti-

D-500 and Ti-500 catalyst are similar and fall between the Ti-B-500 and Ti-S-500. The 

resistance values of the samples are tabulated in Table 3.3.  
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Table 3.3.  Grain and grain boundary resistance values of titania nano-catalysts. 

Sample name Ti-S-500 Ti-B-500 Ti-D-500 Ti-500 

Grain resistance (kΩ) 174 39 147 132 

Grain boundary resistance (kΩ) 28333 235 550 388 

 

As per CIS analysis, it is observed that Ti-B-500 catalyst has low resistance at both 

grain and grain boundary, which indicates high charge transfer rate (i.e. larger electron-hole 

separation). The increased electron-hole separation rate leads to the formation of effective 

active site to participate in reaction at surface of the catalyst, which shows the enhanced 

photocatalytic activity in Ti-B-500 catalyst. 

3.4. Photocatalytic application 

3.4.1. The photocatalytic activity and reusability tests 

The photocatalytic effectiveness of all the nanoparticles are evaluated by the extent 

of degradation of methylene blue (MB) in an aqueous solution under direct solar light 

irradiation without maintaining the intensity of sunlight during subsequent reactions. In a 

typical experiment, a 200 mL of 2×10-5(M) MB solution was taken in a 500 ml beaker to 

which photocatalysts of 200 mg (1g/L) were added separately with vigorous stirring. An 

aliquot of the solution is taken to measure the concentration of the adsorbed dye after 30 

min of adsorption-desorption equilibrium in the dark. Then the dye solutions are set aside 

under sunlight at room temperature for the photodegradation process to take place. Sample 

aliquots are withdrawn from the reaction mixture at 10 min time interval and then 

centrifuged. The dye concentration of the residual solution is analyzed using UV-Vis 

spectrophotometer. Changes in the MB concentration are measured from its characteristic 

absorption band maximum (λmax = 663 nm). To find out the effect of pH on 

photodegradation, we have adjusted acidity and basicity of the dye solution using 

hydrochloric acid (HCl) and sodium hydroxide (NaOH), respectively. Effect of catalyst 

loading on photodegradation is also investigated. Moreover, we have examined the catalytic 

activity on photodegradation by repeating it for five cycles of experiment. 

3.4.2. Effect of contact time 

The photocatalytic activity of the nanoparticles is evaluated in terms of degradation 

efficiency. Before the photocatalytic experiment, dye adsorption on the respective 

nanoparticles is examined. The maximum adsorption about 11% is observed for Ti-D-500 
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nanoparticles during the adsorption-desorption equilibrium. Ti-B-500 nanoparticles showed 

a maximum of 93% degradation within 30 min under sunlight.  

 

 

Figure 3.10. (a) Percentage of degradation profile at different time interval, (b) the first order rate 

kinetic plot of the MB degradation using titania nanoparticles, and (c) photodegradation mechanism 

using Ti-B-500 nanoparticles. 

The complete degradation of MB using Ti-B-500 is observed after 60 min of sunlight 

irradiation. Figure 3.10a displays the percentage of degradation of MB dye at different time 

interval of the respective nanoparticles. Percentages of photodegradation by Ti-S-500, Ti-

D-500, and Ti-500 nanoparticles are observed about 44%, 37%, and 27%, respectively. The 

photocatalytic reactions follow the first order rate kinetics (Figure 3.10b). According to the 

first order rate kinetics, the rate constant (k) can be calculated using the 

equation ln(𝐶𝑡 𝐶0)⁄ = 𝑘𝑡, where, 𝐶𝑡 and 𝐶0 are the concentrations at “t” time and initial 

concentration, respectively. The kinetic rate has been calculated and summarized in Table 

3.4, which indicates the photodegradation rate for Ti-B-500 is 4.5, 2.3, and 1.4 times higher 

than the Ti-500, Ti-S-500, and Ti-D-500, respectively. The rate of MB photocatalytic 

degradation is found to be comparable to the literature data. Zhang et al. reported MB (1×10-
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5(M)) photocatalytic degradation under visible light (Xe lamp (500 W)) by Au/TiO2–HAP-

300 nanocatalyst with rate constant of 0.0955 min−1 [163]. The rate constant of Ti-B-500 

and Au/TiO2–HAP-300 are comparable but the concentration of MB is doubled in our case. 

Pandey et al. reported ZrC nanoparticles which shows 80% photodegradation of methylene 

blue in 5h under solar light irradiation with kinetic rate of 0.005 min−1 [164]. Mallakpour et 

al. synthesized LDH-VB9-TiO2 and LDH-VB9-TiO2/cross-linked PVA nanocomposite via 

facile and green technique and the prepared samples are studied for MB dye degradation 

under UV-light irradiation. The rate constants are found to be 0.0085 min−1 and 0.0038 

min−1 for LDH-VB9-TiO2 and LDH-VB9-TiO2/cross-linked PVA nanocomposite, 

respectively [165]. Poureteda et al. synthesized CeO2 nanoparticles and studied 

photodegradation of MB dye. The kinetics rates are found to be 0.0162 min-1 and 0.0157 

min-1 under UV and sunlight irradiation, respectively [166]. Therefore, from the literature 

data it is clear that the Ti-B-500 catalyst has higher photocatalytic activity. The mechanism 

of photocatalysis by Ti-B-500 nanoparticles is represented in Figure 3.10c. 

Table 3.4. First order kinetic rates of MB degradation from aqueous solution using Ti-(S, B and 

D)-500 catalysts under sunlight. 

Sample name Ti-S-500 Ti-B-500 Ti-D-500 Ti-500 

Rate (min-1) 0.0365 0.0864 0.0621 0.0192 

R2 - value 0.99 0.99 0.99 0.98 

 

3.4.3. Effect of pH on photodegradation 

To evaluate the effect of pH, experiments have been carried out with the best 

photocatalyst Ti-B-500. The concentration of dye and catalyst used is fixed at 210-5(M) 

and 1g/L, respectively. The photocatalytic degradation is performed at pH of ~3, ~5, ~9, 

and ~11 at room temperature. Without addition of any acid or base, the pH of the dye 

solution has been observed to be 6.7. To adjust the acidic and basic pH value, HCl and 

NaOH are employed to the dye solutions. The Ti-B-500 nanoparticles noticeably accepted 

that the photodegradation efficiency on MB and catalysis with pH=6.7 is higher (Figure 

3.11a) compared to the other pH values which can be ascribed to the surface charge of Ti-

B-500 nanoparticles. In the dark environment (during adsorption-desorption equilibrium) 

there is a slight increase in MB adsorption at the acidic pH range but enormous changes in 

adsorption have been observed at basic pH range. Figure 3.11a reveals that the MB dye 
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adsorption of 9% at pH~3 and 12% at pH~5, whereas 25% at pH~9 and 79% at pH~11. The 

rate of degradation at various pH is listed in Table 3.5.  

 

Figure 3.11. (a) Photocatalytic degradation and (b) pseudo first order kinetic rate profile of MB 

photodegradation at different pH using Ti-B-500 catalyst. 

The increase of MB adsorption is due to the negative charge developed on catalyst 

surface at higher pH. So, a strong electrostatic attraction operates between negatively charge 

catalyst surface and the MB cation [167]. On the other hand, acidic pH helps to produced 

more number of holes, which involves in oxidation reaction to enhance the degradation 

process. However, the study shows that the rate of dye degradation is decreased at acidic 

pH because Ti-B-500 nanoparticles may tend to agglomerate and reduce the surface area, 

which is required for maximum dye adsorption as well as photon absorption.  In addition, 

at the high acidic end there operates a repulsive force between the positively charged 

catalyst surface and the methylene blue cation.  

Table 3.5. First order kinetic rate of photocatalytic degradation by varying pH of the medium using 

Ti-B-500 catalyst. 

pH ~ 3 ~ 5 = 6.7 ~ 9 ~ 11 

Rate (min-1) 0.0180 0.0124 0.0864 0.0640 0.0410 

R2 - value 0.96 0.99 0.99 0.98 0.98 

 

On the other hand, hydroxyl radicals (HO•) are largely responsible for oxidation 

process which can be generated in an alkaline solution. So, the catalyst surface becomes 

negatively charged at pH~9 and strong adsorption occurs with the MB followed by 

photocatalysis. However, at higher pH (~11) the dye adsorbed more on the catalyst surface, 
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which subsequently makes the surface less exposed to the sunlight. Therefore, the creation 

of HO• is reduced, i.e., it makes the oxidation reaction slower and decreases the MB 

degradation rate. 

3.4.4. Effect of catalyst dosage on photodegradation 

In order to determine the effect of catalyst dosage, the dye degradation process is 

carried out at best pH (6.7) with different amount of catalyst dosage ranging from 1.0-4.0 

g/L. The kinetic profile is shown in Figure 3.12. The degradation efficiency is found to be 

increasing fast with the amount of catalyst (Ti-B-500) from 1.0 to 3.0 g/L. However, it has 

been found to decrease when the catalyst dosage is increased to 4.0 g/L. 

 

Figure 3.12. Effect of catalysts dosage on MB photodegradation using Ti-B-500 catalyst. 

Table 3.6. Pseudo first order rate kinetics parameter MB photodegradation at different catalyst (Ti-

B-500) dosage. 

Catalyst dosage 

(g/L) 

1 1.5 2 2.5 3.0 4.0 

Rate (min-1) 0.0804 0.0866 0.1041 0.1218 0.1448 0.1567 

R2 - value 0.98 0.96 0.98 0.97 0.99 0.97 

 

When the catalysts concentration increases, total active surface area increases and 

resulting in more available active sites on catalyst surface [168, 169]. This increases the 

photon adsorption, which promotes the faster rate of photodegradation. Simultaneously, 

high catalyst dose increases the turbidity of the suspension, which leads to decrease in the 

penetration of sunlight and hence decreases the volume of photoactivated-suspension [170]. 

The rates of reaction at different catalyst dosage are calculated and shown in Table 6. The 
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photodegradation rate increases 1.1-fold when the dosage varied from 1.0 g/L to 2.0 g/L and 

1.7-fold when the dosage is 3.0 g/L, whereas, the rate is only increased by 1.9- fold when 

the catalyst dosage is 4.0 g/L. 

3.4.5. Reusability of the photocatalyst 

In order to find the stability and the reusability of the catalyst, the experiment is 

carried out for five times, which is believed to provide a significant scope for the real time 

applications. Each time before the reuse, the photocatalyst has been washed with distilled 

water and ethanol to remove the dye from its surface and then dried at 60°C in an oven.  

 

Figure 3.13. The recycling ability of Ti-B-500 photocatalyst on MB degradation. 

Figure 3.13 illustrates the reusability profile of the catalyst on photodegradation. After 

recycling, there are no notable changes observed in the degradation, which evidently 

indicates that the photocatalyst prepared is reusable and impressively stable enough. 

3.5. Conclusion 

In this investigation, we have carried out synthesis and characterization of pure 

anatase titania nanoparticles using different surfactant templates. Precipitates are formed 

through controlled hydrolysis method. Structural analysis has confirmed the formation of 

pure anatase phase. HRTEM micrographs of Ti-B-500 nanoparticles have manifested the 

presence of wormlike mesopores structure. Interestingly, the presence of O-S mixed 

environment in the Ti-B-500 lattice has been evident from the XPS study. The presence of 

sulphur cause in reducing the band gap energy and contributing to the photon absorption at 

visible wavelength. Overall, the Ti-B-500 nanoparticles exhibit an O-S mixed environment, 
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high surface area, porosity, smaller particle size, and lower band gap energy. Complex 

impedance spectra analysis showed effective charge separation in Ti-B-500 catalyst. Hence, 

the collective information obtained on the Ti-B-500 materials recommended the expectation 

along with the findings of a better photocatalyst over all others. Methylene blue 

photodegradation has been carried out under solar light irradiation and Ti-B-500 exhibited 

the high photocatalytic activity with 93% of degradation within 30 min of sunlight exposure. 

The complete degradation of MB using Ti-B-500 is observed after 60 min of sunlight 

irradiation. The photocatalysts worked best without any alteration of pH. Optimum dosage 

of catalysts is in the range of 3.0-4.0 g/L. The photocatalyst exhibited the best photocatalytic 

activity and high stability after five cycles of experiments. The synthetic method is simple 

and cost-effective for large scale preparation of adsorbents and photocatalysts with high 

adsorption and dye degradation capacity. These results suggest that high surface area, 

mesoporous and surface defects engineered TiO2 nanoparticles are very promising materials 

for multifunctional applications including antioxidant application. 
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Chapter 4 

 

Pure and Iron-Doped Anatase Titania 

Nanoparticles: Characterization and 

Photocatalytic application 

Outline:  

Pure and iron-doped titania nanoparticles have been successfully synthesized using 

inorganic salt titanium oxysulfate and ferrous sulfate. The nanoparticles has been 

characterized by XRD, Raman, BET, UV/Vis/DRS, PL, HRTEM/EDAX, and XPS techniques. 

Formation of pure anatase framework is confirmed from the XRD and Raman analysis. The 

study also shows decrease in crystallite size with the increase in iron concentration. N2 

adsorption-desorption isotherms reveals an increase in specific surface area with dopant 

but it gets decreased with the dopant concentration. Elemental analysis of selective 

nanoparticles are carried carried out which shows the presence of iron and HRTEM 

micrographs revels that the particles are in nano-meter range. Red shifting has been  found 

in the absorption edge due to iron doping in titania nanoparticles. Presence of Fe3+ in the 

anatase lattice framework is observed from the XPS analysis.Pure titania nanoparticle 

shows the better performance for photocatalytic degradation of methylene blue. Addition of 

H2O2in iron-doped titania nanoparticles results in improved rate of photodegradation 

compared to pure titania nanoparticles, which is about 16-fold using 10 wt% iron doped 

titania and only 5-fold with pure titania. 
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4.1. Introduction 

Over the years, the semiconductor-based photocatalysis has been extensively studied 

and is found to be an optimistic method for the environmental protection like water and air 

cleaning, hazardous waste remediation, and so on [115, 132, 179, 180, 171–178]. The 

semiconductor based materials are used in various application and their synthesis procedure 

is also important [181–183]. Potentially, titanium dioxide (especially the anatase phase) is 

most popular amongst variety of semiconductor photocatalysts due to its chemical and 

biological inertness, non-toxicity, mechanical toughness, excellent photocatalytic activity, 

and low cost [115, 132, 171, 184–186]. Titanium dioxide (TiO2) has band gap energy of 3.2 

eV, which is relatively high compared to the state-of-the-art. This restricts the absorption of 

the former to ultra-violet spectral region [187, 188]. Also, photoinduced electron and hole-

pair (𝑒−
 / ℎ+) recombination rate is high for TiO2, which results  in decreased photocatalytic 

activity. The content of ultra-violet light in the sunlight is about 3-5% and to minimize the 

expenses of environmental remediation, we have to utilize the visible region of the spectrum 

of solar light [189]. So, the development of visible-light active TiO2 is the theme of broad 

research. The photocatalytic performance of TiO2 in visible light can be enhanced by doping 

with metal ions, e.g. Cr3+, Cu2+, V3+, Ni2+, Zn2+, Fe3+, etc [190–196]. These dopants drive 

the absorption edge of TiO2 towards the visible light region by producing dopant states in 

the band gap of TiO2 [197]. Interestingly, Fe3+ (0.79Å) and Ti4+ (0.75Å) have comparable 

ionic radii. This makes Fe3+ a good candidate as dopant in the TiO2 lattice [27, 198–200]. 

Furthermore, Fe3+ doped TiO2 can be simply prepared by the sol−gel technique, with 

controlled crystalline phase and particle size. The incorporation of Fe-ions into the TiO2 

crystal structure narrow the band gap of TiO2 and decrease the rate of 𝑒−- ℎ+
 pair 

recombination simultaneously, as is found from exiting literature. This results in increased 

photocatalytic performance of TiO2 under visible light [200–203]. The concentration of Fe3+ 

dopant has an intense effect on photocatalytic activity. Usually, the recombination rate of 

photogenerated 𝑒−
 and ℎ+

 increases with higher Fe-dopant and results in lower 

photocatalytic performance. Moreover, with increase in Fe-ion concentration from its 

optimal value, Fe3+ ions steadily become the recombination centers of photogenerated 𝑒−
 / 

ℎ+ (i.e., Fe3+ sites trap more photogenerated electrons and holes). On the contrary, quantum 

tunneling helps the trapped free carrier pairs to recombine easily [200]. Therefore, a higher 

content of Fe3+ ion in the TiO2 lattice makes the recombination reaction more probable. 

However, the role of Fe ions in TiO2 lattice is still divisive. As evident from the literature, 
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the Fe3+ acts as 𝑒−
 / ℎ+ recombination center and is favorable for 𝑒−

 / ℎ+ separation, which 

in turn enhances the photoactivity [204–209]. Therefore, investigation on Fe3+ doped TiO2 

for efficient photocatalysis under visible light is an active area of research.  

In this work, Fe3+-doped TiO2 nanoparticles have synthesized by controlled 

precipitation method using surfactant as a template followed by self- generated pressure 

condition in an aqueous solution based hydrothermal treatment at a temperature of 200C. 

All the nanoparticles are annealed at 500°C to get crystalline anatase phase. The structural, 

optical and physiochemical properties of the synthesized nanoparticles have been 

investigated. Herein, the application of high surface area (95 to 324 m2g-1) TiO2 

nanoparticles doped with 1, 2, 3, 5, and 10 wt% Fe3+ (described in details in chapter IV), 

synthesized using surfactant (Brij C10) assisted chemical route, for the photocatalytic 

degradation of Methylene blue (MB) under sunlight in aqueous solutions is also 

investigated. In addition, the effect of H2O2 on photocatalysis is also studied.  

4.2. Experimental and characterization  

Pure and iron doped titania nanoparticles have been synthesized using cheaper 

inorganic precursor of titanium oxysulphate as metal ion precursor using Brij C10 as 

surfactant template. The samples are prepared via precipitation followed by hydrothermal 

method and then characterized by different instrumental techniques (details are given in 

chapter-II). 

4.3. Results and Discussion 

4.3.1. X-ray diffraction 

X-ray diffraction patterns of pure and Fe-doped particles are shown in Figure 4.1a. 

The XRD peaks positioned at 25.3, 36.9, 37.9, 38.6, 48, 54.1, 55, 62.8, 68.8, 70.2, 

and 75.1 correspond to the crystal planes (101), (103), (004), (112), (200), (105), (211), 

(204), (116), (220), and (215), respectively. The observed peaks suggest a pure anatase 

phase (JCPDS card no: 21-1272). Basic parameters from the JCPDS are used for the 

refinement. The present refinement patterns show reasonable fit between the experimental 

and simulated data. The obtained refined parameters are presented in Table 4.1. The absence 

of any characteristic peak of iron in XRD patterns may indicate that the Fe-ions are 

effectively incorporated into the anatase TiO2 lattice framework. Since, Fe3+ (0.79Å) and 

Ti4+ (0.75Å) have similar ionic radii with same coordination number, substitution of Ti4+ 

with Fe3+ ions can enter into the lattice. The substituted Fe3+ ions may be positioned at the 
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interstitial position or in other lattice sites, forming an iron-titanium solid solution. 

Therefore, the peak shifting is possibly considered as indirect proof of effective Fe-ion 

doping into the anatase lattice. A lower angle shift in Fe-doped TiO2 nanoparticles is 

observed from Figure 4.1b. 

 

 

Figure 4.1. (a) Rietveld refined X-ray diffraction (XRD) pattern of pure and Fe3+-doped titania 

nanoparticles and (b) peak shifting pattern of anatase (101) plane. 
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Due to structural distortion, the inter-planner distance is increased which in turn alters the 

peak position [210]. An oxygen vacancy is generated to maintain the charge neutrality by 

the incorporation of Fe3+ ion into TiO2 lattice. Crystallite size (Dhkl) of the nanoparticles is 

calculated using Scherrer’s equation (Eq. 2). 

Table 4.1. Rietveld refined parameters and crystallite size of pure and Fe-doped TiO2 nanoparticles.  

Sample  

name 

Lattice parameters Crystallite 

size  

(nm) 
a=b (Å) c (Å) Cell volume 

(Å3) 
𝐑𝐩 𝐑𝐰𝐩 𝝌𝟐 

0Fe-Ti 3.7853(1) 9.4971(6) 136.0 8.03 5.08 1.0 11.9 

1Fe-Ti 3.7844(9) 9.4842(8) 135.8 8.23 6.39 1.9 11.0 

2Fe-Ti 3.7912(2) 9.5057(9) 136.6 9.25 7.09 2.7 9.5 

3Fe-Ti 3.7911(8) 9.5064(9) 136.6 8.60 7.42 4.2 9.0 

5Fe-Ti 3.7955(0) 9.5238(0) 137.1 7.72 7.06 6.6 8.7 

10Fe-Ti 3.7776(1) 9.4545(7) 134.9 10.6 12.2 6.0 8.2 

*The numerical value in the bracket signifies the error in the last digit of the lattice parameter. 

4.3.2. BET surface area and pore size distribution  

N2 adsorption-desorption isotherm, pore size distribution of pure and Fe-doped TiO2 

nanoparticles are measured at 77K and shown respectively in Figure 4.2a and 4.2b. All the 

samples except 10Fe-Ti, show type IV isotherm with hysteresis loop, which may indicate 

the existence of mesopores.  The specific surface area of the doped samples is higher than 

that of un-doped TiO2. Additionally, there is an increase in specific surface area and 

decrease in pore size with increased Fe-concentration in the Fe-doped TiO2 samples. 

Substitution of Ti-atoms by Fe-atoms in the anatase framework inhibits the crystal growth. 

The surface area of 95 m²/g was exhibited by pure TiO2 nanoparticles. The highest surface 

area of 324 m²/g is exhibited by 1Fe-Ti, while it declined to 134 m²/g with increasing the 

iron ion content in the sample 10Fe-Ti. This is because an excess amount of iron may deposit 

on the grain boundary which leads to decreased pore size. The aforementioned results are 

consistent with the X-ray diffraction data. A large surface area is required to improve the 

photocatalytic activity. Since the higher surface area generated by large crystal defects 

favours the recombination of photogenerated electron (𝑒−) and holes (ℎ+), and results in 
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lower photocatalytic activity. The specific surface area and average pore diameter of pure 

and Fe-doped TiO2 are listed in Table 4.2. 

 

Figure 4.2. (a) N2 adsorption-desorption isotherm and (b) pore size distribution of pure and Fe-

doped titania nanoparticles. 

Table 4.2. Specific surface area and average pore diameter of pure and Fe-doped TiO2 

nanoparticles. 

Sample name Specific surface area [m²/g] 
Average pore diameter 

[nm] 

0Fe-Ti 95 36.6 

1Fe-Ti 324 19.9 

2Fe-Ti 202 18.1 

3Fe-Ti 152 18.6 

5Fe-Ti 148 17.2 

10Fe-Ti 134 4.8 
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4.3.3. Raman analysis 

Structural phase of Fe-doped TiO2 nanoparticles is further investigated using Raman 

spectroscopy. The spectrum in Figure 4.3 shows five bands which correspond to six Raman-

active modes i.e. Eg (143, 195, and 632 cm-1), A1g (509 cm-1), and B1g (393 and 509 cm-1) 

for all the nanoparticles. Apart from these, no peaks are observed which can relate to 

samples. However, Fe-doped TiO2 nanoparticles show a Raman shift (as shown in the inset 

of Figure 4.3) to the higher wavenumber and peak broadening with increased dopant 

concentration. Therefore, the substitution of Ti-atoms with Fe-atoms in the anatase lattice 

framework creates lattice distortion as implied from Raman study. 

 

Figure 4.3. Raman spectra of pure and Fe-doped titania nanoparticles. 

4.3.4. Microstructural analysis 

4.3.4.1.  FESEM 

 

Morphology of the pure and Fe-doped TiO2 titania nanoparticels are characterized 

by FESEM as shown in Figure 4.4. The observed particles are agglomerated having 

spherical shape in the nano-range. It can be clearly seen from the Figure 4.4b, that the 1Fe-

Ti sample heated at 500C showed the narrowest particle size distribution of 15 to 25 nm. 

The particle size distribution plots show that (0, 1, 2, and 3) Fe-Ti and (5 and 10) Fe-Ti 

nanoparticles have size range of 15-35 nm and 30-50 nm, respectively. The role of Fe-ion 

in controlling the particles is of importance here.  
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Figure 4.4. FESEM micrographs and particle size distribution profile (inset) of pure and Fe-doped 

titania nanoparticles. 

4.3.4.2. HRTEM and Elemental Mapping 

Selected nanoparticles i.e. 1Fe-Ti and 5Fe-Ti are recorded by HRTEM and shown 

in Figure 4.5(a,b) and (c,d), respectively. The microstructures of 1Fe-Ti and 5Fe-Ti show 

an average particle size of 13 nm and 9 nm, respectively. In Figure 4.5a and 4.5c, it is 

observed that the amount of Fe3+-content favours to form lower crystallite size and 

consequently reduces the particle size. In the highlighted microstructure in Figure 4.5d, the 

lattice fringes can be easily seen. The lattice spacing (d101) of 1Fe-Ti and 5Fe-Ti 

nanoparticles is calculated as 0.35 nm and 0.36 nm from Figure 4.5b and 4.5d, respectively. 

The selected area diffraction pattern (SAED) of 1Fe-Ti and 5Fe-Ti nanoparticles (in the 

inset of Figure 4.5b and 4.5d, respectively) show clear rings (101), (004), (200), (105), and 

(204) indicating high-crystalline anatase TiO2, which is consistent with the XRD results. 

Nominal 5.0 at% Fe-doped TiO2 nanoparticles with mixed anatase and rutile phases of TiO2 

structure synthesized through the modified sol-gel method, showed the particle size and 

morphology revealed an almost spherical shape with particle size in the range of 10‒30 nm [211]. 
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Figure 4.5. HRTEM micrographs and SAED patterns of (a, b) 1Fe-Ti and (c, d) 5Fe-Ti 

nanoparticles. 

In addition, elemental mapping is carried out to illustrate the distribution of Fe-

atoms in the TiO2 lattice. Figure 4.6a and 4.6b represents the elemental mapping of 1Fe-Ti 

and 5Fe-Ti nanoparticles. The red dots and green dots in Figure 8 are identified as Fe3+ and 

Ti3+-atoms in 1Fe-Ti and 5Fe-Ti nanoparticles, respectively. From the subsequent analysis, 

it is apparent that the Fe-atoms are homogeneously distributed throughout the TiO2 lattice 

and produce solid solution. 
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Figure 4.6. Elemental mapping of (a) 1Fe-Ti and (b) 5Fe-Ti nanoparticles. 

4.3.5. XPS analysis 

XPS analysis is carried out for selective nanoparticles to validate the presence, 

contents and chemical states of Ti, O and Fe into the lattice. Figure 4.7a shows the full 

survey spectra whereas Figure 4.7b, 4.7c and 4.7d are the high-resolution spectra of Ti 2p, 

O 1s, and Fe 2p of 0Fe-Ti, 5Fe-Ti, and 10Fe-Ti nanoparticles. Survey spectra confirm the 

presence of Ti, O, C, and Fe atoms for the respective nanoparticles. The different peak 

positions and the amount of Fe contents (at%) are summarized in Table 4.3. The pure 

nanoparticles (0Fe-Ti) contain sharp photoelectron peaks appearing at binding energies of 

459.7 eV (Ti 2p3/2), 464.6 eV (Ti 2p1/2), 531.3 eV (O 1s), and 284.2 eV (C 1s). The carbon 

peak is attributed to adventitious hydrocarbon from the XPS instrument itself.  The Fe-

doped nanoparticles show an enhanced shift of photoelectron peaks in elemental binding 

energies which are generated due to the difference in chemical potential and polarizability 

of Fe-doped titania and Fe(III) oxide (Fe2O3). The 5Fe-Ti nanoparticles have sharp 

photoelectron peaks, appearing at binding energies of 457.3 eV (Ti 2p3/2), 462.0 eV (Ti 

2p1/2), 529.1 eV (O1s), 285.5 eV (C 1s) and a weak photoelectron peaks for Fe at 710.4 eV 

(Fe 2p3/2) and 718.2 eV (Fe 2p1/2). 
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Figure 4.7. (a)  XPS survey spectra of the pure and selected Fe-doped titania nanoparticles and high-

resolution peaks of Ti, O and Fe (b, c and d, respectively). 

The 10Fe-Ti nanoparticles contain all the sharp peaks positions comparable to that 

of 5Fe-Ti. From Table 4.3, it is observed that there is a variation in elemental binding 

energies generated due to the difference in polarizability. Since, the environment of the Fe- 

doped TiO2 crystals is also changed with Fe- concentration. We have used FeSO4∙ 7H2O as 

dopant source, but the Fe2+ solution has been taken under aerial oxidation, hydrothermally 

treated at O2 atmosphere for 24h and calcined at 500°C.  Therefore, it is obvious that all 

Fe2+ has been converted to Fe3+ ions. Also, the high resolution peaks of Fe at 710.4 (5Fe-

Ti) and 712.1eV (10Fe-Ti) are symmetrical and ascribe presence of mainly Fe3+ ions. 

Meanwhile, the radius of Fe3+ and Ti4+ are similar and the Fe3+ may be incorporated into the 

TiO2 lattice to form Ti–O–Fe bonds. The surface atomic percentage of the elements in the 

respective nanoparticles are further characterized by XPS and presented in Table 4.3. 
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Table 4.3. High-resolution XPS peak positions and the corresponding atomic percentages of the 

selected samples. 

Sample 

name 

Peak position (eV) at% 

Ti 2p3/2 Ti 2p1/2 O 1s Fe 2p3/2 Fe 2p1/2 Ti O Fe 

0Fe-Ti 459.7 464.6 531.3 - - 19.2 80.8 - 

5Fe-Ti 457.3 462.0 529.1 710.4 718.2 17.0 82.4 0.53 

10Fe-Ti 457.4 462.4 529.3 712.1 723.9 17.3 81.3 1.36 

 

4.3.6. Optical properties and band gap energies  

UV–vis absorption spectra of the pure and Fe-doped TiO2 samples are presented in 

Figure 4.8a. The steep rising of the absorption edge at a wavelength lower than 390 nm 

(3.17eV) signifies the intrinsic band gap absorption of un-doped (or pure) anatase TiO2. The 

addition of Fe in TiO2 shows a significant enhancement in absorption edge (a red shift) from 

400 nm to 650 nm (3.1 eV to 1.9 eV). The Fe-content is also consistent with the colour of 

the nanoparticles from primrose yellow to brown. As reported in earlier literature, the metal 

ions incorporation in TiO2 lattice does not change its valence band edge’s position [212]. 

Instead, the transition metal ions create new energy levels to the band gap of TiO2.  

Table 4.4. Indirect band-gap energies of pure and Fe- doped TiO2 nanoparticles. 

Sample name 0Fe-Ti 1Fe-Ti 2Fe-Ti 3Fe-Ti 5Fe-Ti 10Fe-Ti 

Indirect band gap 

energy (eV) 

3.17 2.93 2.66 2.49 2.41 2.27 

 

Thus, the shifting of absorption edges towards the longer wavelength are generated 

from the electronic transition of the dopant energy level (Fe3+/Fe4+) to the conduction band 

of TiO2. In Figure 4.8a, the Fe-doped TiO2 spectra have a hump (marked by ↑), which may 

indicate  two different transitions due to incorporation of Fe. The first represents the charge  

transfer transition of 3d electron of Fe3+ to the conduction band of TiO2 whereas the second 

one indicates the d-d transition of Fe3+ (2T2g → 2A2g, and 2T2g →
2T1g) or the interaction 

between Fe-ions (Fe3+ + Fe3+ → Fe4+ + Fe2+) [213]. Kubelka–Munk method is applied to 

analyze the reflectance spectra and Tauc's plot ((αhν)1/2 vs. photon energy (hν)) is drawn to 

estimate the indirect band gap energies as shown in Figure 4.8b. The estimated indirect 

band-gap energy of pure and Fe-doped nanoparticles are presented in Table 4.4. 



Chapter 4                                                                           Iron-doped titania nanoparticles 
 

73 
 

 

 

Figure 4.8. (a) UV−vis absorption spectra (b) indirect band gap of pure and Fe doped TiO2 

nanoparticles. 

4.3.7. Photoluminescence Study  

Photoluminescence (PL) study is employed for better insights on the recombination 

of free charge carrier’s i.e. 𝑒−
 and ℎ+. The PL spectra of all the samples shown in Figure 

4.9 reveal that the intensity decreases with Fe-dopant concentration. Since, PL emission 

spectra generated from the recombination of the excited 𝑒−
 and ℎ+

, but lower the PL 

intensity indicating a lower recombination rate or inhibition of photogenerated charge 

carriers. Therefore, the low intense peak indicates that the Fe-ion acts as trapping site and 

results in enhanced 𝑒−-ℎ+ separation by quenching the photoluminescence. 
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Figure 4.9. Photoluminescence spectra of pure and Fe-doped TiO2 nanoparticles. 

After the charge separation, the efficiency of photocatalysis depends on following [132]. 

i. Seperated electron should reach the surface to produce O2
−. 

ii. Seperated holes should migrate to react with adsorbed pollutant or surface HO−
 

to produce OH• [197].  

4.3.8. CIS analysis 

Figure 4.10a shows the room temperature impedance spectra of the pure and Fe-

doped titania nanoparticles. The Nyquist plots are modelled using RQ-RQ circuit and 

represented in Figure 4.10b. All the samples show formation of two semi-circular arcs. The 

arc at high frequency (1st) is due to the grain property while the low frequency arc (2nd) 

signifies the property of grain boundary of the samples. The radius of the arcs gives the 

resistance values of individual grain (Rg) and grain boundary (Rgb). It is observed that the 

values of the grain resistance are decreased with increasing Fe-concentration because 

insertions of Fe-ion make the anatase lattice framework more conductive. The grain 

resistance values are as excepted because this behaviour also observed in UV-Vis and 

photoluminescence data. On the other hand, the grain boundary resistance values for the 

0Fe-Ti, 1Fe-Ti and 2Fe-Ti are close to each other though after that it has been decreased 

except 5Fe-Ti. The high grain boundary resistance in 5Fe-Ti may be generated due to the 

presence of defects on the grain surface. The resistance values of the resistance values of 

the samples are tabulated in Table 4.5. 
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Figure 4.10. (a) Nyquist plots of the complex impedance spectra and (b) individual fitted Nyquist 

plots (green line) of the respective Fe-doped titania samples. Additionally, the red and blue arc of 

the semicircles indicates resistance at high and low frequency, respectively. 

As per CIS analysis, it is observed that 10Fe-Ti catalyst has low resistance at both grain and 

grain boundary, which indicates of high charge transfer rate (i.e. larger electron-hole 

separation) and from that we can assume that it may act as a better photocatalyst under solar 

light. 

Table 4.5.  Grain and grain boundary resistance values of pure and Fe-doped TiO2 nanoparticles. 

Sample name 0Fe-Ti 1Fe-Ti 2Fe-Ti 3Fe-Ti 5Fe-Ti 10Fe-Ti 

Grain resistance (kΩ) 5609 5357 4119 3741 3229 2921 

Grain boundary resistance (kΩ) 28126 28567 28768 19707 46636 8317 
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4.4. Photocatalytic application 

4.4.1. Evaluation of photocatalytic activity 

The photocatalytic efficiency of the pure and iron doped titania nanoparticles is 

evaluated by the extent of degradation of methylene blue (MB, Merck) in aqueous solution 

under solar light irradiation. For experiment, 50 mg of catalyst powder is added into 100 

mL of 10-5(M) MB solution under vigorous stirring to ensure the mixing of catalysts and 

exposed to direct sunlight. There are no additional steps employed to maintain the pH and 

the intensity of sunlight during subsequent reactions. The experiment is carried out for 300 

min and the sample aliquots are withdrawn and centrifuged from the reaction mixture at 

time interval of 30 min. The change in MB concentration with respect to the irradiation time 

is analyzed using Shimadzu UV-2450 spectrophotometer from its characteristic absorption 

band (λmax = 663 nm). The degradation percentage of the MB is estimated using the equation 

(1 – Ct/C0) × 100%, where C0 and Ct represent the concentration of dye in solution before 

and after irradiation time (t), respectively. Effect of an external oxidizing agent on 

photocatalysis is studied using hydrogen peroxide (Merck) in 50:1 volume ratio. 

4.4.2. Effect of contact time 

The photocatalytic performance of pure and Fe-doped nanoparticles is studied using 

methylene blue (MB) dye, under solar light irradiation. The degradation profile and the rate 

kinetics are shown in Figure 4.11a and 4.1b, respectively. As evident from the literature, 

photogenerated charges produced from Fe-ions can act in different ways, like charge 

transfer centre or recombination center [212]. The reactions are shown in Scheme 1. From 

Figure 4.11, it is observed that, the Fe3+
 ions in anatase TiO2 lattice have reduced the rate of 

degradation (lower photocatalytic performance) of MB dye compared to pure anatase TiO2. 

The probable reasons for such catalytic actions could comprise the following factors; (i) an 

improved recombination rate of the photogenerated 𝑒−
  and  ℎ+ at the Fe3+ dopant centers, 

(ii) a reduced number of active sites on the surface of modified TiO2 or (iii) different 

adsorption properties of active sites on the modified TiO2 nanoparticles surface.  
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TiO2 + ℎ𝜈 → 𝑒𝑐𝑏
−  + ℎ𝑣𝑏

+  

Fe3+ + 𝑒𝑐𝑏
−  → Fe2+ 

Fe3+ + ℎ𝑣𝑏
+  → Fe4+ 

Fe4+ + 𝑒𝑐𝑏
−  → Fe3+ 

Fe2+ + ℎ𝑣𝑏
+  → Fe3+ 

Scheme 1. Fe-ion as charge transfer and recombination center. 

Table 4.6. Effect of Fe-dopant concentration on the rate of photocatalytic degradation of MB under 

solar light irradiation. 

Sample name (wt% Fe-Ti) 0Fe-Ti 1Fe-Ti 2Fe-Ti 3Fe-Ti 5Fe-Ti 10Fe-Ti 

Rate (min-1) 0.0345 0.0104 0.0064 0.0058 0.0077 0.0066 

R2-value 0.99 0.99 0.99 0.99 0.99 0.98 
 

In addition to the above aspects in accelerating the photocatalytic activity, the data 

reported in the literature also includes a positive impact on the catalyst preparation method 

and the compound chosen for degradation [214–216]. As mentioned earlier, the integration 

of Fe-ions into the TiO2 lattice reduces the band gap as well as decreases the 𝑒−- ℎ+
 pair 

recombination rate and hence, increase photocatalytic activity in the visible region. To 

achieve further improvement in photocatalytic performance, an optimum percentage of Fe 

incorporation to TiO2 lattice is crucial.  

However, if the dopant concentration is not optimum, the dopant energy levels 

incorporated within the band gap of TiO2 may become the effective recombination centers 

for the photogenerated 𝑒−
  and  ℎ+. The degradation rate for first 180minute and linear 

regression coefficients are shown in Table 4.6. As we can see, the rate of MB degradation 

decreased with iron concentration, when its reach up from 1wt% to 3wt%. The BET results 

shows decreased in specific surface area with increased Fe-concentration. Therefore, doping 

Fe-ions reduces the active surface area and that may be cause in lesser diffusion of MB 

molecules on surface of the nanoparticles and decrease the rate of photodegradation. 

However, for 5Fe-Ti and 10Fe-Ti there is a slight change in the rate of photodegradation. 

For, 5Fe-Ti it has increased and again decreased for 10Fe-Ti. The cumulative rate of a 

photodegradation is not only dependent on the surface area or dopant concentration but also 

dependent on other factors too; like, hydroxyl groups generating on the catalyst surface 

during photodegradation. If the catalysts have, more hydroxyl group on its surface more 

MB (a cationic dye) molecule will adsorbed on it, which further helps to improve the 
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photodegradation process. We have performed zeta potentials measurement and we found 

that the samples 0Fe-Ti, 1Fe-Ti, 2Fe-Ti, 3Fe-Ti, 5Fe-Ti and 10Fe-Ti have zeta potential 

values -16.7, -13.7, -11.3, -12.6, -13.6, and -13.4mV respectively. The zeta potential values 

indicates that the surface of 5Fe-Ti and 10Fe-Ti contain more negative charge on it, i.e. 

more hydroxyl group on the surface even with lower surface area. Therefore, it is highly 

possible that the combined effect those parameters are the reasons for such irregularity in 

the rate of MB photodegradation. 

 

Figure 4.11. (a) Photodegradation profile at different time interval and (b) pseudo-first order rate 

kinetics profile of MB degradation under sunlight by pure and Fe3+-doped TiO2 nanoparticles. 

4.4.3. Effect of H2O2 on photocatalytic degradation  

 

Figure 4.12. Effect of H2O2 on (a) photocatalytic degradation and (b) on rate of first order kinetics 

of MB under sunlight by pure and Fe3+-doped TiO2 nanoparticles. 

In order to analyse the external oxidant effect on the MB degradation, we have 

carried out similar photocatalytic experiment in presence of hydrogen peroxide (50:1v/v 
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ratio). The degradation profile and first order-kinetic plots are shown in Figure 4.12a and 

4.12b. The pseudo-first-order kinetics data shows that the presence of H2O2 has increased 

the degradation rate to 5-fold in 0Fe-Ti whereas it is 16-fold for 10Fe-Ti. The increasing 

rate for all the nanoparticles are calculated and presented in Table 4.7. This effect can be 

explained through the Photo-Fenton’s type reaction. The Fe-ions contained in the surface of 

Fe-doped TiO2 nanoparticles become higher with increase in dopant concentration. On 

addition of H2O2, the generation of OH⦁ is accelerated in the system. The mechanism of the 

Photo-Fenton reaction is shown in Scheme 2 [217]. The interconversion of Fe3+ and Fe2+ is 

supposed to catalyze the continuous generation of OH⦁ (the main reaction species), which 

further undergoes degradation of MB dye with faster rate [218, 219]. 

Table 4.7. Pseudo- first order rate kinetics parameters of MB photodegradation in presence of H2O2. 

Sample name  0Fe-Ti 1Fe-Ti 2Fe-Ti 3Fe-Ti 5Fe-Ti 10Fe-Ti 

Rate (min-1) 0.1350 0.0853 0.0646 0.0570 0.0868 0.0882 

R2-value 0.83 0.95 0.94 0.94 0.95 0.91 

 “X”– fold with H2O2 ~ 4 ~ 8 ~ 10 ~ 10 ~ 11 ~ 13 

 

TiO2 + ℎ𝜈 → 𝑒𝑐𝑏
−  + ℎ𝑣𝑏

+  

Fe3+ + H2O2 → [Fe𝐼𝐼𝐼𝑂𝑂𝐻]𝟐+ + H+ 

[FeIIIOOH]𝟐+ + H+ →  Fe2+ + OOH⦁ 

[FeIIIOOH]𝟐+ + H+ →  [FeIVO]𝟐+ + OH⦁ 

[FeIIIOOH]𝟐+ + H+ →  [FeVO]𝟐+ + OH⦁ 

Fe2++ H2O2 →  Fe3+ + OH⦁ + OH− 

Fe2++ H2O2 →  [FeIVO]𝟐+ + H2O 

Scheme 2. The mechanism of generation of hydroxyl radicals by Photo-Fenton reaction. 

4.5. Conclusion 

Pure and Fe-doped (1, 2, 3, 5, and 10 wt%) anatase TiO2 nanostructures are 

successfully synthesized in presence of a non-ionic surfactant template (Brij C10) using co-

precipitation method followed by hydrothermal treatment, drying, and annealing. The 

nanoparticles showed a pure anatase lattice framework with lower crystallite size. Raman 
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spectra confirmed the anatase phase with characteristic five bands which correspond to six 

Raman-active modes i.e. Eg (143, 195, and 632 cm-1), A1g (509 cm-1), and B1g (393 and 509 

cm-1) for all the nanoparticles. UV-vis absorption spectra revealed the shift of absorption 

threshold to lower energies with iron-doping. Photoluminescence study showed lower 

recombination rate of photogenerated electrons and holes in iron-doped nanoparticles. The 

pure TiO2 nanoparticles contain sharp photoelectron peaks from the XPS at binding energies 

of 459.7 eV (Ti 2p3/2), 464.6 eV (Ti 2p1/2), 531.3 eV (O 1s), and 284.2 eV (C 1s). Due to 

the difference in chemical potential and polarizability of Fe-doped titania and Fe(III) oxide 

(Fe2O3), the Fe-doped TiO2 nanoparticles showed an enhanced shift of photoelectron peaks 

at 457.3 eV (Ti 2p3/2), 462.0 eV (Ti 2p1/2), 529.1 eV (O1s), 285.5 eV (C 1s) and a weak 

photoelectron peaks for Fe at 710.4 eV (Fe 2p3/2) and 718.2 eV (Fe 2p1/2). FESEM 

microstructure and particle size distribution show that (0, 1, 2, and 3) Fe-Ti and (5 and 10) 

Fe-Ti nanoparticles have size range of 15-35 nm and 30-50 nm, respectively. It is observed 

from the CIS analysis, 10Fe-Ti catalyst has low resistance at both grain and grain boundary, 

which indicates high charge transfer rate. The HRTEM microstructures of 1Fe-Ti and 5Fe-

Ti showed average particles size of 13 nm and 9 nm, respectively. Elemental mapping shows 

homogenous distribution of Fe-atoms throughout the TiO2 lattice. Photodegradation study 

of MB dye showed that the effective photocatalyst is pure TiO2 while the addition of H2O2 

makes the degradation rate faster in Fe-doped nanoparticles. Fe centres on the TiO2 surface 

did not enhance the generation of •OH species for oxidizing MB, or the enhancement 

occurred but the surface adsorption of MB was more important. The rates of 

photodegradation in presence and absence of H2O2 were compared. It was found that the 

rates are increasing faster in Fe-doped samples. With the addition of H2O2 the 

photodegradation rate increased 13-fold for 10Fe-Ti whereas, it was only 4-fold for 0Fe-Ti. 

The Fe-ions contained in the surface of Fe-doped TiO2 nanoparticles become higher with 

increase in dopant concentration. With the addition of H2O2, the generation of OH⦁ is 

accelerated in the system. The interconversion of Fe3+ and Fe2+ is supposed to catalyze the 

continuous generation of OH⦁, which further undergoes degradation of MB dye with faster 

rate. The synthetic method is simple and inexpensive for large scale preparation of 

photocatalyst/adsorbent with high adsorption and degradation capacity.  
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Chapter 5 

 

Na-Intercalated Titania and Copper-Doped 

Titania: Characterization, Selective 

Adsorption and Photocatalytic Application 

Outline:  

Layered Na-intercalated copper-doped titania nanoparticles have been synthesized 

using controlled precipitation method where the sodium ions are self-incorporated. Physio-

chemical, microstructural, and optical properties of the materials have been studied using 

different analytical techniques. Structural data shows that pure and 0.5 wt% Cu-doped 

titania nanostructures have anatase TiO2 phase. XRD peaks observed for Na intercalated 1 

and 2 wt% Cu doped TiO2 sample indicate anatase TiO2 phase and some major peaks 

approximately at 24.5, 28.6 and 48.0 assigned to sodium titanates. The closest match to 

the XRD spectra of the sample appears to be a spectrum of layered Na2Ti3O7 (monoclinic 

sodium tritatanate). BET isotherm and HRTEM micrographs demonstrate the presence of 

interlayered architecture. The inner-space of the titania layers may create capillaries with 

specific size since the adsorption results showed adsorption selectivity. Methylene blue 

(MB) selectively adsorbed by nanostructures form a mixed aqueous solution containing 

methylene blue and rhodamine B (Rh-B). The MB adsorption selectivity has been also 

confirmed from other adsorption experiments. It is believed that the planner molecular 

structure and small size of MB makes it unique to enter into the specific capillary to 

participate in the adsorption process through cation exchange. The 1 wt% Cu-doped sample 

(1Cu-NaTi) shows maximum MB removal in just 10 min of adsorption experiment. Rate 

kinetics and isotherms of the selective MB adsorption are studied in detail. It has been found 

that pseudo-second-order kinetic model well describes the adsorption kinetics. Moreover, 

photodegradation experiment has been carried out using aqueous solution of Rhodamine B 

(RhB) under direct sunlight. The results indicate approx. 85% photodegradation of RhB by 

0.5Cu-NaTi sample with kinetic rate of 0.0062 min-1. Results of this study are of great 

implication for environmental applications, where the layered Na-intercalated copper-

doped titania can act as a capable adsorbent and photocatalyst for the purification of water.
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5.1. Introduction 

Over a decade, worldwide environmental problem challenges the human’s survival and 

development [220]. As a solution, numerous physiochemical approaches have been used to 

eliminate pollutants from waste water [221–226]. These days, nanostructures materials have 

been found to be potential and promising adsorbents as well as photocatalyst for the 

environmental treatment with great applications [227–231].  In all kinds of water pollution 

dyes are become one of the main component due to their extensive applications in numerous 

fields, e.g. textile, paper, rubber, plastic, leather, cosmetic, pharmaceutical and food 

industries [232]. After industrial usages every time about 5–15% dyes are lost and released 

into the open water with a simple pretreatment [233]. And that, results in considerable waste 

of resources and catastrophe to the environment [234]. Most dye pollutants are toxic and 

even carcinogenic and teratogenic due to high solubility in water and poor biodegradability 

[235, 236]. Dying industries like textile and printing extensively uses Methylene blue (MB) 

[237, 238]. MB is toxic organic molecule and it can leads to numerous health problems like 

cancer, vomiting, ad nauseam, mental disorders, permanent injury on the eyes if it is in 

contacted for long time [239–242]. As a result, removal of MB from wastewater has gained 

a specific consideration in recent years. Different technologies has been developed to 

remove dye pollutants from wastewater like adsorption, biological methods, chemical 

oxidation, and photocatalytic degradation. Among these, most effective and promising 

methods are adsorption and photocatalyst because these processes have extraordinary 

removal efficiency, lower processing cost, and easy operational process. Different 

nanostructures have been developed over time which acts as high-efficient adsorbents and 

photocatalyst [228, 243–246]. However, the challenge remains while developing 

nanostructure materials with enhanced specific adsorption performance and photocatalyst. 

Many literatures reported fabricated titania found to have potential application in the 

treatment of environmental pollutants [235, 247]. In addition, several types of low-

dimensional titania-related materials with high morphological specificity like; nanowires, 

nanotubes, nanoribbons, and nanofibers have been fabricated using various 

physicochemical methods [121, 248, 257, 249–256]. Typically those nanostructures are 

found attractive as a catalyst in advanced application [258–260]. However, synthetic 

method for fabricating the above nanostructures is expensive. Therefore, fabrication of cost-

effective titania nanostructures are still a challenging task. Therefore, as a selective 

adsorbent and photocatalyst titania nanostructures has rarely been studied. The motivation 
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is to develop a titania materials which can act as an adsorbent as well as a photocatalyst 

using low-cost materials by following the co-precipitation method. While synthsizing the 

Cu doped TiO2 samples using NH4OH as a precipitating materials, we obtained only TiO2 

with a mixed anatase and rutile phase. In addition to that we obtained a blue coloured 

inhomogeneous precipitation and also observed that after filtration, the discarded solution 

contains Cu-salt. To avoid such inhomogeneity and to receive a Cu doped anatse TiO2, we 

selected NaOH as a precipitating agent.  Kim et al. also suggested that the anatase reflections 

reversibly shifted upon sodium uptake and release while the crystallinity was essentially 

maintained. They also found that the reduction of Ti4+ to Ti3+ upon Na+ ion insertion, and 

indicated a charge balance in anatase TiO2 [261]. Therefore, in this study, a facile 

environmentally friendly co-precipitation procedure has been develop to prepare Na-

intercalated titania and Na-intercalated copper-doped titania nanostructures. The copper-

doped nanostructures showed layered architectures. It is evident from the experimental 

result that the prepared nanostructures act as a potential selective adsorbent and 

photocatalyst.  

5.2. Experimental and characterization  

Na-intercalated Cu doped titania nanostructure has been synthesized using cheaper 

inorganic precursor of titanium oxysulphate as metal ion precursor using Brij C10 as 

surfactant template. The samples are prepared using co-precipitation method and then 

characterized by different instrumental techniques (details are given in chapter-II). 

5.3. Results and Discussion 

5.3.1. X-ray diffraction 

  
Figure 5.1. Rietveld refined XRD pattern of the respective samples except 2Cu-NaTi. 
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XRD pattern of the samples are shown in Figure 5.1. The XRD peaks at 25.3, 37.9, 

48, 54.1, 55, 62.8, 68.8, 70.2 and 76.1 are corresponding to the crystal planes (101),  

(004), (200), (105), (211), (204), (116), (220) and (215) respectively, suggesting anatase 

phase (JCPDS  21-1272) of TiO2. There are no other characteristic peaks present in 0Cu-

NaTi and 0.5Cu-NaTi. The XRD patterns of the mentioned nanostructure contain sharp 

peaks indicating well-formed titania crystals. 

The XRD patterns of 1Cu-NaTi sample shows anatase phase and three board peaks 

of low intensity positioned  at  29.6, 32.4 and 44.3 which are difficult to index and are 

originated due to the formation of a secondary phase. However, XRD peaks observed for 

2Cu-NaTi sample indicate anatase phase and some major peaks approximately at  24.5,  

Table 5.1. Rietveld refined parameters and cystallite size of the nanostructures. 

Sample  

name 

Lattice parameters Crystallite 

size  

(nm) 
a=b (Å) c (Å) Cell volume 

(Å3) 
𝐑𝐩 𝐑𝐰𝐩 𝝌𝟐 

0Cu-NaTi 3.7864(1) 9.4756(4) 135.8 9.72 9.81 8.0 9.85 

0.5Cu-NaTi 3.8111(1) 9.5346(5) 138.4 12.2 12.5 2.8 9.81 

1Cu-NaTi 3.7992(1) 9.5054(9) 137.1 32.3 21.7 1.7 10.2 

2Cu-NaTi - - - - - - 8.39 

*The numerical value in the bracket signifies the error in the last digit of the lattice parameter. 

 

Figure 5.2. Lower shift pattern in Bragg’s angle of anatase peak (101). 

28.6 and 48.0 assigned to sodium titanates in accordance with the previous reports 

[262]. The nanostructures haven’t any major peaks which is related to copper oxide. The 
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major peaks arised for copper oxide are approximately at 32.8, 35.9, 39.1, and 49.1 

[263]. The copper has been doped into the anatase lattice as we can see from Figure 5.2, 

since there is a lower shift in bragg’s angles. It has been previously reported that Cu can be 

easily doped into the anatase lattice [264]. 

The resemblance in the Cu (0.72 Å) and Ti (0.68 Å) ionic radii allows the interstitial 

incorporation of the dopant into the anatase lattice network.Cu could be placed in the 

interstitial sites owing to rTi < rCu producing the strain of the titania lattice, and hence a 

displacement of the (101) signal in the XRD pattern [264]. Umek et al. synthesized 3wt% 

Cu-doped titania which have the XRD patterns of anatase TiO2 [265]. Additionally, the 

literature contains much debate about the exact structure of sodium-titanate. The closest 

match to the XRD spectra of the 2Cu-NaTi nanostucture appears to be a spectrum of layerd 

Na2Ti3O7 (monoclinic sodium tritatanate) (JCPDS 72-0148). However, there is a mismatch 

between some of the peak positions, and some additional peaks are present in the collected 

spectra. These observations suggest that the crystal structure of 2Cu-NaTi deviates from the 

structure of Na2Ti3O7, which can be considered by ridged layers of three edge-sharing TiO6 

octahedra linked via corners and interleaved with Na+ ions [266]. The cystallite size of the 

samples has been calculated from the Scherrer’s equation using the XRD peak of anatase 

(101) plane.  Lower intensty XRD peaks indicates small amorphous nature in the samples. 

The crystallite size of the sampless are calculated and presented in Table 5.1.  

5.3.2. Raman analysis 

 

Figure 5.3. (a) Raman spectra of nanostructures and (b) shifting pattern of Eg band (147 cm-1). 
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Raman spectroscopy is performed to gain the insight into the structural 

rearrangement. The Raman shift in the nanostructures are shown in Figure 5.3a. Raman 

peak at about 147 cm-1 is observed for all samples, which is attributed to the main Eg anatase 

vibration mode. Likewise, vibration peaks at 200 cm-1 (Eg, weak), 399 cm-1 (B1g), 511cm-

1 (A1g), and 642 cm-1 (Eg) are present in the spectra for all samples, which indicates the 

predominant species anatase TiO2 (tetragonal structure). The observed Raman shift position 

of our synthesized samples has nearly the same value as the reported values with small 

variation [267]. A lower intense raman peak is observed nearly at 287 cm-1 for 2Cu-NaTi 

which may be arise due to the Na-O-Ti stretching vibration [268]. Vibration mode at 147 

cm-1 (Eg) illustratrates a minor blue shifts (Figure 2b) as the dopant concentration increased, 

excluding 2Cu-NaTi. The difference might have occurred due to the disordered lattice 

structure of anatase, where the Cu-atoms are substitutionally incorporated into the anatase 

frameworks. The Raman outcomes also support the XRD results. 

5.3.3. Microstructural analysis 

5.3.3.1.  FESEM 

The microstructure of the distinct nanostructures are shown in the Figure 5.4. The 

samples are agglomerated and have geometrical shape. The particle size distribution profile  

  

Figure 5.4. FESEM micrographs and respective particle size distribution profile (inset) of (a) 0Cu-

NaTi, (b) 0.5Cu-NaTi, (c) 1Cu-NaTi, (d) 2Cu-NaTi nanostructures. 
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of the samples is illustrated in the inset of their individual micrographs. . Entirely, the 

nanoparticles have the particle size in the range of 10-60 nm. But, only the 0.5Cu-NaTi 

nanostructure holds the maximum number of particle in the lower diameter range and 

therefore displays high surface area as evident from the BET isotherm. 

5.3.3.2. HRTEM 

The TEM-HRTEM micrographs are taken for selected samples. Figure 5.5a and 5.5b 

are the TEM micrographs of 0Cu-NaTi and 1Cu-NaTi nanoparticles, respectively. The 0Cu-

NaTi nanostructures have a particle size in the range of 10-18 nm, which are irregular in 

shape. The HRTEM micrographs (Figure 5.5a.1) of it shows formation of clear lattice 

fringes with an interplanar distance 0.342 nm, indicating the (101) plane of the anatase 

phase. The SAED pattern in Figure 5.5a.2 shows spotty ring patterns without any additional 

diffraction spots and rings of second phases, revealing a well crystalline nature of the 

anatase phase. The TEM micrographs of the 1Cu-NaTi nanoparticle (Figure 5.5b) shows an 

interlayer nanostructure, as the layers have different contrast. The HRTEM micrographs  

  

Figure 5.5. TEM, HRTEM micrographs (inset), SAED pattern (inset) of the (a) 0Cu-NaTi, 

(b) 1Cu-NaTi nanostructures. 

(Figure 5.5b.1) display the lattice fringes of the anatase phase with interplanar distance (d 

(101)) of 0.347 nm. Moreover, the SAED patterns of the nanostructure (Figure 5.5b.2) shows 

that the brightness and intensity of polymorphic ring is not so strong, and therefore it is 

partly crystallized and partly amorphous. 
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5.3.3.3. Elemental mapping and EDS analysis 

Elemental mapping and EDAX of the nanoparticles indicates the presence and the 

atomic content of elements Ti, O, Na, and Cu. Elemental mapping has been carried out to 

understand the distribution of Na and Cu throughout the lattice framework. Figure 5.6 

represents the elemental mapping of the respective samples and the atomic percentage of 

the elements present tabulated in it. The different colour dots symbolize the Ti, O, Na, and 

Cu atom in the samples. Elemental mapping gives a clear view that the Na and Cu atoms 

are present and distributed homogeneously. We have also performed the XPS analysis 

(Figure 5.8: full survey spectrum) only for 0Cu-NaTi samples which also confirmed the 

presence of Na ion in the nanostructures. 

 

Figure 5.6. Elemental mapping, EDS plot (inset) of the samples. (a) 0Cu-NaTi, (b) 0.5Cu-NaTi, (c) 

1Cu-NaTi, and (d) 2Cu-NaTi and a table represent  the at% of the elements in the respective samples. 
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5.3.4. BET surface area and pore size distribution  

The BET isotherm and pore size distribution of the samples are shown in Figure 5.7. 

Type IV isotherm has been observed, suggesting the presence of mesopores. These 

isotherms display hysteresis loops of type H3, can be attributed to the adsorbate 

condensation in capillary spaces between parallel plates or open slit-shaped capillaries, 

indicating the formation of slit-like pores arising from the aggregation of sheet-like particles 

[269]. The micrograph of 1Cu-NaTi (Figure 3a. inset) is in the nanometer scale confirmed 

the above assumption by showing an oriented nano-layers which are overlapped. BJH pore-

size distribution curves indicating formation of mesopores.  

 

Figure 5.7. (a) BET isotherm and (b) pore size distribution profile of the respective nanostructures. 

Table 5.2. Surface area, pore volume, and average pore size of the samples. 

Sample name Surface 

area (m2/g) 

Total pore volume 

(cc/g) 

Average pore size 

(nm) 

0Cu-NaTi 84 0.97 22.8 

0.5Cu-NaTi 102 1.01 39.4 

1Cu-NaTi 77 0.54 49.6 

2Cu-NaTi 32 0.28 70.1 

 

The surface area, pore volume, and average pore size of the samples are listed in 

Table 5.2. The data indicates increase in pore size while surface area in decreasing except  
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0.5Cu-NaTi and it’s because the pores and not truly pores they are the interspace between 

the grains. Moreover, these nanolayers may be the adsorptive sites which promoting the 

adsorption of organic pollutant from wastewater. A high surface area, about 102 m2/g is 

observed for the 0.5Cu-NaTi sample while the surface area declined to 32 m2/g, when the 

Cu-content is increased to 2 wt%. 

5.3.5. XPS analysis 

XPS study is carried out for 0Cu-NaTi to get more understandings on the chemical 

nature of the sample. A representative survey spectrum of the nanopowder presented in  

 

Figure 5.8. XPS full survey spectrum and high-resolution spectra of Ti 2p, O 1s and Na 1s of 

0Cu-NaTi nanostructure. 

Figure 5.8a, which displays the elemental composition (assigned in the spectra itself) and 

the high- resolution peaks correspond to the elements (Figure 5.8b, 5.8c and 5.8d). The high 

intense peak of the sodium is due to high sensitivity compared to that of TiO2. Figure 5.8b 

represents the respective binding energies of Ti 2p3/2 and Ti 2p1/2, which are centered at 
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457.8 eV and 463.6 eV, corresponding to a spin-orbit coupling of 5.8 eV. The O 1s peak 

(Figure 5.8c) could be deconvoluted into two peaks at 529.6 eV and 532 eV corresponding 

to Ti–O–Ti and Ti–O–H bonds, respectively. The Na 1s peak is positioned at 1070.8 eV 

(Figure 5.8d). The presence of Na+ atom in the nanopowder may indicate the formation of 

Ti–O–Na bonds in the anatase interlayer due to the action of NaOH during the synthesis. 

5.3.6. Band gap measurement 

Figure 5.9a shows the absorption spectra of the Cu-NaTi nanostructures. The 

absorption edge display a steep rising at wavelength about 392 nm (3.16eV), which may 

signifies the intrinsic band gap absorption of un-doped samples. On the other hand, the 

addition of dopant to the samples lattice shows a red shift of absorption edge and a 

significant improvement of light absorption at 400–650nm. 

 

Figure 5.9. (a) UV−vis DRS spectra and (b) indirect band gap energies of the Cu-NaTi samples. 

The above changes become more significant with increasing Cu-content. Earlier, 

some literature reported that metal ions incorporated into the TiO2 lattice does not change 

its valence band edge’s position but it’s actually creates new energy levels to the band gap 

of TiO2 [270]. Therefore, shifting of the absorption edges toward the longer wavelengths 

may originated from the electronic transition from the Cu2+ (valance band) energy level of 

to the conduction band of TiO2. Tauc's plots have been drawn to estimate the band gap 

energies (Figure 5.9b). A plot of (αhν) 1/2 versus photon energy (hν) is drawn to estimate the 

indirect band gap energies, where “α” is the Kubelka–Munk function. The indirect band gap 

energies are identified in the Figure 5.9b. 

5.3.7. Photoluminescence study 

The photoluminescence (PL) study on Cu-NaTi nanostructures is carried out to 

acquire a better insights on the recombination of the free charge carrier’s i.e. electrons (𝑒−) 

and holes (ℎ+). PL spectra of the samples are shown in Figure 5.10.  As shown from the figure, the 
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PL intensity decreases with dopant concentration. PL emission spectra is generated from 

the recombination of charge carrier’s, but the lower intense PL spectra’s indicates a lower 

recombination rate or inhibition of photogenerated (𝑒−) and (ℎ+). carriers. Therefore, in the 

nanostructures Cu-ion acts as trapping site and subsequently enhanced the separation of the 

charge carrier’s by quenching the photoluminescence [121]. So, from the study we can say 

that the dopant modified nanostructures may act as a good photocatalyst. 

 

Figure 5.10.  Photoluminescence spectra of the respective nanostructures. 

5.3.8. CIS analysis 

 

Figure 5.11. (a) Nyquist plots of the complex impedance spectra and (b) individual fitted Nyquist 

plots (green line) of the respective nanostructures. Additionally, the red and blue arc of the 

semicircles indicates resistance at high and low frequency, respectively. 
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Figure 5.11a shows the room temperature impedance spectra of the samples. The 

Nyquist plots are modeled using RQ-RQ circuit and are represented in Figure 5.11b. All the 

samples show formation of two semicircular arcs. The arc at high frequency (1st) is due to 

the grain property while the low frequency arc (2nd) signifies the grain boundary of the 

samples. The radius of the arcs gives the resistance of individual grain (Rg) and grain 

boundary (Rgb). It is observed that 2Cu-NaTi catalyst (Figure 5.12a) has the largest arc 

radius among the rest. Therefore, it has higher resistance value in both grain and grain 

boundary and which is due to its lower crystallinity. On the other hand, 0.5Cu-NaTi have 

the low resistance value at grain (i.e., smaller arc radius) but higher resistance at grain 

boundary compared to 0Cu-NaTi and 1Cu-NaTi. The lower resistance value at bulk in 

0.5Cu-NaTi is because of its well crystallinity with Cu+ ion into the lattice. Moreover, it is 

assumed that higher resistance at grain boundary comes due to the surface defects in 0.5Cu-

NaTi. 1Cu-NaTi shows slightly higher resistance value at grain but lower value at grain 

boundary compared to 0.5Cu-NaTi. The higher resistance value at grains may be comes due 

to lattice strain and lower resistance value at grain boundary due to the lesser surface defects. 

The resistance values of the samples are tabulated in Table 5.3. 

Table 5.3.  Grain and grain boundary resistance values of the respective Cu-NaTi nanostructures. 

Sample name 0Cu-NaTi 0.5Cu-NaTi 1Cu-NaTi 2Cu-NaTi 

Grain resistance (kΩ) 255 113 196 528 

Grain boundary 

resistance (kΩ) 

457 1290 534 2136 

 

5.4. Selective adsorption study 

5.4.1. Selective adsorption experiments 

Analytical reagent grade Methylene Blue (C16H18ClN3S) (MB) and Rhodamine B 

(C28H31ClN2O3) (Rh-B) are used as the model pollutants (or adsorbate) and are purchased 

from S.D. Fine chemical and Merck, respectively. The adsorption efficiency of the samples 

is evaluated by the extent of adsorption of MB in aqueous solution under dark environment. 

The selective adsorption experiment carried out using a mixed solution of MB (100 mL) 

and Rh-B (100 mL) dye solution with initial concentration of 5×10−5(M) and 2×10−5(M), 

respectively at room temperature. The mixed solution of MB and Rh-B has been identified 

as “M-R” solution. For each reaction set, 50 mg of adsorbent is added into 200 mL of M-R 
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solution and kept under dark at room temperature with constant stirring (500 r.p.m). No 

steps are taken to maintain the pH during the process. The experimental process carried out 

for a time range 0-40 min. Thereafter, from the reaction mixture at a different time interval, 

about 7 mL of suspension has been withdrawn and centrifuged. The changes in 

concentration of MB and Rh-B with respect to time is then analyzed by UV-Vis 

spectrophotometer. Absorbance of MB and Rh-B in the solutions are observed from their 

characteristic absorption band maximum 663 nm and 552 nm, respectively. The percentage 

of dye removal and the adsorption capacity has been estimated by the following equations,  

% Removal = (1− 𝑐𝑡 𝑐0⁄ ) ×100                                   Eq. 16 

𝑞𝑒= (𝑐0 − 𝑐𝑡) 𝑉 𝑚⁄                                             Eq. 17 

where 𝑐0 (mg/L), 𝑐𝑡 (mg/L), 𝑉(L),  and 𝑚(g) represent the initial dye concentrations, 

equilibrium dye concentrations, volume of the solution and mass of the adsorbent, 

respectively.  

The adsorption experiment is further carried out with two other different dyes along 

with methylene blue to confirm the selectivity. Aqueous solution of Rose bengal (RB) and 

bismark brown Y (BB-Y) with initial concentration of 5×10−5(M) and 4×10−5(M) are 

combined with MB (conc. = 5×10−5(M)) to peform the experiments. In addition, all other 

parameters are reserved same as M-R adsorption experiment. The mixed dye solution 

containing RB and MB marked as “R-M”  and “M-BB” for MB and BB-Y. 

5.4.2. Effect of contact time 

The synthesized materials showed only MB adsorption from M-R solution. The UV-Vis 

absorption spectra has been taken at different time interval for the M-R solution. Figure 

5.12a represent the absorption spectra of the M-R solution at different time interval by the 

respective nanostructures.  The corresponding λmax of MB and Rh-B are at 663 and 552 nm. 

As we can see, selectively MB has been adsorbed in maximum percentage in the first 2 min. 

of the adsorption process. In that period, the adsorption are 52%, 66%, 68%, and 64% by 

0Cu-NaTi, 0.5Cu-NaTi, 1Cu-NaTi, and 2Cu-NaTi respectively. Later, the adsorption rate 

becomes very slower. The 0Cu-NaTi adsorbed 62% of MB and a maximum of 93% by 1Cu-

NaTi during the process. Visual image of selective adsorption from M-R solution before 

and after shown in Figure 5.12b (inset. set 1). The images give a clear view about the 

selective adsorption of MB dye, where the intensity of the blue colour of MB is reduced and 
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the violet colour of Rh-B becomes prominent. On the other hand, the individual adsorption 

experiment presented in Figure 5.12b (inset. set 2), exhibits a colour change on the adsorbent 

surface. After the MB adsorption surface becomes blue, where no colour changes has been 

observed for Rh-B. 

 

 

Figure 5.12. (a) Time dependent UV-Vis spectra of M-R solution (b) Removal efficiency of MB 

from the M-R solution by respective Cu-NaTi nanostructures. 

The selectivity toward MB dye is similarly tested using additional dyes. We have 

carried out two other adsorption experiment with R-M and M-BB mixed solutions. 
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Individual experiment with RB and BB-Y dye solutions are also carried out to get a clear 

understanding. The experiment has been carried out with 1Cu-NaTi sample because of its 

highest adsorption capacity. The time dependent UV-Vis spectra of MB, RB and BB-Y 

adsorption from R-M and M-BB solution and the individual adsorption of RB and BB-Y 

are illustrated in Figure 5.13. In Figure 5.13a, the absorption peak at 559 nm (λmax of RB) 

shows no prominent changes in concentration of RB, but the absorption peak at 664 nm 

(λmax of MB) shows lower absorbance with time. Therefore, from the R-M mixed solution 

only the MB dye has been adsorbed on the nanostructure.  Individual adsorption experiment 

of RB dye is also indicating no prominent changes in RB concentration as shown in Figure 

5.13b. Similarly, the M-BB adsorption setup displays only adsorption of MB as shown in  

 

Figure 5.13. Time dependent UV-Vis absorption spectra of (a) R-M, (b) RB, (c) M-BB, and (d) BB-

Y dye solutions. 

Figure 5.13c. Therefore, from these result we can conclude that synthesized nanostructures 

are adequately efficient for selective adsorption of MB from aqueous solution. Kinetics, 

isotherms and thermodynamic studies of selective MB adsorption from the M-R mixed 

solution has been carried out in detail. 

5.4.2.1. Adsorption Kinetics  

Kinetics studies on the selective MB adsorption has been carried out at room 

temperature (27°C).  Kinetics data can deliver information about the mechanism and rate of 
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adsorption. Pseudo first and pseudo second-order kinetics models of the selective MB 

adsorption process on the nanostructures are showed at Figure 5.14a and 5.14b. The linear 

forms of kinetic models are expressed as follows  

            ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) −  𝑘𝐼𝑡                                       Eq. 18 

𝑡

𝑞𝑡
=

1

𝑘𝐼𝐼𝑞𝑒
2 + 

𝑡

𝑞𝑒
                                            Eq. 19 

where, 𝑞𝑒/𝑡 (mg/g), 𝑘𝐼 (min−1), 𝑘𝐼𝐼 (g mg−1 min−1) denotes the quantity of MB (adsorbed at 

equilibrium), the pseudo first order rate constant, and pseudo second-order rate constant, 

respectively. By using the linear equations we have evaluated the values of the kinetic 

parameters (𝑘𝐼 , 𝑘𝐼𝐼, correlation coefficients (R2), and 𝑞𝑒,𝑐𝑎𝑙)[271]. The 𝑞𝑒 values calculated 

from the pseudo second order kinetic plots are in better agreement with the experimental 

values of 𝑞𝑒 with slight deviations. In addition the higher R2 (≥ 0.99) values indicates that 

the MB sorption system follows second-order kinetics. The kinetic parameters of adsorption 

for pseudo first and second order model are presented in Table 2. The rate of adsorption is 

higher in 0Cu-NaTi but 1Cu-NaTi shows the maximum adsorption capacity, which is about 

30.3 𝑚𝑔. 𝑔−1.  

 

Figure 5.14. (a) Pseudo-first-order model, (b) pseudo-second-order model and (c) intraparticle 

diffusion kinetic plot of selective MB adsorption on respective nanostructures. 
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Table 5.4. Model kinetic parameters of selective MB adsorption by respective adsorbents. 
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The intraparticle diffusion model also investigates the adsorption process. The 

model implies that the uptake of the adsorbate changes with the square root of adsorption 

time if the rate-controlling factor is intraparticle diffusion [271]. The linear intraparticle 

diffusion model is expressed as follows 

   𝑞𝑡 =  𝑘𝑖𝑡1/2 + 𝐶                                                 Eq. 20 

where, C (mg/g) represents the intercept, which is significantly related to the adsorption 

steps and ki (mg g-1 min−1/2) signifies the diffusion rate constant. Figure 5.13c demonstrate 

the multilinear plots of the intraparticle diffusion process of the selective MB adsorption on 

the respective nanostructures. The adsorption goes on with two steps process as presented 

in the Figure. The first phase point toward the film diffusion model, which is the diffusion 

of MB molecules from the solution to the interlayered surface of the respective 

nanostructures. The second stage can be ascribed to the intraparticle diffusion phase, due to 

the slow adsorption on surface of the samples. Figure 5.14c displays the slope (ki) of the 

intraparticle diffusion phase in the respective nanostructures, which is smaller than the film 

diffusion stage. Therefore, the results implied that the intraparticle diffusion process is 

gradual one. The higher values of C indicate the additional mass transfer of MB molecules 

onto the nanostructures and it occurs at initial stage of adsorption. The parameters of 

intraparticle diffusion model are tabulated in Table 5.4. 

5.4.2.2.  Adsorption isotherm 

Langmuir and Freundlich models in the linearized from has been evaluated to 

optimized the maximum adsorbent usage and to understand the distribution of the adsorbate 

molecules between solid and liquid phase for MB adsorption [272]. The Langmuir 

adsorption isotherm has been immensely used to appreciate the performance of different 

adsorbents. The model supports monolayer adsorption, and indicates homogeneous 

adsorption [273]. The linear form of the Langmuir isotherm can be expressed as  

1 𝑞𝑒⁄ = (1 𝑄𝑚𝐾𝐿)⁄ (1 𝐶𝑒)⁄  + 1 𝑄𝑚⁄                                  Eq. 21 

where, 𝐶𝑒 (𝑚𝑔. 𝐿−1), 𝑞𝑒(𝑚𝑔. 𝑔−1), 𝐾𝐿(𝐿. 𝑚𝑔−1), and 𝑄𝑚(𝑚𝑔. 𝑔−1) are equilibrium 

concentration of adsorbate, adsorption capacity, Langmuir constant (maximum adsorption 

capacity), and  Langmuir constant, respectively. 
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The Freundlich isotherm model commonly refer to heterogeneous systems. It can be 

applied to multilayer adsorption, with non-uniform distributions [274]. The linear form of 

the Freundlich isotherm is expressed by the following equation, 

 𝑙𝑛𝑞𝑒 =  (1 𝑛)⁄ 𝑙𝑛𝐶𝑒 +  𝑙𝑛𝐾𝐹                                    Eq. 22 

Where the Freundlich isotherm parameters 𝐾𝐹(𝐿. 𝑚𝑔−1) and 𝑛 are adsorption capacity and 

constant related to adsorption intensity respectively. Value of 𝑛 > 1 signifies a favourable 

adsorption condition [275, 276]. The Langmuir and Freundlich model parameters presented 

in Table 5.5 are obtained from the plots of ( 1 𝑞𝑒 ⁄ vs. 1 𝐶𝑒 ⁄ ) and (𝑙𝑛𝑞𝑒 vs. 𝑙𝑛𝐶𝑒) 

respectively. 

 

Figure 5.15. (a) Langmuir and (b) Frendulich isotherm profile of selective MB adsorption with liner fitting. 

The adsorption feasibility is evaluated by the Langmuir isotherm separation factor 

(𝑅𝐿). It is calculated using following equation,  

𝑅𝐿 =
1

1+𝐾𝐿𝐶0
                                                   Eq. 23 
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where, 𝐾𝐿(𝐿. 𝑚𝑔−1), 𝐶0 (𝑚𝑔. 𝐿−1) is the Langmuir constant and the initial MB 

concentration, respectively. The 𝑅𝐿 values signify isotherm types; favourable (0 < 𝑅𝐿 < 1), 

irreversible (𝑅𝐿 = 0), unfavourable (𝑅𝐿 > 1), and linear (𝑅𝐿 = 1). The calculated 𝑅𝐿  values 

of MB adsorption on synthesized samples are between 0 and 1, indicating a favourable 

adsorption isotherm. The Langmuir and Freundlich isotherms profile of the respective 

nanostructures with linear fitting are presented in Figure 5.15a and 5.15b, respectively. The 

isotherm models revealed that both supported the selective MB adsorption data because of 

high 𝑅2 values.  

Table 5.5. Langmuir and Frendulich isotherm parameters of selective MB adsorption.  

 

Sample 

name 

 

Langmuir isotherm Frendulich isotherm 

Qm 

(𝑚𝑔. 𝑔−1) 

KL 

(𝐿. 𝑚𝑔−1) 
R2 RL 

KF 

(𝐿. 𝑚𝑔−1) 
1/n R2 

0Cu-NaTi 45.66 2.63 0.99 0.04 63.10 0.18 0.99 

0.5Cu-NaTi 19.08 2.71 0.88 0.04 28.84 0.29 0.97 

1Cu-NaTi 21.97 6.70 0.80 0.01 26.30 0.18 0.94 

2Cu-NaTi 36.90 2.07 0.87 0.05 29.51 0.34 0.96 

 

Table 5.6. Comparison of adsorption capacities for methylene blue onto different adsorbent.  

Adsorbent 
Maximum adsorption 

capacity (𝒎𝒈. 𝒈−𝟏) 
Ref. 

Eucalyptus, Palm bark, Anaerobic digestion residue 2.06, 2.66, and 9.5 [277] 

Amorphous silica, and zeolite 22.66, and 10.82 [278] 

NaOH-treated pure kaolin  20.49 [239] 

Fe(III)/Cr(III) hydroxide 22.8 [279] 

PANI, and PPY (C-dot initiated 

polymerization) 

19.67, 19.96 [271] 

Carbon nanotube 35 [280] 

Na-incorporated titania 45.66 This work 

 

This can be considered by the monolayer coverage (19.08 - 45.66 𝑚𝑔. 𝑔−1) and 

sorption intensity on heterogeneous energies (26.3 - 63.1 𝑚𝑔. 𝑔−1), which have a 

corresponding 𝑅2 range of 0.80 - 0.99 and 0.94 - 0.99 for Langmuir and Freundlich isotherm 
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models, respectively (Table 5.3). The selective MB uptake capacity of the synthesized 

adsorbents form aqueous medium are comparable with previously reported other adsorbents 

and it is tabulated in Table 5.6. 

5.4.2.3.  Thermodynamic Analysis 

Figure 5.16a represents the temperature study of the selective MB adsorption 

process on the respective nanostructures. All the parameters are fixed as used for M-R 

adsorption experiment setup. We have carried out the experiment with a fixed contact time 

of 40 min at three different temperatures 25°C, 35°C, and 45°C. The results indicate removal 

efficiency of MB from M-R solution some extent rises, when the temperature raised to 45°C. 

Therefore, we can say that the selective adsorption of MB on the nanostructures is favored 

at higher temperatures within 25 - 45°C temperature range.  

 

Figure 5.16. (a) Temperature studies on the MB adsorption onto respective nanostructures, (b) van’t 

Hoff for thermodynamic parameters. 

Therefore, the synthesized materials can be judged as a very effective adsorbent 

material to eradicate MB from the aqueous solutions. We have evaluated the basic 

thermodynamic parameters like, Gibbs free energy (Δ𝐺𝑜), enthalpy (Δ𝐻𝑜), and entropy 

(Δ𝑆𝑜) for the selective MB adsorption process. Langmuir isotherm is used to evaluate the 

parameters using the following equations [281]. 

Δ𝐺𝑜= -𝑅𝑇𝑙𝑛(𝐾𝐿)                                               Eq. 24 

𝑙𝑛(𝐾𝐿) = 
Δ𝑆𝑜

𝑅
 - 

Δ𝐻𝑜

𝑅𝑇
                                               Eq. 25 

where 𝑅 is the universal gas constant (8.314 𝐽. 𝑚𝑜𝑙−1𝐾−1), T is represent the system 

temperature (K), and 𝐾𝐿 is the Langmuir equilibrium constant (𝐿. 𝑚𝑜𝑙−1). Figure 5.16b 
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represent the van’t Hoff plots (𝑙𝑛(𝐾𝐿) vs. 1/𝑇) of the respective nanostructures. From the 

plot, thermodynamic parameters like, enthalpy and entropy changes are determined and 

tabulated in Table 5.7. At different temperatures, the spontaneous nature and feasibility of 

the selective adsorption process is confirmed since the  Δ𝐺𝑜 values are negative [282].  

Table 5.7. Thermodynamic parameters of selective MB adsorption onto different nanostructures.  

 

Sample name 

 

T (K) 
Δ𝑮𝒐 

(kJ/mol) 

Δ𝑯𝒐 

(kJ/mol) 

Δ𝑺𝒐 

(J/mol K) 

0Cu-NaTi 298, 308, 318 -2.39, -2.65, -2.99 6.46 29.68 

0.5Cu-NaTi 298, 308, 318 -2.47, -2.72, -3.19 8.31 36.08 

1Cu-NaTi 298, 308, 318 -6.70, -7.68, -7.89 6.48 37.71 

2Cu-NaTi 298, 308, 318 -2.07, -2.53, -2.89 13.16 50.31 

 

The positive enthalpy values suggest the adsorption process is endothermic in 

nature. In addition, the positive Δ𝑆𝑜 values indicates that there may be some structural 

changes in the nanostructures and MB which leads to the increased randomness at 

solid−liquid junction throughout the adsorption period. 

5.4.2.4.  Mechanistic pathway  

The adsorption selectivity appears because of the molecular shape and size of MB 

molecules. Planar structure and small molecular size makes MB unique. The MB molecules 

are embedded into the interspace between the interlayered structures (BET isotherm and 

microstructural study confirmed presence of interlayered structure) through cation exchange 

(by replacing Na+ ion). The electronic attraction is not part of the mechanism because both 

MB and Rh-B are cationic dyes. A plausible mechanistic pathway is represented in Figure 

5.17a. The cation exchange mechanism has been reported previously for the adsorption of 

cationic dyes on titanate nanotubes [283–286]. The adsorption study shows 1Cu-NaTi 

nanoparticles have the highest adsorption capacity, whereas the 0Cu-NaTi has the lowest. 

The high adsorption capacity by the aforementioned nanostructure may be due to contain of 

maximum number of capillaries create from the titania layers. Moreover, the Cu doped 

samples displayed approximate same removal percentage of MB after 40 min.  As we can 

see the from the HRTEM micrographs 0Cu-NaTi nanostructure is more particle like 

compared to 1Cu-NaTi (mostly layered). Moreover, if we compared among the Cu-doped 
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nanostructures, maximum adsorption capacity is achieved by 1Cu-NaTi because of 

maximum Na-content in the nanostructure (Figure 5). When the number of Na+ ions are 

more, large number of MB+ ions can be replaced through cation exchange. Previously 

reported data reveals high sodium content enhances the adsorption capacity in titanates. Lee 

et al. studied the effect of the Na-content in titanate nanotubes on the adsorption of Basic 

Violet 3, and they reported that the specific microstructure with high sodium content (>7.23 

wt.%) have the best adsorption capacity [287]. We have found that the MB+ ions are actually 

intercalated between the titania layers. XRD analysis (Figure 5.17b: after intercalation) 

indicates formation of a new broad peak approximately at 6 arise due to the MB 

intercalation [288]. The peak is not sharp due to the low content and amorphous nature of MB.  

 

Figure 5.17. (a) Mechanistic pathway of selective MB adsorption and (b) XRD pattern of 1Cu-NaTi 

sample before and after MB intercalation. 

5.4.2.5. Reusability of the Adsorbent  

After the first adsorption experiment, the adsorbent (1Cu-NaTi) is washed with 

small amount of 30% methanol solution, until the surface of the adsorbent become 

colourless. The adsorbent is then heated in an oven at 60°C for four hours after the 2nd cycle 

is performed. Similarly, we have run a total six cycles and calculated the removal percentage 

of the MB from the M-R solution. From the Figure 5.18, it is clear that the nano-adsorbent 

losses its activity by approximately 50% after six cycle of experiment. In 2nd and 3rd cycle 

of adsorption experiment the decrease in removal percentage  may be arise due to the loss 

of  Na+ ions from the interlayered surface. After that, the adsorption took place only to the 

specific sites of the nanostructure due to electrostatic attraction between the negatively 
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charged interlayered surface and the cationic MB dye. The zeta potential value of 1Cu-NaTi 

is found to be -22.9 mV, which indicates that the sample have negative surface charge. 

Therefore, the adsorbent can reuse, as its activity some extent remained after the several 

cycle of experiment. 

 

Figure 5.18. Efficiency of the nano-adsorbent after several adsorption cycles. 

5.5. Photocatalytic application 

5.5.1. Photocatalytic activity and reusability test 

The photocatalytic performance of the samples is evaluated by the extent of 

degradation of rhodamine B (RhB) dye in an aqueous solution under solar light irradiation 

at ambient temperature. In a typical experiment, 100 mL of 2 X 10−5 (M) RhB solution and 

100 mg photocatalysts is taken in a beaker. Then the RhB/catalyst suspension exposed to 

direct sunlight with vigorous stirring. At a distinct time interval, the photoreacted solution 

is extracted from the reaction mixture and then centrifuged. The RhB concentration in the 

residual solutions is evaluated using UV-Vis spectrophotometer by recording its 

characteristic absorption band maximum (λmax = 553 nm). The degradation efficiency is then 

calculated using Eq.16. To find out the effect of pH on photodegradation, we have adjusted 

acidity and basicity of the dye solution using sulphuric acid (H2SO4) and sodium hydroxide 

(NaOH), respectively. Effect of catalyst loading on photodegradation is also investigated. 

Moreover, we have examined the catalytic effectiveness of photodegradation by repeating 

the experiment for five cycles.  
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5.5.2. Effect of contact time 

The photocatalytic activity of all the samples in terms of degradation efficiency is 

evaluated. A maximum of ~85% degradation is observed after 6 h using 0.5Cu-NaTi catalyst 

under sunlight. Figure 5.19a displays the percentage of degradation of RhB dye at different 

time interval by the respective catalysts. The percentage of degradation by the 0.5Cu-NaTi, 

0Cu-NaTi, and 2Cu-NaTi catalyst are ~74%, ~57%, and ~48% respectively. The 

photocatalytic reactions follow the pseudo first order rate kinetics (Figure 5.19b). The rate 

constant (k) can be calculated using the equation, ln (𝐶𝑜 𝐶𝑡)⁄ = 𝑘𝑡 where, 𝐶𝑡 and 𝐶0 is the 

concentration at “t” time and initial concentration, respectively.  

 

Figure 5.19. (a) RhB photodegradation profile at different time interval and (b) the pseudo-first 

order rate kinetics profile. 

Table 5.8.  Pseudo first order kinetic parameters of RhB photodegradation using the nanostructures.  

Sample name 0Cu-NaTi 0.5Cu-NaTi 1Cu-NaTi 2Cu-NaTi 

Rate (min-1) 0.0046 0.0062 0.0029 0.0021 

R2 0.98 0.99 0.94 0.88 

 

The pseudo-first order kinetic parameters has been calculated and summarized in 

Table 5.8.  The samples have different photodegradation rate and 2Cu-NaTi have the lowest. 

Low band gap energy and photoluminescence intensity of Cu-doped nanostructures 

indicates that it should contribute to the better performance because of its lower band gap 
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and lower charge carriers recombination rate. However, here anatase crystallinity plays its 

role. XRD data demonstrations that formation of secondary phase and deprived anatase 

crystallinity with increased dopant concentration. The amorphous nature in the surface of 

the samples  may be strongly effects to decrease the photodegradation process. The 0.5Cu-

NaTi have good anatase crystallinity with Cu-ion into the lattice, highest surface, high 

electrical conductivity in the grain and lower band gap and those combination makes it a 

better photocatalysts under solar light irradiation. Cu-doping has a significant effect on 

NaTi, in reducing the band gap and well separation of the charge carriers. On the other hand, 

doping also decreased the surface area and crystallinity of the samples for 1Cu-NaTi and 

2Cu-NaTi. As a result, anomaly resulted in the rates of photodegradation of RhB. 

5.5.3. Effect of pH on photodegradation 

The effect of pH on the RhB photodegradation process has been studied. The pH of 

the dye solution are adjusted in ~3 (acidic), ~5 (acidic), ~9 (basic), and ~11 (basic) and 

carried out the photocatalytic reaction. The kinetic rate profile shows the photocatalysis is 

increase is the basic region however in the acidic region its decreases. This fact can be 

explained in the basis of the electrostatic attraction between the RhB and catalysis.  

 

Figure 5.20.  Profile of (a) photodegradation of RhB at different time interval and (b) pseudo first-

order rate kinetics at different pH using 0.5Cu-NaTi. 

In acidic medium the surface of the catalysts gets protonated and due to cationic 

nature of the dye molecules electrostatic repulsion play its role and lower the adsorption on 

the catalysts surface so the rate of photodegradation. On the other hand, when the pH of the 

solution gets increased the surface of the catalyst produces TiO− which now attracts the 

RhB dye. The surface adsorption of the dye on the catalyst surface led to the higher rate of 
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degradation under sunlight irradiation. However, Figure 5.20a shows the photodegradation 

rate decreased at pH~ 11, which is due to the neutralization of the distributed positive charge 

on the dye molecules. Higher pH or HO− in the medium neutralizes the cationic dye   RhB 

and reduces the surface adsorption and degradation rate. In addition HO− neutralizes the 

acidic end-products which are produced from the photodegradation reaction. The rate 

photodegradation rate at different pH are tabulated in Table 5.9. 

Table 5.9. Pseudo first order kinetic parameters of photocatalytic degradation at different pH using 

0.5Cu-NaTi catalyst. 

pH ~3 ~5 6.8 ~9 ~11 

Rate (min-1) 0.0016 0.0026 0.0062 0.010 0.0076 

R2 0.93 0.96 0.99 0.99 0.98 

 

5.5.4. Effect of catalyst dosage on photodegradation 

The effect of catalyst dosage on photodegradation of the RhB is examined by 

varying the amount from 1g/L to 4 g/L. The rate of photodegradation is found to increase 

rapidly with increase amount of catalyst (Figure 5.21). Quantity of photons adsorbed by 

catalyst is increases with catalyst dosage and consequently the degradation rates. The rates  

 

Figure 5.21.  Profile of (a) photodegradation of RhB at different time interval and (b) pseudo first-

order rate kinetics at different dosage of 0.5Cu-NaTi catalyst. 

of photodegradation at different catalyst loading is calculated and tabulated in Table 5.10. 

Calculated kinetic data displays a 1.4-fold increase in the rate of photodegradation when 

catalyst concentration changes from 1.0 g/L to 2.0 g/L and a 3.2-fold increase from 1.0 g/L 
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to 4.0 g/L. It is also important to note that high catalyst dose increases the turbidity of the 

suspension, which leads to decrease in the penetration of sunlight and hence decreases the 

volume of photoactivated-suspension and photodegradation. In this study upto the 4g/L 

catalyst dosage, we did not observed lower photodegradation rate. 

Table 5.10. Pseudo first order kinetic parameters of photocatalytic degradation by varying catalyst 

dosage using 0.5Cu-NaTi. 

Catalyst dosage (g/L) 1 2 3 4 

Rate (min-1) 0.0065 0.0096 0.0128 0.0209 

R2 0.99 0.98 0.98 0.99 

 

5.5.5. Reusability of the photocatalyst 

In order to find the stability and the reusability of the catalyst, the experiment is 

carried out for five times for the best sample, i.e., 0.5Cu-NaTi, which is believed to provide 

a significant scope for the real time applications. Each time before the reuse, the 

photocatalyst has been washed with distilled water and ethanol to remove the dye from its 

surface and then dried at 60°C in an oven. Figure 5.21 illustrates the reusability profile of 

the catalyst on photodegradation. Difference in the reusability test between NaTi and Cu-

NaTi will also be investigated as future work. After recycling, there are no notable changes 

observed in the degradation, which evidently indicates that the photocatalyst prepared is 

reusable and impressively stable enough. 

 

Figure 5.22. The reusability of 0.5Cu-NaTi photocatalyst on RhB photodegradation under sunlight. 
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5.6. Conclusion 

Na-intercalated titania and Na-intercalated Cu2+ doped TiO2 are successfully 

synthesized via NaOH precipitation method using a non-ionic surfactant (Brij C10) with 

0.5, 1, and 2 wt% Cu2+-content. The nanostructures exhibit excellent adsorption of MB from 

aqueous solution selectively. MB adsorption followed pseudo second-order kinetics and 

well fitted to both Langmuir and Freundlich isotherms. XRD and EDX analysis reveal that 

the polymorphs have the important anatase TiO2 phase and also the presence of Na and Cu–

content in their respective nanostructures. BET isotherms, FESEM, and HRTEM 

micrographs illustrate interlayered structures of the samples which allow MB molecules to 

pass and then embed into the inner space of the layers to show selective adsorption. The 

thermodynamic studies showed the selective adsorption of MB onto the nanostructures to 

be spontaneous and endothermic. Moreover, the synthesized nanostructures are reusable 

and the adsorption capacities are comparable to the literature data. The materials also show 

good photocatalytic behaviour with malachite green in aqueous solution under direct 

sunlight irradiation. Therefore, Na-intercalated titania and Na-intercalated Cu-doped titania 

are excellent selective adsorbent and photocatalytic materials for the removal of MB and 

RhB from aqueous solutions in particular. 
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Chapter 6 

Reduced Graphene Oxide / TiO2 

Nanocomposite: Characterization and 

Photocatalytic Application  

Outline:  

Reduced graphene oxide modified titania nanocomposite is successfully synthesized 

using an inorganic precursor of titania and graphite through a controlled hydrolysis 

method. Modified Hummers’ method is adopted to synthesize the graphene oxide. XRD 

analysis indicates that the synthesized anatase titania nanocrystals have crystallite size 

within the range of 3–10 nm. Microstructural study confirms the TiO2 nanocrystals are 

closely packed and in interfacial contacts with graphene oxide sheets, respectively. Raman 

study reveals that, the incorporation of GO alters the crystal structure of anatase TiO2 to 

some extent. It has been observed that, small percentage of graphene oxide loading (5 wt%) 

on TiO2, some extent influences the textural properties; like, crystallite size, specific surface 

area, pore volume, etc. The specific surface area is found about 276 m2g-1 for TG-400 while 

it is only 12 m2g-1 for T-400 nanoparticles. The low intense photoluminescence spectra of 

the nanocomposite reveals slower rate of radiative recombination of the charge carriers. 

UV-Vis absorption and DRS-spectra illustrates a red shift in absorption peak and a reduced 

band gap in the nanocomposite, respectively. The existence of Ti3+ and oxygen vacancies 

into lattice is observed from the XPS analysis. Electrical conductivity in the nanocomposite 

is found to be higher compared to reference TiO2, as evident from the CIS analysis. 

Therefore, combination of reduced graphene oxide and titania in the nanocomposites, 

significantly increases the adsorption aptitude towards organic pollutants (e.g. dyes) which 

is related with their typical surface properties. Moreover, the incorporation of graphene 

oxide in the nanocomposites exerts a significant combined effect on the charge transfer 

dynamics and adsorption, which together provides them with better photocatalytic activity 

toward rhodamine B and other organic dyes in aqueous solution.
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6.1. Introduction 

  From earlier decades, photocatalytic materials have long been considered to improve 

the corrosion of natural environments generated from the toxic pollutants [120, 121, 289–

294]. Titania (TiO2) semiconductor has been explored with great interest during the past 

decades as an appropriate material for several photocatalytic applications owing to its 

substantial oxidizing power, chemical inertness, long lasting stability, and low cost [295–

299]. Furthermore, the wide band gap energy of anatase TiO2 (Eg = 3.2 eV) bounds its use 

only to the UV light, which is merely 3–5% of the sunlight [27, 300].  

Besides, graphene is a single sheet of sp2-bonded carbon and it is almost an ideal 2D 

material with honeycomb network [301–303]. Recently, scientific community triggered a 

lot of interest to fabricate inorganic composites comprising of graphene owing to its typical 

electronic property, great transparency, flexibility, higher BET surface area and good 

thermal conduction [304–312]. The graphene oxide (GO) is nothing but graphene 

functionalized by carboxylic (-COOH), hydroxyl (-OH), and epoxide, i.e. oxygen functional 

groups on the surface. That’s why GO can act as a good candidate for absorbing metals or 

inorganic particles [313–315]. In recent times, the preparation of graphene based 

nanocomposite is a very attractive challenge owing to the combination of multifunctional 

components, which have an emerging application in diverse fields [313, 316–319]. The 

materials possesses various applications in the fields of photocatalysts, solar cell,  

composites materials, and many others [320–322]. Incorporation of graphene sheets in 

composite materials is one possible approach to apply the above properties in various 

applications [323–326]. Nanocomposite of TiO2 and nanostructured carboneous materials 

may be an effective way to upsurge the electronic conductivity (charge recombination is 

inhibited due to transferring the electrons now goes through GO) of TiO2 to part in many 

practical applications. Recently, graphene, reduced graphene oxide and graphene oxide has 

been used with TiO2 to yield hybrid materials by various methods. Zhang et al. synthesized 

graphene/TiO2 nanocomposites through the sol-gel method using Titanium(IV) butoxide 

and GO as starting materials [327].  Liang et al. synthesized graphene/TiO2 composites by 

hydrolysis and hydrothermal treatments, which was time-consuming and 

irreproducible[291]. Kim et al. synthesized novel flower-like TiO2 sphere/reduced graphene 

oxide composites using high cost materials via hydrothermal method [328]. Because of the 

severe accumulation of graphene and toxicity problems of various precursors (for TiO2), a 

quick and innocuous method to synthesize RGO-TiO2 nanocomposites is still an important 
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task. As a wide band gap semiconductor, anatase TiO2 can only absorb the UV-region of 

the solar light spectrum while visible light-assisted anatase TiO2 has a very low efficiency 

in the process of photocatalysis. However, the quantum efficiency of  TiO2 is low because 

of the fast radiative recombination of the photo-induced electron-hole (𝑒−- ℎ+) pairs [329]. 

The combination of TiO2 and RGO is expected to create a synergistic effect, which 

potentially improves the  photodegradation of organic pollutants from waste water and 

gaseous media because of the possible developments in the adsorption ability and effective 

charge transfer rate [330–335].  

Here, we have synthesized an easy and low cost method to prepare lower temperature 

stable RGO-TiO2 nanocomposites with important anatase phase, which is performed as 

improved photocatalyst under direct sunlight irradiation. 

6.2. Experimental and characterization  

Titania/RGO nanocomposite has been synthesized using cheaper inorganic precursor 

of titanium oxysulphate as metal ion precursor and graphene oxide. The nanocomposite are 

prepared using precipitation method and then characterized by different instrumental 

techniques (details are given in chapter 2). 

6.3.  Results and Discussion 

6.3.1. X-ray diffraction 

TG-400 and T-400 samples have seven prominent peaks at 25.3, 37.9, 47.8, 54.6, 62.5, 

69.1, and 75.3 corresponding to the Miller indices (101), (004), (200), (211), (204), (116),  

and (215) are indexed to pure anatase TiO2 framework (JCPDS card no. 21-1272) as shown 

in Figure 6.1. Basic parameters of the JCPDS card is used to do the refinement. The refined 

patterns gives a reasonable fit between the experimental and simulated data. Refined 

parameters are tabulated in Table 6.1. GO exhibit a strong peak at 9.88 and 42.42 

corresponding to (001) and (002) reflections (Figure 1: GO) [336]. There are no peaks 

related to GO because calcination of the nanocomposite reduced the GO sheets to RGO.  

However, there are no significant RGO peaks observed from the XRD pattern of TG-400 

and attributed to relatively low diffraction intensity or the disappearance of the layer 

stacking regularity after oxidation of graphite, or may be its low content (5 wt%) or it may 

overlapped with the 25.3 anatase peak . The anatase peaks of TG-400 is broad compared 

to T-400. Such a broadening usually corresponds to a decrease in the crystallite size. The 
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combination of RGO with TiO2 structure enhances the lattice parameters (a=b from 3.7894 

to 3.7921 and c from 9.4780 to 9.4805) and the lattice volume (from 136.1 to 136.3 Å3). 

The crystallite size of the samples is calculated using Scherrer’s equation. The crystallite 

size is larger in TG-400 which is expected to arise as comparatively more of the Ti4+ are 

transformed to Ti3+ (0.670 Å) because of larger ionic radius compared to Ti4+ (0.605 Å) [337]. 

 

Figure 6.1. Rietveld refinement of TG-400, T-400 samples and X-ray diffraction patterns of GO. 

 

Table 6.1.  Rietveld refinement parameters and crystallite size of TG-400 and T-400. 

Sample  name 

Lattice parameters Crystallite 

size 

(nm) a=b (Å) c (Å) Cell volume (Å3) 𝐑𝐩 𝐑𝐰𝐩 𝝌𝟐 

TG-400 3.7921(8) 9.4805(9) 136.3 13.6 13.1 1.6 10.3 

T-400 3.7894(4) 9.4780(9) 136.1 18.1 14.9 1.4 8.0 

*The numerical value in the bracket signifies the error in the last digit of the lattice parameter. 
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6.3.2. Raman analysis 

Figure 6.2 illustrates the Raman spectra of TG-400 nanocomposite. The Raman 

active modes are observed at 149 cm-1 (Eg), 399 cm-1 (B1g), 517 cm-1 (A1g) and 643 cm-1 

(Eg), while the particular vibration modes are positioned at 143 cm-1 (Eg), 384 cm-1 (B1g), 

494 cm-1 (A1g) and 619 cm-1 (Eg) in T-400 sample. The peaks are assigned to the tetragonal 

structure (space group = D4h) of anatase TiO2. However, It is also a powerful tool to 

characterize the crystalline quality of GO [333]. Characteristic peaks of GO positioned at 

about 1359 cm-1 and 1592 cm-1 (Figure 6.2c) are correspond to disorder carbon (D-band) 

and graphite carbon (G-band), respectively. The peak values are comparable with the peaks 

at 1594 and 1363 cm-1 for the GO synthesized using the Hummer’s method [338]. For TG-

400 nanocomposite (Figure 6.2a), the intensity of the D band at 1612 cm-1 increases 

considerably, whereas the G band at 1372 cm-1 is broadened asymmetrically. The intensity 

ratio of ID/IG is 1.55 in TG-400 nanocomposite, which is higher compared to the GO (ID/IG 

= 0.92) and reported value (Yuan et al.( ID/IG = 0.93)) [339]. 

 

Figure 6.2. Raman spectra of (a) TG-400, (b) T-400 and (c) GO. 

The value is measure from the relative concentration of native defects or disorders, 

particularly the sp3 hybridized defects, compared to the sp2 hybridized graphene domains 
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and defects related to vacancies, grain boundaries and amorphous carbons [293, 339]. 

Increase in the ID/IG ratio indicates, that the nanocomposite containing RGO is formed due 

to the consumption of C=O located at the interlayer of GO, during growth of TiO2 

crystallites and heat treatment. These bands are resembling to the E2g phonon of sp2-bonded 

carbon atoms in a 2D hexagonal lattice, and also the disordered and defective carbon, 

present in the graphite layers. Therefore the Raman study reveals that, the incorporation of 

GO alters the crystal structure of anatase TiO2 to some extent. 

 

6.3.3. Microstructural analysis 

6.3.3.1.  FESEM 

The microstructure of the pure and RGO modified TiO2 nanocomposite are 

investigated using FESEM. To make a comparison both micrographs are recorded under the 

same magnification. As we can be seen from the micrographs in Figure 6.3a, the pure TiO2 

particles tend to aggregate in small microspheres. The particle size distribution profile in 

the inset of Figure 6.3a shows that the size of the particles is in the range of 25 to 45 nm. 

However, the FESEM micrographs (Figure 6.3b) of TG-400 sample shows homogeneously 

distributed particles with a much narrower particle size distribution (inset of Figure 6.3b) in 

the range of 8 to 20 nm. The results demonstrate that the presence of GO in the TiO2 system 

can hinder the growth and aggregation of primary TiO2 particles. 

  

Figure 6.3. FESEM micrographs and particle size distribution (inset) of (a) TG-400 and (b) T-400 

nanoparticles. 
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6.3.3.2. HRTEM 

Size and morphology of GO and RGO modified TiO2 (TG-400) nanoparticles are 

further observed by the High-Resolution Transmission Electron Microscope (HRTEM). 

TEM micrographs (Figure 6.4a) of GO exhibit layers of sheets (like a layers of an onion). 

Lee et al. reported that the precise control of numbers of graphene layers was difficult even 

with the change of GO content in the GO-TiO2 nanoparticles [340]. TEM image of TG-400 

(Figure 6.4b) illustrates that the TiO2 nanoparticles are well situated and homogenously 

distributed on the RGO sheets, where the TiO2 molecules is nucleated to growth TiO2 grains 

(generated due to calcination). The TiO2 particles are well crystalline and the lattice fringes 

of the individual particles (encircled with white lines) are shown in high resolution 

micrograph (Figure 6.4c). The average particles sizes are about 5 to 8 nm. 

 

 

Figure 6.4. TEM micrographs of (a) GO sheets, (b) TG-400, shows the distribution of TiO2 through 

RGO sheets, (c) HRTEM micrographs of aforementioned nanoparticles (marked by white circles) 

along with the SAED pattern (inset) and (d) the lattice spacing (d101 = 0.34nm). 
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The observed fringes (in Figure 6.4d) had a interplanar spacing of 0.354 nm, which 

is assigned to (101) plane of anatase TiO2 in accordance with the value of 0.352 nm, 

calculated from following equation 

1

𝑑2
=  

ℎ2+ 𝑘2

𝑎2
+ 

𝑙2

𝑐2
                                                 Eq. 26               

using refined lattice parameters. Where d, (h, k, l) and (a, c) are interplanar spacing, Miller 

indices (here it’s 1,0,1) and lattice constants (a = 0.37921nm, c = 0.94805nm), respectively. 

The SAED pattern of TG-400 (shown in the inset of Fig. 3c) also shows five concentric 

rings, which are again confirming the high degree of crystallinity in the prepared 

nanocomposite. 

6.3.4. BET surface area and pore size distribution  

Brunauer–Emmett–Teller (BET) isotherms and the corresponding pore-size 

distribution profiles (inset) of TG-400 and T-400 are compared in Figure 6.5. TG-400 

samples have a type IV isotherm with a hysteresis loop, indicating existence of mesopores. 

The mesopores may be ascribed to the interstitial space between the particles or may be 

aggregation of nanosheets formed during synthesis. The specific surface area (SBET) is found 

about 276 m2g-1 for TG-400 while it is only 12 m2g-1 for T-400 nanoparticles. The 

nanocomposite have high surface area than reported result, e.g. Štengl et al. reported that 

the mesoporous GO-TiO2 nanocomposites have specific surface area ~ 80 to 200 m2g-1 [333].  

 

Figure 6.5. Nitrogen adsorption-desorption isotherms and pore size distribution plot (inset) of TG-

400 and T-400 nanoparticles. 
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Colmenares et al. also reported 5% solvent exfoliated graphene-TiO2 and 5% 

reduced graphene oxide–TiO2 have surface area ~70 m2g-1 and 69 m2g-1, respectively [341].  

Decoration of TiO2 on RGO sheets may inhibit the accumulation of the RGO sheets, leads 

to high specific surface area. Total pore volume is estimated to 0.1828 cc/g in TG-400 

nanocomposite while it is 0.03529 cc/g in pure TiO2 nanoparticles. As can be seen from the 

pore size distribution profile (Figure 6.5(inset)), the pore diameter are 5.3nm and 6.1 nm in 

TG-400 and T-400, respectively. Incorporation of RGO in TiO2 enhances the pore volume 

and surface area by decreasing the particle size, which makes the TG-400 nanocomposite a 

better photocatalyst. 

6.3.5. UV-Vis DRS spectra 

The DRS spectra has been recorded to study the absorption property of the TG-400 

and T-400, as shown in Figure 6.6. In the UV-region T-400 nanoparticles is exhibit a 

characteristic absorption around at 398 nm. That peak can be ascribed to the electron 

transition from O 2p (VB) → Ti 3d (CB). Although, a red-shift towards longer wavelength 

is identified for TG-400 nanocomposite. The band gap energy of the nanocomposite is 

calculated to be 2.70 eV while it is 3.12 eV in T-400 sample. The red-shift in absorption 

and reduced band gap energy may ascribed to the formation of the Ti–O–C bond in TG-

400. Therefore, the nanocomposites expected to be a better photocatalyst compared to T-400. 

 

 

Figure 6.6. UV-Vis absorption and in inset the diffuse reflectance spectra of T-400 and TG-400. 
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6.3.6. Photoluminescence (PL) spectra  

The PL spectra is employed to study the surface processes comprising the 𝑒−- ℎ+ 

fate of the TiO2. Figure 6.7 compares the PL intensity of TG-400 and T-400 samples. The 

emission peaks at 448 nm, 479 nm, and 490 nm may be ascribed to self-trapped excitons 

localized on TiO6 octahedral. Besides, the emission peaks at 466 nm and the at 535 nm may 

appear due to the charge transfer transition of trapped electrons that generate from oxygen 

vacancies [342].  The PL intensity is considerably quenched from 41.5 x 106 for T-400 to 

4.4 x 106 for TG-400 nanoparticle, indicating lower recombination rate of photogenerated 

charge carriers (𝑒−and ℎ+). 

 

Figure 6.7. Photoluminescence profile of T-400 and TG-400 samples. 

The reduction or inhibition of charge carriers can be ascribed to introduction of RGO 

sheets into TiO2. The RGO sheets contain an interconnected network structure, high surface 

area and active groups. So, the RGO sheets provides maximum available sites to upsurge 

effective charge separation, extend the life time of the charge carriers, and inhibit the 

recombination [343]. Therefore, an enhancement in the photocatalytic reaction indicates the 

formation of much more efficient photocatalysts. 

6.3.7. XPS analysis 

The composition and chemical states of elements of the RGO modified TiO2 

nanoparticles is evaluated from the high-resolution XPS spectra of O 1s, C 1s and Ti 2p. 

Figure 6.8a shows the survey XPS spectra and position of binding energies of different 

species in TG-400 nanocomposite. The peaks confirmed the presence of Ti species. The 
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high- resolution XPS signals of Ti 2p (Figure 6.8b) shows two peaks at 457.9 eV and 463.6 

eV assigned to Ti 2p3/2 and Ti 2p1/2 states, respectively, which are generated from spin-

orbital splitting. The above data is in good agreement with the binding energy values of Ti4+ 

in pure anatase titania [344]. The shoulder peak at 459.7 eV (Figure 6.8b) indicates the 

presence of Ti3+ state [345].  

 

Figure 6.8. XPS spectra of TG-400 nanocomposite (a) full survey spectrum and high-resolution 

spectra of (b) Ti2p, (c) O1s, and (d) C1s. 

This confirms there is existence of both TiO2 and Ti2O3 on RGO sheets. Formation 

of Ti3+ in the anatase lattice create oxygen vacancies, which help to form Ti4+-O-Ti3+ bond 

at crystal surface and create Ti -O-C bond at the RGO surface. The existence of Ti3+, extends 

the photo-responsive wavelength in TG-400 nanocomposite [346]. The high-resolution XPS 

spectra of O 1s (Figure 6.8c) show a main peak at 529.3 eV with a shoulder peak at 531.3 

eV. The peak at 529.3 eV is assigned to oxygen lattice, whereas the shoulder peak at 531.3 

eV may be associated with oxygen in adsorbed hydroxyl groups. The high-resolution XPS 

signals of C 1s (Figure 6.8d) are deconvoluted into four components. The peaks at 283.9 

eV, 285.8 eV, 287.4 eV and 289.3 eV are ascribed to the skeletal C-C, the surface C- OH, 
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the surface epoxy group of C-O-C and the surface carboxyl group of O-C(O), respectively 

[344–346]. Therefore, Ti3+ formation and chemical bonds between TiO2 and RGO, which 

are important key to enhance the photocatalysis. 

6.3.8. Complex impedance spectroscopy 

The complex impedance spectroscopy (CIS) is a powerful and profound 

characterization technique to investigative the electron-transfer kinetics occurring in the 

materials. Figure 6.9 shows the room temperature impedance spectra of T-400 and TG-400 

samples. The Nyquist plots are modeled using RQ-RQ circuit and represented in the inset. 

Two semicircular arcs are observed in both T-400 and TG-400. The semicircular arc at 

higher frequency reflects the grain property whereas; the low frequency semicircular arc 

signifies the grain boundary properties, respectively. The radius of the semicircle represent 

the resistance of grain (Rg) (higher frequency) and grain boundary (Rgb) (low frequency), 

respectively. The individual Nyquist plot (Figure 6.9: inset) of T-400 catalyst show that, it 

have larger arc radius both at high and low frequency compared to TG-400. Therefore, T-

400 have higher resistance at both grain and grain boundary. The combination of RGO with 

TiO2, decreased the electron-transfer (lower semicircle radius) resistance apparently 

suggesting that the presence of RGO made the electron transfer easier. 

 

Figure 6.9. Nyquist plot and individual fitted Nyquist plots (modeled using RQ-RQ circuit) of T-

400 and TG-400 nanoparticles. 
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The lower resistance at grains may be attributed to the presence of Ti3+ (perceived 

from XPS study) in the system. Presence of the RGO sheets prompt the electrons transfer at 

grain boundaries. These results established that the combination of RGO with TiO2 makes 

it more easier for the fascination of electron transfer process and electrical conductivity. 

This data is a good agreement with PL study. Higher conductivity indicates more active site 

due to more charge separation and that makes the TG-400 nanocomposite act as a better 

photocatalysts. 

6.4.  Photocatalytic application 

6.4.1. Photocatalytic activity test 

Photocatalytic activity of the nanocomposite is evaluated by the extent of 

degradation of an organic commercial dye Rhodamine B (RhB) in aqueous solution under 

direct sunbeams at ambient temperature. In a typical experiment, 50 mL of 1×10−5 (M) RhB 

solution, 50 mg photocatalysts is taken in a beaker and stirred. Adsorption-desorption 

equilibrium is achieved by keeping the suspension in dark for 30 min. The solution is then 

exposed to direct sunlight with stirring at 500 r.p.m to ensure TG-400 and RhB mixing. To 

determine the contribution of the direct photolysis, experiments is also performed in the 

absence of catalyst. The experiments using sun light is carried out at a location of 22°25'N 

84°00'E between 10 a.m. to 4 p.m. during the months of May and June for a period ranging 

from 0min. to 120min. The photoreacted solution is extracted from the reaction mixture at 

a distinct time interval and centrifuged. The RhB concentration in the residual solutions is 

analysed using UV-spectrophotometer by recording its characteristic absorption band 

maximum (λmax = 553nm). The degradation efficiency is evaluated using the equation (1 −

𝐶𝑡 𝐶𝑖⁄ ) × 100%, where 𝐶𝑖 and 𝐶𝑡 denotes the concentration of the dye solution at initial and 

after irradiation time t, respectively. To find out the influence of the pH on the photocatalytic 

degradation, pH value of the obtained suspension is adjusted at acidic and basic pH-range 

using sulphuric acid and ammonium hydroxide, respectively. Effect of catalyst loading on 

degradation is also investigated. Moreover, participation of active species in the 

photodegradation process are also studied. 

6.4.2. Effect of contact time 

We have evaluated the photocatalytic activity (Figure 6.10) of TG-400 and T-400 

catalysts in terms of their degradation efficiency using an aqueous solution of RhB under 

direct sunlight. Before the photocatalytic experiment, the dye adsorption capacity of the TG-
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400 and T-400 is investigated under dark for 30 min. The adsorption capacity using TG-400 

and T-400 catalysts is 13.2% and 8.3%, respectively. About 16% of RhB photodegradation 

is observed in 15 min. using TG-400 catalyst under sunlight irradiation. 

 

Figure 6.10. RhB photodegradation profile at different time interval under sunlight irradiation. 

The percentage of degradation using TG-400 catalyst measured after 60 min. show 

an increase about 19%, while it is only 10% for T-400. In fact, the presence of active groups 

(on the RGO surface) and high surface area upsurges the dye adsorption capacity by 5% on 

TG-400 surface compare to T-400 during the adsorption-desorption equilibrium period, 

which eventually leads to the faster photodegradation of RhB dye. A comparison table 

(Table 6.2) has made to see where out catalyst stand, by using the previously reported data 

of RhB photodegradation using TiO2-graphene based catalysts. Wang et al. demonstrated 

that the photodegradation of the RhB by the TiO2/RGO films is 1.65 times higher compared 

to neat TiO2 [347]. The above results indicated a constructive part of RGO in RhB 

photodegradation. In the system, RGO initially acts as a surplus adsorbent for RhB 

molecules, which afterward diffuse to the interface to undergo effective decomposition. 

RGO contains oxygenated functional groups, such as carboxyl (-COOH), and hydroxyl (-

OH) which leads to a more electrostatic interaction, like as H-bonding and shows an 

improved adsorptivity. Presence of GO in the nanocomposite act as an electron acceptor 

which accelerates the interfacial electron-transfer process from TiO2, and intensely delayed 

the recombination of charge carriers. The above result is also good agreement with the PL 

study. In this process, consumption of the electron on RGO sheets occurs simultaneously, 

which also partially reduces groups present on RGO sheets. Consumption of electrons 

causes in the partial restoration of the conjugated π network within the RGO nanosheet, 



Chapter 6                                                                                  Titania/RGO Nanocomposite 
 

125 
 

which also leads to an efficient charge separation and creates more possibility of additional 

π–π interactions between the TG-400 nanocomposite and RhB dye. Moreover, RGO may 

possess photosensitizing properties and TG-400 extend the light absorption towards the 

visible region. As a result, the nanocomposite now works efficiently at UV-Vis range and 

act as efficient photocatalyst. Therefore, the TG-400 nanocomposites display the synergistic 

effect of adsorption and photocatalysis, resulting in enhanced photodegradation of the RhB 

dye. Probable mechanistic pathways of photodegradation of RhB on the TG-400 surface is 

illustrates in Figure 6.11. 

 

Figure 6.11. Mechanism of RhB photodegradation using TG-400 photocatalyst. 

Table 6.2. Comparison of RhB photodegradation using RGO/TiO2 with previously reported data. 

Sample Light source 

Conc. Of 

Rhodamine B 

(M) 

Catalyst 

dosage 

(g/L) 

Degradation 

rate 

(min-1) 

Ref. 

RGO–TiO2 

xenon lamp (350 

W) equipped with 

a 420 nm cut-off 

filter 

5.3x10-6 0.063 5.7x10-3 [348] 

graphene–TiO2–

Fe3O4 
UV-light 7.7x10-6 0.79 1.7x10-1 [349] 

TiO2/CNTs/rGO-

3% 

UV-Vis light 

using  xenon lamp 

(300W) 

2.0x10-6 

 
0.16 8.7 x10-2 [350] 

3% - 

TiO2@rGO 

mercury lamp 

light source (300 

W with a cut-off 

filter λ > 400 nm) 

6.2x10-6 

 
0.3 2.3x10-2 [351] 

0.3wt%GR-TiO2 Solar light 5.0x10-5 1.0 1.8x10-3 [352] 

TG-400 Sunlight 1.0x10-5 1.0 5.2x10-2 
Our 

work 
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6.4.2.1. Evidence of photodegradation 

The degradation of RhB has also been confirmed from the IR data, which has been 

taken at before and after the degradation. The IR spectra taken after degradation contains 

no characteristic peaks related to RhB but very much similar to the IR spectra of TG-400. 

Thus, the IR data confirms photodegradation of RhB is takes place. Figure 6.12 displays the 

FT-IR spectra of RhB, and TG-400 nanocomposite used before and after degradation under 

sunlight irradiation. 

 

Figure 6.12. IR spectra of (a) RhB dye and TG-400; (b) before and (c) after photodegradation. 

A strong and broad peak observed in the range 3400-3100 cm−1 in both (b) and (c), 

corresponding to the surface O–H of the C=O stretching of –COOH group situated at the 

edges of the GO nanosheets. The characteristic IR peaks (Figure 6.12(b)), of GO at 1624 

cm-1, 1400 cm-1, 1232 cm-1 and 1050 cm-1 indicate H–O–H bending band of the absorbed 

H2O molecules, carboxyl O–H stretching, phenolic C–OH stretching and alkoxy C–O 

stretching, respectively. As we can see from the Figure 6.12(c), the intensity of the 

characteristic peaks for RGO stretching vibrations dramatically decreased in the TG-400 

(after degradation) due to the reduction of groups of RGO sheets through electron 

consumption during the sunlight irradiation [293]. The transmittance peaks at 1624 cm−1 are 

assigned to bending vibration of O–H group and stretching vibration of aromatic C=C bond 

(skeletal ring) [353]. These characteristic peaks become stronger in TG-400 (after 

degradation) due to restoration of π bond in the RGO sheets. Similar behaviours have been 

observed for peaks at 1400 and 1232 cm−1, attributed to carboxyl C–O and epoxy C–O 

groups (may be some epoxy group remained on the RGO sheets), respectively. Furthermore, 

the absorption bands and other peaks observed in the range of 400-1100 cm−1 corresponded 

to both Ti–O–Ti and Ti–O–C bonds in the nanocomposites indicating the stretching 
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vibration of chemical interaction. The small peak near 1720 cm−1 is illustrate as surface –

OH of TiO2 and functional groups of RGO [353, 354]. 

6.4.3. Effect of pH on photodegradation 

The volume of RhB solution and the amount of nanoparticles employed for analysis 

are 100 mL and 100 mg respectively. To investigate the effect of pH on photodegradation, 

the measurements is carried out in the range of 3-11 (at ~3 (acidic), ~5 (acidic), ~9 (basic) 

and ~11 (basic)). The pH of dye solution measured had value 6.6 without employing any 

acid or base. Hydrochloric acid and ammonium hydroxide is employed to adjust the pH of 

the dye solution. 

 

Figure 6.13.  Effect of pH on photodegradation of RhB under sunlight by TG-400 nanoparticles. 

Figure 6.13 displays, the rate of RhB photodegradation is decreased by varying the 

pH. In acidic medium (pH ~ 3 and 5), the surface groups on RGO sheets get protonated. 

Due to cationic nature of the dye molecule electrostatic repulsion play its role and lower the 

adsorption on the RGO surface and so the rate of degradation. On the other hand, when the 

pH of the solution increase, concentration of hydroxyl ion also increases, which potentially 

makes TiO− on surface of TiO2, and turn up all −COOH to  −COO− present on the RGO 

surface. Moreover, the dye molecule and overall positive charge distribution on the dye 

molecule becomes neutralized. Therefore, surface adsorption towards RGO and TiO2 

surface is decreased. Also, the presence of HO− neutralizes the acidic end-products, which 

are produced from the photodegradation reaction. An abrupt drop in the degradation process 

is observed, when the initial pH of the reaction mixture is kept at ~11. It is believed that the 

dye structure becomes chemically stable at high pH range, which subsequently decreased 

the reaction rate. The rate of photodegradation at pH ~3, ~5, =6.6, ~9, and ~11 are calculated 

to be 0.022, 0.029, 0.052, 0.024, and 0.004 min-1, respectively. 
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6.4.4. Effect of catalyst loading on photodegradation 

The effect of catalyst loading on photodegradation of the RhB dyes is examined by 

varying its amount from 1- 4 g/L of the dye solution. The rate of photodegradation is found 

to increase rapidly with increase amount of catalyst (Figure 6.14). Quantity of photons 

adsorbed by catalyst is increases with catalyst dosage and consequently the degradation 

rates. The rates of photodegradation at different catalyst loading is calculated. The rate of 

the photodegradation are found to be 0.017, 0.027, 0.042, and 0.065 min-1 when the catalyst 

dosage was 1, 2, 3, and 4g/L, respectively. Calculated kinetic data displays a 1.5-fold 

increase in the rate of photodegradation when catalyst concentration changes from 1.0 g/L 

to 2.0 g/L and a 3.8-fold increase from 1.0 g/L to 4.0 g/L. 

 

Figure 6.14.  Effect of catalyst loading on photodegradation of RhB under sunlight by TG-400 

nanoparticles. 

6.4.5. Reusability of the photocatalyst 

 

Figure 6.15. The reusability of TG-400 photocatalyst for RhB photodegradation. 
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For environmental and industrial related applications, the recycling ability of 

photocatalysts is crucial to know the stability and the reusable ability of the photocatalyst. 

To accomplish real-time applications, the photodegradation process is repeated four times. 

Each time before reuse the photocatalyst it is washed with distilled water and then with ethyl 

alcohol to remove the dye from the catalyst surface and dry the catalyst at 60°C. Figure 

6.15 displays the recycling process and degradation ability of RhB. After recycling, it is 

observed that, there are no notable changes in the photodegradation, which clearly indicates 

that the prepared TG-400 photocatalyst is reusable and stable. 

6.4.6. Photodegradation test on different dyes 

Photodegradation study is also carried out on different dyes to know the strength of 

the synthesized photocatalyst. We have used Acid orange (II) (anionic dye), Methylene blue 

(cationic dye), Malachite green (cationic dye) and Congo red (azo dye) for photodegradation 

under sunlight. Along with 30 min. of adsorption-desorption equilibrium in dark, the dye 

solutions are exposed to sunlight irradiation for 90 min. and then we measure the absorbance 

of the dye solutions. Figure 6.16 displays the photodegradation of aforementioned dyes in 

a total of 120 minutes are approximately 100%. So, the synthesized nanocomposite can be 

used as a sunlight active photocatalyst to remove different organic dyes from wastewater system.  

 

Figure 6.16. UV-vis absorption spectra of AO(II)-Acid orange(II), MB-Methylene blue, MG- 

Malachite green and CR-Congo red before and after photodegradation under sunlight by TG-400 

photocatalyst. 
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6.4.7. Trapping of Active radicals 

We have determined the active key species responsible for photodegradation. The 

formation of possible oxidative intermediate species are superoxide ions ( O2
•‾ ), singlet 

oxygen (1O2), and hydroxyl radicals (HO•). If the aforementioned species are part of the 

photodegradation process, we can investigate their role indirectly by using appropriate 

quenchers in the suspension of TG-400 / RhB. In this experiment, we compare between the 

original photodegradation (without any quenchers) with the photodegradation obtained after 

addition of quenchers (mM concentration) using RhB dye solution. In Figure 6.17a, column 

(a), (b), (c) and (d) are represents the percentage of degradation of RhB in absence of 

quenchers, with addition of 2mM of 1,4-benzoquinone (BQ = C6H4O2, a quencher of 

superoxide radical (O2
•‾ )), sodium azide (NaN3, a singlet oxygen quencher, but may also 

interact with HO•), and KI (a quencher of positive holes (hVB
+) and HO•), respectively [355].  

It is observed that there is negligible effect of BQ and NaN3 throughout the experiment. The 

results indicates that (1O2) and (O2
•‾ ) are not the active oxidative species participate in this 

photodegradation process. However, addition KI has a substantial suppressing effect on the 

degradation of RhB. So, HO• is may be the key oxidative species responsible for the 

photodegradation of the RhB. 

 

Figure 6.17. (a) Effect of different quenchers on RhB photodegradation under sunlight and (b) 

Hydroxyl radical trapping PL spectral changes at different time intervals over TG-400 in a basic 

solution of terephthalic acid. 

To confirm the above, we have carried out another experiment using terephthalic acid 

(as a probe molecule) and investigated it with PL analysis. It is evident from the earlier 

reported literature that terephthalic acid (TA) readily counters with HO• (formed during the 

photoinduced process) to give a fluorescent product 2-hydroxyterephthalic acid (HTA) 
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[356]. So, that the involvement of HO• in the photodegradation process is observable by PL 

analysis. Figure 6.17b shows the change in PL intensity of HTA under sunlight irradiation. 

Basic solution of TA is used with TG-400 catalyst. The figure gives a clear view that the 

photoluminescence intensity (signal at 425 nm) gradually increases with increasing sunlight 

irradiation time. Therefore, the results propose that HO• is the major reactive species 

generated in the RhB photodegradation process in presence TG-400 photocatalyst. 

6.5.  Conclusion 

Graphene oxide modified titania was successfully synthesized using an TiOSO4 

precursor of titania and graphite through a controlled hydrolysis method. From XRD and 

Raman analysis, we interpreted the presence of RGO in the calcined TG-400 sample. The 

nanocomposite showed anatase TiO2 lattice framework. The specific surface area for TG-

400 is found as high as 276 m2g-1 while for T-400 nanoparticles it is only 12 m2g-1. The 

absorption bands observed in the IR spectra for the samples in the range of 400-1100 

cm−1 corresponded to both Ti–O–Ti and Ti–O–C bonds in the nanocomposites. indicating 

the stretching vibration of chemical interaction between RGO and TiO2. High- resolution 

XPS signals of Ti 2p shows two peaks at the binding energy values of 457.9 eV and 463.6 

eV assigned to Ti 2p3/2 and Ti 2p1/2 states for Ti4+, respectively. The formation of Ti3+ (as 

evident from the XPS peak at 459.7 eV) in the anatase TiO2 lattice create oxygen vacancies 

to form Ti4+-O-Ti3+ bond at crystal surface and create Ti -O-C bond at the RGO surface. The 

nanocomposites have a lower e− and h+ pair recombination rate. The presence of the 

reduced graphene oxide with TiO2 even in lower percentage, greatly improved the 

photodegradation (by approximately 40%) of RhB under sunlight. The catalyst gives the 

best performance at its particular pH of 6.6 without employing any acid or base. Moreover, 

the synthesized catalyst also shows greater photocatalytic activity towards anionic and azo 

dye as well. The total photodegradation (100%) of dyes by the graphene oxide with TiO2 

(TG-400) photocatalyst can be achieved within 120 min. The key oxidative species is HO• , 

which is responsible for the photodegradation of the RhB. The synthesized catalyst is 

reusable and stable. In this investigation, we developed a new simple and low cost strategy 

for improved sunlight induced-photoactivity of reduced graphene oxide/titania 

nanocomposite. 
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Chapter 7 

Conclusion and Recommendation for 

Future Work 

Outline:  

This is the last chapter of the thesis that discusses the summary of the outcomes of 

this research work, frameworks precise conclusions drawn from both the experimental and 

investigative efforts and proposes ideas and directions for future research scope as follows. 

7.1. Summary and Conclusion 

The chapter wise summary and conclusion of the thesis is given below: 

Chapter 1: 

This chapter comprised a general introduction and through literature survey on 

titanium oxide, metal ions doped titanium oxide, and its composite oxides including 

structural, properties, and potential applications. A short introduction of nanomaterials also 

includes. A brief about the crystal structure and properties of the main polymorphs-anatase, 

rutile, and brookite are also discussed. Doping with metal ions which are either larger or 

reduced in size as compared to Ti4+ or Ti3+ ions is introduced into the TiO2 lattice is a 

significant method in stabilising the technologically important phase of anatase TiO2 and 

thus the band gap of the material is engineered to modify the optical response as a 

photocatalyst. Some important applications such as photoinduced hydrophilic coatings and 

self-cleaning devices of TiO2 are also mentioned in this section. Applications of titania 

nanoparticles and titania based oxides are also briefed with prominence to adsorption and 

removal of organic pollutants from aqueous solution. The main objectives of the present 

work are summarized towards the end of this chapter.
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Chapter 2: 

This chapter deals with a discussion of the synthetic methodology developed for the 

synthesis of pure TiO2 and (iron-ion) Fe3+ doped TiO2, Na-intercalated TiO2 and Na-

intercalated Cu2+ doped TiO2 materials and RGO modified TiO2 samples, and their 

characterization by various sophisticated instrumental techniques are employed in the 

present study. X-ray diffraction (XRD), BET N2 gas sorption, Fourier transform-infrared 

spectroscopy (FTIR), UV-visible diffuse reflectance spectroscopy (UV-vis DRS), 

Photoluminescence (PL), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), 

Field emission scanning electron microscopy (FESEM), High resolution transmission 

electron microscopy (HRTEM), and Complex impedance spectroscopy (CIS) were used to 

understand the structural, optical and other typical properties of the pure TiO2 and TiO2 

based materials. 

Chapter 3: 

This chapter fouces on the synthesis of high cystalline anatase TiO2 nanoparticles 

from low cost materials by follwing the precipiation method using different surfactants, 

analysis of the samples using various characterization techniques and application in 

photodegradation of organic pollutant using solar light. Effect of different sufactant 

templating on the physical, physio-chemical, microstructural, optical and electrical 

properties of TiO2 has been investigated. Anionic (Sodium dodecyl sulfate), nonionic (Brij 

C10) and cationic (Dodecyl amine) surfactants have been used to synthesize the titania 

nanoparticles. The XRD patterns of the 500°C annealed TiO2 nanoparticles exhibit 

technologically important anatase phase. Anatase to rutile transformation is observed for Ti-

D-650 nanoparticles at a lower temperature of 650°C. The XRD data indicates that except 

Ti-S-900, the other TiO2 nanoparticles have transformed from anatase to rutile TiO2 phase 

fully or partially. Ti-S-900 nanoparticles retained the anatase phase up to a higher 

temperature as high as 900C. The surface areas of Ti-S-500, Ti-B-500, Ti-D-500 and Ti-

500 nanoparticles are 72, 117, 57 and 74 m²/g, respectively. In addition, Ti-B-500 samples 

exhibited wormlike mesopores structure. XPS study confirmed the presence of sulphur in 

Ti-B-500 nanoparticles, which creates an O-S mixed environment into the lattice. The 

nanoparticles also showed a red shift in the UV-DRS study with a lower band gap (indirect) 

energy about 3.02 eV. Impedance spectrum of the Ti-B-500 nanoparticles confirmed the 

enhanced electron-hole separation rate involved in the photodegradation process. 
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Photodegradation rate of methylene blue [2 × 10−5 (M)] with Ti-B-500 nanoparticles under 

direct sunbeams has been observed to be higher compared to Ti-S-500, Ti-D-500 and Ti-

500 nanoparticles. The rate of photodegradation is found to be best at pH = 6.7 (when no 

acid or base was externally added during photodegradation process) with a rate of 0.0864 

min−1 and the catalyst showed best reusability even after five cycles of experiment. 

Chapter 4: 

This chapter focus on the synthesis of high cystalline Fe ion-doped anatase TiO2 

nanoparticles using precipiation method followed by aerial hydrothermal treatment at 

normal presure and at a temperature of 200°C. Low cost starting materials have been used 

for the synthesis of the desired materials. The content of iron has been varried from 0 wt% 

to 10 wt%. Non-ionic surfactant Brij C10 is also used to control the morphology. Analysis 

has been carried out on the 1, 2, 3, 5, and 10 wt% Fe3+- ion-doped anatase TiO2 samples 

using various characterization techniques and application for photodegradation of organic 

pollutant. Effect of different iron contents on the on physical, physio-chemical, 

microstructural, optical and electrical properties of TiO2 has been investigated. The 

nanoparticles showed a pure anatase lattice framework with lower crystallite size. 

Raman spectra confirmed the anatase TiO2 phase with characteristic peaks. UV-vis 

absorption spectra revealed the shift of absorption threshold to lower energies with Fe-

doping. Indirect band gaps are also estimated for pure and iron-doped nanoparticles using 

Tauc’s plot. Photoluminescence study showed lower recombination rate of photogenerated 

electrons and holes in iron-doped nanoparticles. HRTEM microstructures showed average 

particles sizes of 13 nm and 9 nm for 1Fe-Ti and 5Fe-Ti, respectively. Elemental mapping 

illustrates homogenous distribution of Fe-atoms throughout the TiO2 lattice. XPS study 

validates the presence of Fe-ions as Fe3+. Photodegradation study of MB dye finally shows 

that the effective photocatalyst is pure TiO2 while the addition of H2O2 makes the 

degradation rate faster in Fe-doped nanoparticles. The cost effective synthetic method is 

simple for large scale preparation of photocatalyst/adsorbent with high adsorption and 

degradation capacity of organic dyes. 

Chapter 5: 

This chapter focuces on the synthesis of high cystalline Na-intercalated Cu-doped 

anatase titania nanoparticles using precipiation method. Low cost materials has been used 
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for the synthesis. The content of  copper has been varried from 0wt% to 2wt%. Surfactant 

Brij C10 also used to control the morphology. Analysis has been carried out on the samples 

using various characterization techniques and application for selective adsorption and 

photodegradation of organic pollutant. Effect of  different Cu content  on the physical, 

physio-chemical, microstructural, optical and electrical properties of TiO2 has been 

investigated. It is observed that sodium ions are self incorporated during the synthesis. The 

nanostructures exhibit excellent adsorption of MB from aqueous solution selectively. MB 

adsorption followed pseudo second-order kinetics and well fitted to both Langmuir and 

Freundlich isotherms. XRD and EDX analysis reveal that the polymorphs have the 

important anatase phase and also the presence of Na and Cu–content in their respective 

nanostructures. BET isotherms, FESEM, and HRTEM micrographs illustrate interlayered 

structures of the samples which allow MB molecules to pass and then embed into the inner 

space of the layers to show selective adsorption. The thermodynamic studies showed the 

selective adsorption of MB onto the nanostructures to be spontaneous and endothermic. 

Moreover, the synthesized nanostructures are reusable and the adsorption capacities are 

comparable to the literature data. The materials also show good photocatalytic behaviour 

with malachite green in aqueous solution under direct sunlight irradiation. Therefore, Na-

intercalated titania and Na-intercalated Cu-doped titania are excellent selective adsorbent 

and photocatalytic materials for the removal of pollutants or dyes from aqueous solution. 

Chapter 6: 

This chapter fouces on the synthesis of reduced graphene oxide-titania 

nanocomposite having anatase TiO2 crystal lattice, using TiOSO4, graphene oxide and 

NH4OH as precipitating agent. Then analysis of the samples were carried out using various 

characterization techniques and finally the applications of these materials in 

photodegradation of organic pollutants using solar light. The anatase TiO2 has been 

synthesized on the reduced gaphene sheet with only 5 wt% graphene oxide content. XRD 

analysis showed that the anatase titania nanocrystals are within 3–10 nm crystallite size. 

Microstructural and Raman study shows the nanocrystals are closely packed and in 

interfacial contacts with graphene oxide sheets. Even though small percentage of graphene 

oxide loading (5 wt%) on titania, some extent influences the textural properties; like, 

crystallite size, BET surface area, and pore volume, etc. The low intense photoluminescence 

spectra of the nanocomposite reveals slower rate of radiative recombination of charge 

carriers. UV-Visible DRS-spectra illustrates a red shift in the nanocomposite and a reduced 
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band gap. The XPS data reveals the existence of Ti3+ and oxygen vacancies into lattice. CIS 

analysis indicates more electrical conductivity in the RGO-TiO2 nanocomposite compared 

to reference TiO2.  

Photodegradation of Acid orange (II) (anionic dye), Methylene blue (cationic dye), 

Malachite green (cationic dye) and Congo red (azo dye) dyes by the TG-400 photocatalyst 

in a total of 120 min are approximately 100%. Probable mechanistic pathways of 

photodegradation of RhB on the TG-400 surface are described. The results indicate that KI 

has a substantial suppressing effect on the degradation of RhB, but (1O2) and (O2
•‾ ) are not 

the active oxidative species participate in this photodegradation process. It is proposed here 

that HO• may be the key oxidative species responsible for the photodegradation of the RhB. 

Combination of reduced graphene oxide and titania in the nanocomposites, significantly 

increases the adsorption aptitude towards organic pollutants (e.g. dyes) which is related with 

their typical surface properties. Moreover, the incorporation of graphene oxide in TiO2  

nanocomposites exerts a significant combined effect on the charge transfer dynamics and 

adsorption, which together provide them with better photocatalytic activity toward 

rhodamine B and other organic dyes in aqueous solution. 

7.2. New Achievements and Implications 

The major achievements and implications achieved from this research work are as 

follows:  

 Simple chemical routes have been developed using cheaper metal inorganic 

precursor to derive a high quality pure TiO2, 
 Fe3+, and Cu2+ doped TiO2 (with Na-

intercalation) as well as RGO/TiO2 nanocomposites. 

 XRD results showed TiO2 nanoparticles synthesized using Brij 56 assisted 500°C 

annealed have wormlike mesopores structure and the SDS assisted nanoparticles 

retained to the anatase phase at higher temperature up to 900C. 

 Presence of sulphur in TiO2 nanoparticles (synthesized using Brij 56 and annealed at 

500°C), creates an O-S mixed environment into the lattice and helps to lower the 

band gap and rate of charge recombination. 

 Fe-ion doped TiO2 nanoparticles retained to anatase phase even with higher dopant 

concentration of 10 Wt%. The highest surface area of 324 m²/g is achieved by doping 
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1 wt% Fe3+-ion in TiO2 lattice. The Fe3+-doped TiO2 are more photo-reactive in 

degrading the Methylene blue dye in presence of H2O2. 

 A simple and cost effective method has been developed to synthesize Na-intercalated 

Cu-doped TiO2. When the material is doped with 1 and 2 wt % Cu2+ ion, a mixed 

phase of anatase TiO2 and monoclinic sodium titanate is formed. The Na-intercalated 

TiO2 and Cu-doped TiO2 are excellent selective adsorbent and photocatalytic 

materials for the removal of MB and RhB from aqueous solutions.  

 RGO/TiO2 nanocomposite (calcined at 400°C) has been synthesized with only 5 wt% 

graphene oxide. The results showed a improved surface area, lower cystallite size, 

lower band gap energy and lower rate of charge recombination. The synthesized 

nanocomposite is a better photocatalysts for all type organic dyes under sunlight. 

 These novel anatase TiO2 materials developed in this work are important for a variety 

of applications in catalysts, membranes, optical materials, structural devices, sensors, 

adsorbents, environmental pollution control, and other applications.  

7.3. Further scope of the work 

The novel particular piece of the research work carried out in this investigation has 

tremendous scope of future research. Some of these points may be mentioned as follows. 

 Applications of the prepared TiO2 based materials for various catalysis reactions, 

antifungal coatings on floor and roof tiles, electrical and dielectric applications. 

 Electrical, optical, and dielectric properties in pure TiO2, Fe3+ or Cu2+ doped TiO2, 

and graphene modified TiO2 samples. 

 The prepared materials have good photocatalytic property that may be utilized in 

sensor applications and in water splitting and hydrogen production. 

 The potential use of titania based oxides in the field of solid oxide fuel cell can be 

analyzed. 

 To find out the potential use of the synthesized titania based nanoparticles for 

biomedical and antibacterial applications and for bioremediation. 

 Extent of the practical application of the synthesized nanopowder in the 

photochemical and photophysical applications include photolysis of water 

and light-induced superhydrophylicity. 
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 These TiO2 based nanostructure can find remarkable environmental applications in 

adsorption and removal of other toxic heavy metals e.g., As3+, As5+, Pd3+, Co3+, Cr3+, 

etc. along with degradation of toxic organic pollutants like dye.
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