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Abstract   

       In this study, the structure and electronic characteristics of nitrogen-doped 

anatase TiO2, TiO2 (101) surface, nanocrystal, and nanocluster were investigated 

using first-principles computations. Also,  the influence of impurity location on 

TiO2 electronic properties was studied, which affects photocatalytic properties. 

      Firstly, the electronics properties of the nitrogen-doped anatase TiO2 of the 

pure host lattice are compared. The ab initio calculations were performed by using 

the QuantumEspresso package. The fully optimized structure and the relaxation 

introduced by the impurity were obtained by minimizing the total energy. The 

band structure, the energy gap, and the density of states have been explored. 

GGA/PBE in Quantum espresso was used to do calculations of the structural and 

electronic structure of nitrogen-doped TiO2 anatase as a function of dopant depth 

below the (101) surface. The depth dependence of the formation energy for a few 

N impurity positions was investigated, taking into account both substitutional and 

interstitial sites. Asignificant advantage of interstitial positions over substitutional 

positions and a mild dependence of this formation energy on depth were observed. 

       The length of the bonds surrounding the N-impurity also evolve smoothly 

with the depth. The essential properties of the intra gap impurity states and the 

hole-related spin magnetization density surrounding the N impurity are reported 

in terms of electronic structure. For nanocrystals (TiO2)33, the position of impurity 

function of facets, the formation energy (Ef) of the impurity at different facets of 

nanocrystals at different nitrogen concentrations for substitutional sites have been 

calculated.  

      The formation energy of the N-doped (TiO2)33 nanocrystal at (101) facet was 

low at both low (Ti33O65N1) and high (Ti33O64N2) concentrations. Similarly, at low 

and high concentrations, the lengths of the bonds surrounding the impurity (N) 

dopant varied with the different facets.  
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Regarding the electronic properties, different locations of nitrogen impurity in 

various facets have distinctly different electronic structures. This study observed 

that N-doped (TiO2)33 nanocrystals exhibit various structural and electronic 

properties depending on the dopant facets. Because of these properties, the 

material is selectively suitable for a wide range of purposes and applications. 

Finally , The electronic and optical properties of pure and nitrogen-doped (TiO2)n 

nanocluster were studied theoretically and experimentally. The structural and 

electronic properties of pure and nitrogen-doped TiO2 clusters are investigated 

using density functional theory (DFT) with vibration modes. We obtained the 

characterization using two methods based on theories at the 

QuantumEspresso/PBE and Gaussian/B3LYP/6-31G(d) levels. The properties of 

a single nitrogen-doped (TiO2)n nanocluster were also computed in this study. In 

both cases, interstitial and substitution dopings, all accessible nitrogen at various 

sites was examined.    Furthermore, Supersonic Cluster Beam Deposition (SCBD) 

was used to create pure and nitrogen-doped TiO2 nanoclusters. Atomic force 

microscopy (AFM), X-ray photoelectron spectroscopy (XPS), UV-Vis, and 

Raman techniques were used to characterize these nanoclusters. The binding 

energies (Np, O2s, Ti 2p1/2, and Ti 2p3/2) of N-doped TiO2 were estimated by 

using XPS spectral results. The UV-Vis measurement confirmed the previously 

stated reasoning about the quantum size effect on the band gap of the pure and 

nitrogen doped TiO2 cluster. The theoretical vibrational modes were calculated 

using the B3LYP/6-31G(d) functional via the Gaussian16 code's implementation 

algorithm. The good agreement between simulation and experimental results 

implies that interstitial is more likely than substitutional. N-O vibration modes 

appeared in interstitial doped TiO2, and each vibration was dependent on a 

different cluster structure. 
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Chapter One 

Introduction 

1.1 Background of the study 

     Over the last two decades, advances in nanomaterials science have enabled 

the development of new applications in a number of sectors, including medicine, 

the environment (water treatment), food (purification filters), and industries such 

as electrical, electronics, and energy. Due to surface-to-bulk ratios, size reduction 

from macroscopic to length scales of only a few nanometers can result in 

substantial physical and chemical properties changes.   

     Titanium dioxide (TiO2) is a classic example of a material whose structure and 

properties are highly dependent on its size.  This material has numerous uses, 

such as solar cells (Dharani et al., 2014; Kim et al., 2013) photon sensors (Wang 

et al., 2017) environmental cleansing (Ge et al., 2016), and photo catalysis 

(Bettini et al., 2015; Hussain et al., 2017; Lee et al., 2019; Nam et al., 2018). 

Various experimental and theoretical analyses of titanium dioxide characteristics 

have been published in recent years. Since Density Functional  

     Theory (DFT) is quite possibly the most widely utilized technique for ab initio 

calculations of the structure and properties of compounds, molecules, crystals, 

surfaces, and their collaborations. it has gotten progressively mainstream as of 

late for examining physical and compound properties. The bulk TiO2 has three 

prime polymorphs: brookite, rutile, and anatase (Fig. 1.1). Tetragonal symmetry 

exists in rutile and anatase. Rutile is the most stable under ambient conditions 

and with larger sizes (Mo and Ching, 1995), and anatase is the most stable with 

smaller sizes(Zhang and F. Banfield, 1998). Anatase has a lower packing density 

(3.7 gcm-3) than rutile (4.13 gcm-3), whereas brookite has a density of 3.99 gcm-3. 
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Fig.1.1 Three prime crystal polymorphs of TiO2 (a) Brookite (b) Rutile and (c) 

Anatase. Red balls represent stand for  oxygen atom and grey balls represent 

titanium atom. 

     Moreover, the band gaps of three polymorphs (brookite, rutile, and anatase) 

are (3.1-3.4) eV, 3 eV, and 3.2 eV, respectively (Mo and Ching, 1995). It implies 

That TiO2 is relatively reactive and chemically stable under ultraviolet radiation 

(wavelength 380 nm). Doping TiO2 has recently grown a lot of interest to 

improve TiO2's visible spectrum light absorption capability. Several techniques 

have recently been used to significantly boost the visible light activity of TiO2 as 

a photocatalyst, as well as metal doping (Alotaibi et al., 2020; Banerjee et al., 

2015; de los Santos et al., 2015; Khan et al., 2012) and nonmetal doping (Ansari 

et al., 2016; Bidaye et al., 2010; Hattori and Tada, 2001; Yang et al., 2015) Since 

N-dopants seem to support the photocatalytic action of TiO2 in the noticeable 

light area through bandgap contamination levels, nitrogen doping of TiO2 

assumes a critical part in a considerable lot of these applications. Nitrogen is a 

useful dopant because of its similar atomic size to oxygen, inexpensive 

affordability, and high stability (Burda et al., 2003; Cho et al., 2018; Scanlon et 

al., 2013). Fig.1.2 shows the model constructions for substitutional and interstitial 

N-dopants in the anatase TiO2 phase as well as the valence and conduction bands 
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of non-doped and N-doped TiO2. 

 

Fig.1.2  (a) Valence and conduction bands of non-doped and N-doped TiO2 

schematic diagram(Khan, Adil and Al-Mayouf, 2015). (b) In the anatase TiO2 

phase, model structures for substitutional and interstitial N-dopants. 

 The valence and conduction bands of non-doped and N-doped TiO2 are shown 

in Fig. 1.2. A few occupied N (p) localized states exist just above the valence 

band for substitutional N. The nitrogen atom is connected to three Ti atoms in 

TiO2 and replaces lattices oxygen. The new N-O bond formed localized states 

with N (p) character for interstitial N. The nitrogen atoms in the interstitial model 

are coupled to at least one oxygen atom. Because of its low dimensionality 

(surface effects) and quantum size effect, nano TiO2 has excellent characteristics. 

Due to their desired properties, a variety of TiO2 nanostructures have been 

prepared, including nanoparticles (Zhao et al., 2021), nanotubes(Roy et al., 

2011), nanorods (Alosfur et al., 2019), nanofibers (Roongraung et al., 2020), 

nanoflowers (Ahirrao et al., 2019), and nanoclusters (Shyjumon et al., 2006). 

      In chemistry and physics, the surface is the outermost layer of a material or 

substance; the TiO2 surface is a resource in several applications. Distinct surfaces 

can exhibit different physical and chemical properties. One of the most frequently  
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used theoretical models for analyzing such surfaces is the slab model. The slab 

can be created by repeating the bulk unit cell and then cutting the repeated cell in 

a specific direction to imitate a surface thickness (Diebold, 2003; M. Harrison et 

al., 1999). Because the surfaces are bonded to the bulk, the 2D bulk-terminated 

lattice constants would be maintained. The energy of a firm material's ending 

surface is consistently higher than that of the bulk, and this energy contrast is 

known as the surface energy. Heterogeneous surfaces have different surface 

energies. 

     Furthermore, due to its low surface energy, anatase TiO2 is more stable at the 

nanoscale (Barnard et al., 2005). The anatase TiO2 (001) surface has higher 

surface energy than the thermodynamically stable (101) surface, and it is 

predicted to have promising photocatalysis (Vittadini et al., 1998). Because the 

TiO2 anatase phase can be made accessible to the surface in a wide range of 

significant technological applications, there has been a surge in interest in 

studying TiO2 surfaces in recent years. When the size of the material is lowered 

to the nanoscale, the surface effect becomes the dominant feature of the material. 

(Haruta and Daté, 2001; Molina and Hammer, 2005). As a result, engineering 

surface structures, or purposefully exposing specific facets with high energy and 

reactivity, has emerged as a promising research direction in recent years, 

intending to improve material qualities.  

     The Wulff construction can calculate the equilibrium morphology of a 

material based on the surface energy of all facets. Surface energy reduction is the 

main criteria for optimizing the composition of the crystal surface in the Wulff 

construction. For each reactant, distinct facets of anatase TiO2 showed varying 

activity.  

 

 

     The Wulff construction is a computing method of the shape that minimizes a 

fixed volume's total surface free energy (Wulff, 1901), for example, the geometry 
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of anatase under equilibrium conditions, according to the Wulff construction and 

computed surface energy, is a slightly truncated tetragonal bipyramid 

encompassed by the eight isosceles trapezoidal surfaces of (101),(011) and two 

top squares of (001) (Lazzeri et al., 2001). Facet reactivity and activity are 

proportional to their surface energy in theory. Many efforts have been made to 

fabricate anatase TiO2 for this purpose (Dinh et al., 2009; Fang et al., 2011; Lu 

et al., 2011; Ong et al., 2014). Both theoretical and experimental research on the 

photocatalytic action of TiO2, quite possibly the main semiconductor photograph 

impetuses, have shown that the (001) aspects are significantly more receptive 

than the (101) features(Gong and Selloni, 2005; Han et al., 2009). 

Yang et al.(H. G. Yang et al., 2009) effectively integrated nano-size single 

crystallites with a high level of 001 feature (at first 47 %, and later 64 % in the 

wake of further developing the response conditions) from an aqueous response 

TiF4 and HF. Among the revealed facets, (111) aspects have the highest surface 

energy (1.61 J m2) (Chen et al., 2015). 

     New variations in current history, TiO2 nanostructures, have seen significant 

use in photocatalysis. The word "nanocluster" refers to particles of any matter 

larger than ordinary molecules but too small to exhibit distinctive bulk features. 

Because the ratio of surface to volume atoms increases as cluster size decreases 

(Schmid et al., 1999), smaller size TiO2 clusters have more active sites due to the 

high density of surface corner and edge atoms. As a result, there has been a 

significant amount of experimental (McIntyre et al., 1971; Yu and Freas, 1990) 

and theoretical (Albaret et al., 2000) researches on titanium nanoclusters. As is 

mentioned in the present literature review, a few computational examinations 

have investigated the development and stability of (TiO2)n clusters.  

     The extraordinary idea of nanoclusters, regardless of whether they comprise 

atoms or molecules, can be followed back to electron quantum control, which 

brings about an adjustment of pertinent properties when contrasted with the bulk 

material. The examination of a progression of nanoclusters throughout the last 
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decade uncovered that it is sensible to expect quantum confinement in metal 

particles somewhere in the range of (1-10)nm, whereas nanoclusters of 

semiconductors show quantum size behavior at larger sizes due to the different 

conditions in the bulk (Edwards et al., 1999) Effects of quantum size: Because 

the electronic wave elements of conduction electrons are delocalized over the 

whole particle in semiconductors, the energy gap between the conduction and 

valence bands shows a blue shift with diminishing particle size, partly depending 

on the type of the material. 

     The quantum size dependence in metal and semiconductor nanoclusters are 

differen  and  gap  shifting due to the change from bulk to nano-scale. Kubo gap 

have been explained by many author (Edwards et al., 1999; Schmid et al., 1999). 

As a result, such clusters are frequently referred to as 'pseudo-atoms.' As shown 

in Fig.1.3, the HOMO–LUMO bandgap of semiconductor particles, and thus 

their absorption and fluorescence wavelengths, becomes size-dependent. By 

varying the cluster size, ionization potentials and electron affinities are tuned 

between atomic values and the bulk material's work function. All these properties 

are related to the availability of electrons for bond formation or active 

participation in redox reactions. As a consequence, catalytic activity and 

selectivity also become size-dependent (Roduner, 2006). 
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Fig.1. 3 A comparison of the energy gap of various semiconducting materials: 

bulk, nanocrystal, and nanocluster. 

1.2. Literature review with the problem statement 

1.2.1 Nitrogen-doped TiO2 (101) surface simulation  

     Several experts have focused on the surface of TiO2 in ongoing work; Di 

Valentin et al. (Di Valentin et al., 2004) investigated the electronic and optical 

properties of TiO2 modified by substitutional N-doping in the bulk. Lising density 

functional theory (DFT) they showed that, in different crystalline structures and 

densities, N-doping has quite different effects. In particular, in the two main 

forms of TiO2, anatase and rutile, it exhibits opposite effects on the photoactivity, 

leading to a red shift and a blue shift of the absorption edge, respectively. More 

recent simulations of nitrogen-doped anatase have advocated that under typical 

experimental conditions, nitrogen may prefer to substitute at a Ti by Si (Chen and 

Dawson, 2015) .However, this doping site has been ruled out by more recent 

experimental investigation (Wojtaszek et al., 2019) and it will not further be 

considered it here.Yang et al. (Yang et al., 2007)  utilized DFT computations 

tofind out  the impact of nitrogen concentration on both the formation energy and 

electronic band structures of      N-doped TiO2 anatase. Wu et al. (Wu et al., 2012) 
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utilized a DFT + Hubbard U technique to investigate the impact of dopant 

concentration on the crystal structure, impurity formation energy, and electronic 

properties of N-doped anatase TiO2. They showed that substantial nitrogen 

doping of anatase brings about a narrowing of the band gap and an extending of 

the valence band.   

     Ceotto et al. (Ceotto et al., 2012)  utilized a combined DFT and EXAFS 

method to study the nitrogen area in nano fine N-doped TiO2: they assessed the 

typical Ti-closest neighbor distances that EXAFS analyzes and contrasted them 

with DFT computations at various degrees of doping. They additionally showed 

that the arrangement of oxygen vacancies occurs at higher dopant concentrations. 

     Tao et al. (Tao et al., 2009) determined the magnetism and electronic designs 

of nitrogen-doped anatase TiO2 utilizing first-principles computations. They 

showed ferromagnetism in N:TiO2 and attributed it to the hole-mediated double 

exchange through the strong p–p interaction between N and O. Spadavecchia et 

al(Spadavecchia et al., 2011), performed optical and electrochemical 

characterizations related to first-principles computations on unadulterated and N-

doped titanium nanocrystals, showing that doping, which presents opening states 

in the band gap, had no impact on the position of the conduction band edge. The 

dopant distance from the crystal surface is required to influence the optical 

properties of N doping. It is in this manner essential to acquire an orderly 

comprehension of whether N impurities will, in general, live at the surface layers 

of TiO2 or more profound inside the bulk. In contrast, underlying pure TiO2 (101) 

surface investigations are accessible(Treacy et al., 2017). 

     According to the reviewed literature, the position of dopand nitrogen in TiO2 

is unknown relative to the surface. NO systematic investigation is found for the 

depth dependence of the formation energy due to N impurities in TiO2. However; 

this works focuses on nitrogen doping  position relative to TiO2 ,its surface  

anatase and its effect on electronic properties. According ,attemps will go further 

to  investigate the (101) surfaces depth effect on  the equilibrium, electronic 
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structures, and magnetic properties of substitutional and interstitial N doping, 

scince this is the most stable surface in this study.  

1.2.2 Nitrogen-doped (TiO2)n nanocrystal   

     Despite the numerous investigations the properties of  TiO2, more research is 

required to understand the structure and nanocrystal  TiO2 in comparison to its 

bulk or slab forms. That is since the semiconductor nanocrystal engineering has 

evolved into a critical strategy for improving TiO2's physicochemical properties 

(Alizadeh et al., 2020; Liu et al., 2011). TiO2 nanoparticles have an anatase-like 

crystal size of about 2-3 nm in diameter in theory (Lamiel-Garcia et al., 2017). 

The surface energies of the facets (101), (011), and (001) of the bipyramid TiO2 

anatase structure are 0.44, 0.90, and 1.09 Jm-2, respectively(Andres et al., 2015; 

Barnard and Zapol, 2004; Moura et al., 2014). Using ab initio DFT, Lazzeri et al. 

(Lazzeri et al., 2001) investigated the structure and energy of numerous 

stoichiometric TiO2 anatase surfaces cut directly from the bulk. Abbasi and 

sardroodi (Abbasi and Sardroodi, 2018) investigated the interaction of CH2O and 

SO2 molecules with TiO2 anatase nanocrystals using DFT calculations. Kim et 

al. (Kim et al., 2016) investigated the properties of O vacancies in (TiO2)35, a 

prototype of anatase nanoparticles, using DFT calculations. They discovered that 

the structure of pure (TiO2)35 differs significantly from that of bulk lattice, with 

a much higher surface to volume ratio, because of the defect state's low O 

vacancy formation energy and narrow band gap. 
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1.2.3. Nitrogen-doped (TiO2)n nanocluster 

      Chemical reactions have been used in a variety of ways to produce particles 

with sizes ranging from 1 to 50 nanometers. These procedures range from simple 

precipitations to chemical reductions, including hydrolysis processes and thermal 

decompositions.However controlling the size of the nanocluster found to be very 

difficult and a hard to be obtained. In recent years, works on the physical and 

chemical properties of TiO2 nanoclusters have been carried out by both 

experimental as well as theoretical method . Shyjumon et al. (Shyjumon et al., 

2006) used magnetron sputtering to prepare titanium clusters on a silicon 

substrate, and their aggregation in the ambien of an argon gas flow. Clusters have 

typical sizes ranging from 8 to 13 nm. 

     Drabik et al. (Drabik et al., 2011) examined the construction and creation of 

titanium nanocluster films arranged to utilize a gas Aggregation Cluster Source.  

Accordinf to the report  films are oxidizes immediately as exposed to the ambient 

atmosphere. Srivastava et al.(Srivastava et al., 2014)  effectively prepared and 

stored size-selected TiO2 nanoclusters (from 2 to 15 nm) on three unique 

substrates of silicon, glass, and quartz, at room temperature. Their samples are 

prepared by gas-phase aggregation in a special magnetron sputtering system. 

Chiodi et al.(Chiodi et al., 2012) utilized supersonic cluster beam deposition 

technique to produce a group collected co-doped Cr-N TiO2 that drastically 

upgraded the absorbance in the noticeable and close infrared areas. However; the 

spectroscopic information showed that the general impact of N and Cr 

substitutional co-dopants brings about the presence of new electronic states at the 

highest point of the Valence band (VB).  

Andreev et al.(Andreev et al., 2012) explored the Ti8O16 cluster, which was 

utilized to demonstrate the TiO2 reduction through cooperation with nuclear 

hydrogen.  

     A. Arab et al., (Arab et al., 2016) utilized DFT to examine the electronic 

construction and reactivity of (TiO2)n (n=1-10) nano-clusters. Cluster stability 
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was discussed using binding energy per atom, second-order energy difference, 

and fragmentation energy. A. Iwaszuka et al., (Iwaszuk et al., 2013) examined 

(TiO2)n nanoclusters (n=5, 6, 8, 16, 30) that saved on t TiO2 rutile (110) surface 

to frame a novel heterostructure that can work as a new visible light active 

photocatalytic materials. 

     M. Fronzi et al. (Fronzi et al., 2016) exhibited the impact of TiO2 nanocluster 

alteration on structure, light retention, and charge transporter confinement, giving 

valuable rules to further developing TiO2 photocatalytic (UV and vissible light) 

movement, which will be helpful for oxidative corruption of organic pollutants 

or CO2 decrease by utilizing joined DFT recreation and experimentation. A. 

Mohajeri et al (Mohajeri and Haghshenas, 2016) in light of their high surface to 

volume proportion. They utilized first principles calculations to examine the size-

subordinate advancement of synthetic reactivity and site selectivity of (TiO2)n 

nanoclusters with  n=5-10.       

     O. Lamiel-Garcia et al. (Lamiel-Garcia et al., 2017) found that anatase-like 

crystallinity arises in titanium nanoparticles with a 2-3 nm dimention when 

contrasted with accessible trial information. 

     R. Valero et al.,(Valero et al., 2018) Based on the analysis of the frequency-

dependent dielectric function in the independent particle approximation within 

the framework of DFT, the optical absorption spectra of (TiO2)n (n=1-20) 

nanoclusters and (n=35,84) nanoparticles are  investigated computationally in 

both gas phase and in water as solvent. 

 To examine the effect of size and shape on charge recombination in TiO2 

nanoparticles, Yeonsig Nam et al.,(Nam et al., 2018) utilized non-adiabatic sub-

atomic elements calculations joined with continuous time-subordinate DFT NPs. 

They considered both octahedral (10, 35, and 84 TiO2 units) and 3D square 

octahedral (29, 78, and 97 TiO2 units) nanoclusters with sizes going from 1 to 3 

nm utilizing the Wulff building strategy. 

Villanueva et al. (Salazar-Villanueva et al., 2015) utilized DFT to research the 
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underlying and electronic properties of Ti9XO20 (X = Ti, C, Si, Ge, Sn, and Pb) 

clusters to give an option in contrast to experimental strategies for growing new 

materials with high synergist applications. Qu and Kroes et al. (Qu and Kroes, 

2006) utilizing the DFT with B3LYP/LANL2DZ strategy, the electronic 

construction and steadiness of both nonpartisan and independently charged 

(TiO2)n groups with n=19 were researched. It was found that the steady 

construction of TiO2 nanoclusters would result in a general frame with a minimal 

design with a couple of Ti–O terminal bonds. 

     According to the literature, TiO2 clusters are a common choice for 

photocatalyst, due to their high photoactivity, good stability, strong corrosion 

resistance, and affordable price. However, because of the wide band gap of TiO2 

nanoclusters, there are specific issues with using TiO2 as a photocatalyst. 

Preparing nanoclusters of small size is difficult. While a few studies have focused 

on small-scale doping nanoclusters, this statement has to be supported by 

extensive practical and theoretical investigation. Using pseudo sub-atomic 

elements and continuous time-dependent DFT, the effects of size and shape on 

the charge transporter elements of TiO2 nanoparticles were explored. 

     In recent years, a few researchers have focused on the band gap of TiO2 as a 

function of particle size theoretically and experimentally. S. Monticone et al. 

studied the TiO2 anatase crystalline phase, and no variation of the band gap 

energy with size down to 2 R≥1.5 nm was observed (Monticone et al., 2000). 

Lin et al. have predicted that there is no variation of the bandgap energy with the 

size, depending on UV–vis absorbance measurements. Moreover, they 

synthesized TiO2 crystallines of different particle sizes by the MOCVD method 

(particle size ranged between 12 and 29 nm). They found that the band gap of the 

TiO2 nanoparticles is a function of the primary particle size (Lin et al., 2006). M. 

Karkare (Karkare, 2014) showed that the band gap increased with the particle 

size. The absorption edge was shifted to higher energy (blue shift) with 

decreasing particle size decreasing. He showed that a smaller crystallite size (8.4 
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to 10.6 nm) should have a larger band gap 3.4 eV.  S. Mandal et al. (Mandal et 

al., 2019) studied the optical band gap of these nanocomposites for pure TiO2, 

and they used the band gap= 3.7 eV as a reference. 

1.3 Significance of the study 

     As indicated in the introduction, nitrogen-doped TiO2 nanostructure has 

numerous applications in the industry. Significant advancements in the study of 

the depth and facet dependence of the formation energy for a few positions of the 

N impurity have a significant impact on its electronic characteristics. The 

relevance of this study is that to look into the advantages of interstitial versus 

substitutional for particular N impurity sites. Consequently, these impurity levels 

can have significant implications for doping diagnostics and applications 

requiring visible absorption. In conclusion, the findings of this study, obtained 

by computer simulations, whish is used to enhance and interpret information that 

previously provided by experiments. The role of size and doped nanocluster on 

electrical and optical characteristics is another important aspect in this work. 

Despite the continuous change in electronic characteristics with metal oxide size 

from nano to molecular scale, it is a fascinating scientific subject that provides 

useful directions for improving photocatalytic performance (UV and visible 

light). The TiO2 nanocluster's absorption edge is created and moved to a higher 

energy state (blue shift). This results in peculiar features, which are significant in 

various applications, including catalysis, sensors, optoelectronics, and magnetic 

devices. 
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1.4 Research Objectives 

 

     The following goals are pursued in this research using ab-initio 

DFT techniques and Quantum espresso code. 

1. To determine the structural and electronic properties of bulk anatase TiO2.  

2. To investigate the structure and electrical characteristics of pure and 

nitrogen-doped TiO2 (101) surfaces. 

3. To investigate the structure and electrical properties of pure (TiO2)33 

nanocrystals and those doped with nitrogen. 

4. To find out more about pure and nitrogen-doped TiO2 clusters, both 

theoretically and experimentally,the following are applied; 

i.     Examintion of  the electronic properties of pure TiO2 and nitrogen-

doped nanoclusters theoretical in terms of formation energy, bond 

strength, electronic density of states, and projected density of state. 

ii.     Spectral investigation of pure and nitrogen-doped TiO2 nanoclusters 

generated in a supersonic cluster beam using AFM, XPS, UV-Vis, 

and Raman spectroscopy. 
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1.5 Thesis Organization 

     The thesis is organized in the following way: 

Chapters 1: Introduction and some background information on pure and doped 

TiO2: surface, Nanocrystal, and Nanocluster, as well as a literature review of the 

recent theoretical and experimental work on TiO2: surface, nanocrystal, and 

nanocluster, with a problem statement, the significance of the study and research 

objectives. 

Chapter 2: Methods for calculating electronic structure based on Quantum 

many-body problems are reviewed. Starting with Hohenberg-Kohn theory and 

Kohn-Sham method, the chapter focuses on the fundamental principles of density 

functional theory. In the local density approximation and the generalized gradient 

approximation, the functional forms of exchange and correlation are introduced. 

Chapter 3: It is divided into two parts; the first part introduces certain codes and 

their applications on bulk and nanoparticles, as well as the plane-wave basis set 

in the Quantum espresso code and Gaussian 16. It also covers the survey's 

methodologic al aspects and models. The approach and system utilized to prepare 

pure and TiO2 nanoclusters, as well as the instruments used to characterize them, 

are described in the second part. 

Chapter 4: The results of the research work and the discussions of the structure 

and electronic characteristics of pure and nitrogen-doped TiO2 surfaces, 

nanocrystals, and nanoclusters are displayed. Morphology, optical (band gap), 

and Raman-active vibrational mode of pure and N doped TiO2 produced by 

supersonic cluster beam investigated experimentally are illustrated in this 

chapter. 

Chapter 5: The conclusion of the reported research, alongside suggestion for 

possible future works, are presented in this chapter. 



16 

Chapter Two 

Theoretical background 

2.1 Introduction 

     This chapter provides an overview of the theoretical foundations of DFT, from 

fundamental quantum mechanics to quantum many-body problems. The DFT-

based calculations has been successfully used to analyze molecules, crystals, and 

nanostructured materials. A brief description of electron structure calculations, 

electron approximations, Hartree-Fock (HF) and DFT theoretical perspective is 

provided. The exchange-correlation functional and the atomic pseudopotential 

formalism are also established.  

2.2 Quantum many-body Problems 

     Many-body physics investigates problems that are common to nuclear 

physics, atomic physics, and metal electron theory. Deciphering the quantum 

mechanical problems is that  associated with the surface as atoms, molecules, 

solids, and their interfaces is important to a wide selection of physics, chemistry, 

and materials science subjects. Dirac and others have highlighted the need for 

approximate and realistic methods that apply quantum mechanics to describe the 

major components of complex atomic systems without the use of unnecessary or 

excessive computations since the beginning of quantum mechanics.  

It is not a new phenomenon that feature-based models are becoming more 

popular. In fact, following the acceptance of the atomic hypothesis, van der 

Waals proposed a state equation based on two physical characteristics.  

In physics and chemistry, machine learning (i.e., fitting parameters within a 

model) has been extensively used. Even though the word "machine learning" can 

seem to be recent, the technique is old. Quantum computing algorithms could 

solve quantal many-particle problems as well. 

High-level ab initio calculations have recently been used to practice machine 

learning algorithms to match high-dimensional interaction models and make 
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informed predictions about material properties. The ab-initio calculations include 

solving a quantum many-system interacting problem involving atomic nuclei and 

electron coordinates. 

The electronic charge density is the basic quantity used to determine the ground 

state properties of a many-body quantum system in Density Functional Theory 

(DFT) (Parr, 1980; Probert, 2011).  

DFT is a substitute formulation of Schrödinger's quantum mechanics view, and 

it represents a significant advancement in the use of computer simulations in the 

fields of material science and nanosystems. In contrast to other techniques, DFT 

calculations enable atomic scale investigations of phenomena, evolving into a 

fundamental tool that complements experimental observations, resolves open 

convolutions, and intricacies concerning nanomaterial properties, and novel 

design. DFT-based research has been used to analyze molecules, crystals, and 

nanostructured materials and it has proven to be quantitatively predictive. 

 2.3 Many -electrons Schrödinger equation 

      The starting point toward finding the properties of a system is the many-body 

Schrödinger equation: 

�̂�Ψ(𝒓1‚ … . 𝒓𝑁 . 𝑹1. … . 𝑹𝑀) = 𝐸𝑡𝑜𝑡Ψ(𝒓1‚ … . 𝒓𝑁 . 𝑹1. … . 𝑹𝑀) … …  2.1 

where  is the wave function for the electrons and the nuclei together,  and  

are the coordinates of electrons and nuclei, respectively, N and M are the number 

of electrons and nuclei, respectively, Etot is the total energy of the system having 

the Hamiltonian , which can be expressed as a sum of kinetic and potential 

operators: 

�̂� = −ℏ2 ∑
𝛻𝑖

2

2𝑚𝑒
𝑖

− ℏ2 ∑
𝛻𝑖

2

2𝑚𝑝
𝑖

+
1

2
∑

𝑒2

|𝒓𝒊 − 𝒓𝒋|
𝑖≠𝑗

− ∑
𝑍𝑝𝑒2

|𝒓𝒊 − 𝑹𝑷|
+

1

2
∑

𝑍𝑝𝑍𝑞𝑒2

|𝑹𝑷 − 𝑹𝒒|
       … … … … .  2.2

𝑝≠𝑞𝑖,𝑗

 

where the first and fourth terms are the kinetic energies of electrons and nuclei, 
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respectively, and the second, third and the last terms are the electron-nuclei, 

electron-electron and nuclei-nuclei potentials, respectively.  

 

  

 

 

 

 

 

 

 

 

Fig. 2.1 Molecular coordinate system (many body problem systems). 

     The physical and chemical properties of matter can be exactly determined by 

solving many-body Schrödinger equation. But in many cases this task is di-cult 

because too many particles interacting with each other (i.e electrons and ions, and 

consider Avogadro number ∼ 1023) and Schrödinger equation cannot be easily 

decoupled into a set of independent equations. Additionally, a system consists of 

different kinds of particles which obey different particular statistics.  

     The electrons obey the Fermi-Dirac statistics so the electronic wave functions 

should be antisymmetric and the nuclei can be fermions, bosons or 

distinguishable particles. To solve the Schrödinger equation some 

approximations are necessary. The first one is Adiabatic Approximation (Born-

Oppenheimer approximation). 

2.3.1 Born Oppenheimer Approximation 

     The first approximation to simplify the many-body Schrödinger equation with 

degree of freedom (3M+3N) is the separation of the electronic and nuclear degree 

of freedom according to the Born-Oppenheimer approximation (BOA). This can 

be done under pretext that the nuclei are much massive than the electrons and its 
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kinetic energy is thus much less than the kinetic energy of the electrons. In that 

configuration, the wave function of the system can be separated: 

  Ψ(𝒓𝟏. … . 𝒓𝑵; 𝑹𝟏. … . 𝑹𝑴) = 𝜓(𝒓𝟏. … . 𝒓𝑵)𝜙(𝑹𝟏. … . 𝑹𝑴) ≡ 𝜓(𝒓)𝜙(𝑹)    2.3     

where 𝜓(𝒓)  is the wave function of the electrons and 𝜙(𝑹) is the wave function 

of the nuclei. This separation decouples the electronic Schrödinger equation from 

nuclei Schrödinger equation. By substituting equation (2-2) and (2-3) into 

equation (2-1), applying the BOA and using atomic units (ℏ = 𝑒 = 𝑚𝑒 =
4𝜋

𝜖𝑜
=1), 

the electronic part of the Schrödinger equation will be: 

[− ∑
1

2
∇𝑖

2

𝑖
+ ∑

𝑍𝐼

|𝐫𝐢 − 𝐑𝐈|
𝑖,𝐼

+
1

2
∑

1

|𝐫𝐢 − 𝐫𝐣|𝑖≠𝑗

] 𝜓(𝒓) = 𝐸 … … …  2.4           

where E is the electronic energy. One can notice that the Hamiltonian in Eq.(2-

4) does not contain the kinetic energy of the nuclei, This is implies that the nuclei 

are static and the electrons are subject to a fixed potential of the nuclei. 

     The exact solution of the many-electrons Schrödinger equation, Eq. 2.4 which 

has 3N degree of freedom, remains impossible. The first form of DFT reduces 

the degree of freedom to only 3 as the results of considering the density of the 

whole system instead of complicated wave function of each electron. 

2.3.2 Hartree and Hartree-Fock Methods 

      In 1928 Hartree (Hartree, 1928) proposed a method for solving many-body 

electronic Schrödinger equation. According to that the many-electron wave 

function can be written as a product of one-electron wave functions and each 

electron sees an effective potential generating by other electrons and ions. Then 

the ground state of the many body Hamiltonian can be solved from variational 

principle. The Hartree formulation can be summarized as: 

                         𝛷(𝑹. 𝒓) = ∏ 𝜑(𝐫𝐢 )𝑖 … … … … … … … … … . .  2.5 
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(−
ℏ2

2𝑚
+ 𝑉𝑒𝑓𝑓

𝑖 (𝑹, 𝒓)) 𝜑 = 휀𝑖𝜑(𝐫) … … … … … … … … … . .2.6 

     The effective potential is the sum of the potential of ions at positions R (V 

(R, r)) and the electrostatic potential generated by the charge distribution 

∑ 𝜌𝑗(𝑟)𝑁
𝑗=𝑖 as: 

𝑉𝑒𝑓𝑓
𝑖 (𝑹, 𝒓) = 𝑉(𝑹, 𝒓) + ∫

∑ 𝜌𝑗(𝒓)𝑁
𝑗=𝑖

|𝐫 − 𝐫′|
… … … … … … … … .2.7 

                                   𝜌𝑗(𝒓) = |𝜑𝑗|
2
       ………………….. 2.8 

Since the effective potential depends on the eigenstate, thus the solution, this 

becomes Self-Consistent Field (SCF) problem which has to be solved iteratively. 

The method works as follow. Starting from a appropriate trial wave function the 

electronic density (ρj (r)) can be found from Eq. 2.8 and eective potential can be 

calculated from Eq. 2.7 After solving Schrödinger equation, the procedure is 

repeated several times with new wave functions until the self-consistency is 

achieved. The total energy of the system is then 

𝐸𝐻 = ∑ 휀𝑛
𝑁
𝑛= − ∬

𝜌(𝒓)𝜌(𝒓)′

|𝒓−𝒓′|
   ………………..2.9 

where ρ(r) is the nal electronic charge density and εn is the eigenvalue 

corresponding to n th electron. Note that the total electronic energy is not just the 

sum of eigenvalues of electrons because the eective potential in the formulation 

is counted twice. Since the electrons are fermions, Hartree formulation can be 

improved by considering the Pauli exclusion principle such that the many-

electron wave functionis replaced by the antisymmetrized many-electron wave 

function in the from of Slater (Slater, 1929) determinant as: 

Φ(𝑅, 𝑟) =
1

√𝑁𝑖
|

𝜑1(𝒓𝟏, 𝜎1)    𝜑1(𝒓𝟐, 𝜎2) … . . 𝜑1(𝒓𝑵, 𝜎𝑁)

𝜑2(𝒓𝟏, 𝜎1)    𝜑2(𝒓𝟐, 𝜎2) … … 𝜑2(𝒓𝑵, 𝜎𝑁)
…               …                         …

𝜑𝑁(𝒓𝟏, 𝜎1)   𝜑𝑁(𝒓𝟐, 𝜎2) … … 𝜑𝑁(𝒓𝑵, 𝜎𝑁)

| ....2.10 
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The approximation is called Hartree-Fock(Hartree, 1928)and works 

similar as Hartree approximation except that the additional coupling term (i.e 

exchange) appears in the Schrödinger equation as: 

 

(−
ℏ2

2𝑚
∇2 + 𝑉(𝑹, 𝒓) + ∫

∑ 𝜌𝑗(𝒓′,𝜎′)𝑁
𝜎′,𝑗=1

|𝒓−𝒓′|
) 𝜑𝑖(𝒓, 𝜎) −

∑ (∑ ∫
𝜑𝑗  

∗ (𝒓′,𝜎′)𝜑𝑖(𝒓′,𝜎′)

|𝒓−𝒓′|𝜎′ 𝑑𝑟′)𝑁
𝑗=1 𝜑𝑗(𝒓, 𝜑) = ∑ 𝜆𝑖𝑗𝜑𝑗

𝑖
𝑗=1 (𝒓, 𝜎)  ...2.11 

 

Both methods are simple but have some disadvantages. First, the computational 

time increases rapidly with increasing number of electrons. Second, many body 

correlations are neglected in the formulation. 

2.4 Density functional theory (DFT) 

      DFT uses functionals, that is, a function of another function. For example, 

the total energy of the ground state (GS) can be determined as a functional of the 

GS density of electrons. the first work within DFT framework has been published 

in 1964 by Hohenberg and Kohn  (Hohenberg and Kohn, 1964) : the two 

Hohenberg-Kohn (HK) theorems. In 1965, Kohn and Sham have improvement 

ideas behind the HK theorems(Kohanoff and Gidopoulos, 2003).  

2.4.1 Hohenberg-Kohm theorems 

     Hohenburg and Kohn theory describe the electron-nuclei system as a number 

of interacting electrons in a large box and effected by an external potential ext(r) 

arising from the nuclei. In other words, an interacting electron gas subjected to a 

static potential produce by fixed nuclei.  The two HK theorems and their proofs 

are listed as follows: 

Theorem 1: For a system of interacting electrons, the external potential ext(r), 

apart from a trivial additive constant, is uniquely determined by the ground state 

electron density no(r). 

To prove that ext(r) is uniquely determined by no(r), suppose the opposite, that 

https://en.wikipedia.org/wiki/Pierre_Hohenberg
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is, the potential is not uniquely determined by the density. Assume that another 

potential ’ext(r) gives rise to the same GS density no(r). Obviously, the two 

potentials ext(r) and ’ext(r) give two different Hamiltonians �̂�  and �̂�′ and two 

different wave functions   and ’ associated with the eigenvalues Eo and E’o, 

respectively. Clearly, unless ’ext(r) – ext(r) = constant, ’ cannot be equal to. 

Therefore, according to the minimal property of the ground state, one has: 

   𝐸𝑜 =  ⟨𝜓|�̂�|𝜓⟩˂ ⟨𝜓′|�̂�|𝜓′⟩ …………………..2.12 

or 

𝐸𝑜 ˂ ⟨𝜓′|�̂�′|𝜓′⟩ + ⟨𝜓′|�̂� − �̂�′|𝜓′⟩ 

= 𝐸𝑜
’ + ∫ 𝑛(𝒓){𝑣𝑒𝑥𝑡(𝒓) − 𝑣𝑒𝑥𝑡

’ (𝒓)}𝑑𝒓 …………………….2.13 

Now, the situation can be reversed by interchanging primed and unprimed 

quantities, and in exactly the same way, one obtains as follow: 

𝐸𝑜<
’  ⟨𝜓|�̂�′|𝜓⟩ = ⟨𝜓|�̂�|𝜓⟩ + ⟨𝜓|�̂�’ − �̂�|𝜓⟩ 

= 𝐸𝑜 − ∫ 𝑛(𝒓){𝑣𝑒𝑥𝑡(𝒓) − 𝑣𝑒𝑥𝑡
’ (𝒓)}𝑑𝒓 ………………………2.14 

 

Addition of equations (2-13) and (2-14) leads to the following inconsistency:     

                𝐸𝑜 + 𝐸𝑜
′ < 𝐸𝑜

′ + ⋯ … … … … … … … … … … … … …2.15 

Equation (2-15) is illogical, so there is noext(r)  ext(r) that corresponds to the 

same electronic density for the GS. That is, there is a one-to-one correspondence 

between anext(r) and the density . But theext(r) determines, so that also 

must be a unique functional of the n(r). They have showed that GS properties of 

a system, including the energy, can be expressed as functionals of the GS electron 

density  uniquely determined by the knowledge of the density of the electrons 

alone. This proof is for a non-degenerate case and can be readily extended to a 

degenerate one. 

Theorem 2: For any ext(r), one can define an energy functional of electron 

density E[n(r)]. The density that minimizes this energy functional is the ground 

state density no(r). 
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Relying on Theorem 1, that is, the electron density uniquely determines all 

properties, and since  is a functional of 𝑛(𝒓), the energy of a system of electrons 

subjected to an external potential ext(r) can be expressed as: 

𝐸[𝑛(𝒓)] = ⟨𝜓|�̂�𝑒 + �̂�𝑒𝑒 + �̂�𝑒𝑥𝑡|𝜓⟩…………………….…2.16 

Obviously, the correct GS n(r) will give the GS energy Eo. 

Since the �̂�𝑒 and �̂�𝑒𝑒 are kinetic energy of the electrons and electron-electron 

interaction potential, the expression: 

𝐹[𝑛(𝒓)] = ⟨𝜓|�̂�𝑒 + �̂�𝑒𝑒|𝜓⟩ …………………………….2.17 

is a universal functional of the density which means that it does not depend on 

anything else other than the electron density. That is, Eq.(2-17) is valid whatever 

the external potential and number of electrons. Then, Eq.(2-12) can be written as: 

𝐸[𝑛(𝒓)] = 𝐹[𝑛(𝒓)] + ⟨𝜓|�̂�𝑒𝑥𝑡|𝜓⟩ ………………………2.18 

with 

⟨𝜓|�̂�𝑒𝑥𝑡|𝜓⟩ ≡ ∫𝑒𝑥𝑡(𝒓)𝜓∗(𝒓)𝜓(𝒓)𝑑𝒓 = ∫𝑒𝑥𝑡(𝒓)𝑛(𝒓)𝑑𝒓 ….2.19 

Thus, Eq. (2-18) becomes: 

𝐸[𝑛(𝒓)] = 𝐹[𝑛(𝒓)] + ∫𝑒𝑥𝑡(𝒓)𝑛(𝒓)𝑑𝒓  ……………………2.20 

Equation (2-20) defines the energy functional E[n(r)] of electrons subjected to 

any ext(r). 

Now, to prove that the energy functional [Eq.(2-20)] takes its minimum for any 

ext(r) if n(r) was the true GS electron density, assume that o is the GS wave 

function and no(r) is the corresponding GS electron density. Then, for any trial 

wave function  having the density n(r), one has: 

 𝐸 = 𝐸[𝑛(𝒓)] =  ⟨𝜓|�̂�|𝜓⟩ ≥ ⟨𝜓𝑜|�̂�|𝜓𝑜⟩ = 𝐸[𝑛𝑜(𝒓)] = 𝐸𝑜 … … …2.21 

Equation (2-21) implies that if the functional E[n(r)] was known, then its 

minimization, with respect to n(r), will give the exact GS density no(r) and GS 

energy Eo provided the constrained: 

                          ∫ 𝑛(𝒓)𝑑𝒓 = 𝑁  ……………………………2.22 

is fulfilled, where N is the number of electrons. The application of variational 
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principle leads to the Euler-Lagrange equation: 

𝛿{𝐸[𝑛(𝒓)] − 𝜇[∫ 𝑛(𝒓)𝑑𝒓 − 𝑁]} = 0   ………………….…….. 2.21 

that is, 

𝛿{𝐹[𝑛(𝒓)] + ∫𝑒𝑥𝑡(𝒓)𝑛(𝒓)𝑑𝒓 − 𝜇[∫ 𝑛(𝒓)𝑑𝒓 − 𝑁]} = 0 …….2.24 

where  is the Lagrange multiplier corresponding to the constraint of Eq.(2-22) 

and is given by: 

μ =
δE[n(𝐫)]

δn(𝐫)
=

δF[n(𝐫)]

δn(𝐫)
+ ext(𝐫) ……………………………2.25 

      The HK theorems prove the one-to-one relationship between n(r) and, and 

that the minimum energy corresponds to the correct GS electron density. 

However, they do not suggest how to construct the density, its representation to 

the kinetic energy is really inappropriate and even it does not show a practical 

method to find the GS properties of the system from the electron density. This 

problem was resolved by Kohn and Sham  and by that they made the HK 

theorems practically useful. 

Consider, for example, the system of electrons and nuclei whose electronic 

Schrodinger equation is given by Eq.(2-4). The first term of Eq.(2-4) represents 

kinetic energy of the system which is the same in all systems of electrons, 

𝑣𝑒𝑥𝑡(𝑟𝑖) is the external potential (potential exerted on electrons by the nuclei) 

which is different from a system to another, 
1

|𝒓𝑖−𝒓𝑗|
 is the mutual interaction 

between the electrons, which is also the same for all systems, and E is the total 

energy of the system. Kinetic energy of the electrons (first term of equation 2-4) 

and coulomb repulsion potential among the electrons (third term of equation 2-

4) together is the universal functional F[n(r)] relying upon the invariance of both 

terms whatever the many-electron system(Kohanoff and Gidopoulos, 2003)For 

such a system, the operators in the right hand side of Eq.(2-9) are: 

�̂�𝑒 = − ∑
1

2
∇𝑖

2
𝑖  …………………… 2.26 

�̂�𝑒𝑒 =
1

2
∑

1

|𝒓𝒊−𝒓𝒋|𝑖≠𝑗   …………………2.27 
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      �̂�𝑒𝑥𝑡 = ∑
𝑍𝐼

|𝒓𝒊−𝑹𝐼|𝑖.𝐼 … … … … … … … …2.28 

Equations (2-26) to (2-28) imply that the system is treated as an ensemble of 

electrons moving in an external potential, due to the nuclei, whose operator is 

�̂�𝑒𝑥𝑡. 

2.4.2 Kohn-Sham (KS) equations  

     In KS theorem, the actual system of interacting electrons is replaced by a 

fictitious non-interacting many-electron system that has exactly the same ground 

state electron density as the original system. The KS formalism treats the actual 

system of the interacting electrons, subjected to a real potential, as an imaginary 

non-interacting electrons where each electron is subjected to an effective 

potential eff(r). This effective potential is known as the effective KS single-

electron potential; it is sometimes symbolized KS(r). Thus, an N-interacting 

electron Schrödinger equation, Eq.(2-4), reduces to N fictitious single-electron 

Schrödinger equations: 

[−
∇2

2
+ 𝑣𝑒𝑓𝑓(𝒓)] 𝜑𝑖

𝐾𝑆(𝒓) = 휀𝑖
𝐾𝑆𝜑𝑖

𝐾𝑆(𝒓)………………..2.29                           

which are known as the KS equations (Parr, 1980). In Eq.(2-29),  𝜑𝑖
𝐾𝑆are the 

ground state single-electron  KS eigenfunctions (KS orbitals) associated with the 

corresponding KS eigenvalues 휀𝑖
𝐾𝑆 (KS orbital energies). The 𝜑𝑖

𝐾𝑆 can be used 

immediately to compute the electronic density:  

𝑛(𝒓) = ∑ |𝜑𝑖
𝐾𝑆(𝒓)|

2𝑁
𝑖=1   ………………………………..2.30 

which satisfies Eq.(2-22). The ground state wave function, 𝜓𝑖, of the N electrons 

in the lowest orbitals 𝜑𝑖
𝐾𝑆 with the lowest eigenvalues 휀𝑖

𝐾𝑆 is the Slater 

determinant wave function(Slater, 1928):          

𝜓𝑖 =
1

√𝑁!
𝐷[𝜑1‚𝑠

𝐾𝑆(𝒓1)𝜑2‚𝑠
𝐾𝑆(𝒓2) … 𝜑𝑁‚𝑠

𝐾𝑆 (𝒓𝑠)] …………..2.31                           

where s is the spin. 

The ground state energy of the N interacting electron system is given by Eq.(2-

20). According to the KS formalism, Eq.(2-20) can be expressed as: 
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𝐸𝐾𝑆[𝑛(𝒓)] = 𝑇𝑛𝑖[𝑛(𝒓)] + ∫𝑒𝑥𝑡(𝒓)𝑛(𝒓)𝑑𝒓 + 𝐸𝐻[𝑛(𝒓)]+𝐸𝑥𝑐[𝑛(𝒓)]              2.32 

where 

𝑇𝑛𝑖[𝑛(𝒓)] = ∑ ⟨𝜑𝑖
𝐾𝑆|−

1

2
∇𝑖

2|𝜑𝑖
𝐾𝑆⟩𝑖  …………………2.33 

is the kinetic energy of the non-interacting electrons. In Eq.(2-32), the electron-

electron interaction energy is given as a sum of two contributions, namely, the 

classical Coulomb electron-electron repulsion energy (Hartree energy) EH[n(r)] 

and the quantum exchange and correlation energy Exc[n(r)]. The Hartree term is: 

𝐸𝐻[𝑛(𝒓)] =
1

2
∬

𝑛(𝒓)𝑛(𝒓′)

|𝒓−𝒓′|
𝑑𝒓𝑑𝒓′   ……………………2.34 

      The exchange-correlation term Exc[n(r)] compensates for two shortcomings 

in the non-interacting electron proposition: first, the difference between the 

kinetic energies of the actual interacting electrons and the fictitious non-

interacting electrons and second, the quantum mechanical electron-electron 

interactions including the exchange effect. From Eqs.(2-10), (2-11) and (2-25), 

one can write: 

𝐸𝑥𝑐[𝑛(𝒓)] = (𝑇𝑒[𝑛(𝒓)] − 𝑇𝑛𝑖[𝑛(𝒓)]) + (𝐸𝑒𝑒[𝑛(𝒓)] − 𝐸𝐻[𝑛(𝒓)])…..2.35 

The exchange-correlation energy Exc[n(r)] is the only unknown functional in the 

KS theory. 

      The correlation means that when an electron moves the other electrons feel 

the variation of its coulomb potential and respond to its motion. Thus, motion of 

the electrons is correlated. The exchange means that the interactions between the 

electrons obey the fact that electrons are fermions with spin ½(Kaxiras, 2003) . 

The resultant energy may be considered also as the obtained energy from the 

potential between an electron and its exchange-correlation hole (Jones, 2006). 

Applying the variation principle to minimize equation (2-35) considering the 

constrain, Eq.(2-33), one gets: 

𝜇 =
𝛿𝑇𝑛𝑖[𝑛(𝒓)]

𝛿𝑛(𝒓)
+ 𝑒𝑥𝑡 +

𝛿𝐸𝐻[𝑛(𝒓)]

𝛿𝑛(𝒓)
+

𝛿𝐸𝑥𝑐[𝑛(𝒓)]

𝛿𝑛(𝒓)
  …………2.36 

Referring to Eq.(2-29), Eq.(2-36) implies: 
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𝜇 =
𝛿𝑇𝑛𝑖[𝑛(𝒓)]

𝛿𝑛(𝒓)
+ 𝑒𝑓𝑓 ………………………………….. 2.37 

see Eq.(2-25), and the effective potential eff(r) is: 

𝑒𝑓𝑓(𝒓) = 𝑒𝑥𝑡(𝒓) + ∫
𝑛(𝒓′)

|𝒓−𝒓′|
𝑑𝒓′ + 𝑥𝑐[𝑛(𝒓)] ……….. 2.38 

or 

𝑒𝑓𝑓 = 𝑒𝑥𝑡 + 𝐻 + 𝑥𝑐 ………………………………2.39 

Thus, the single-electron KS equations, Eq.(2-29), becomes: 

[−
∇2

2
+ 𝑒𝑥𝑡 + 𝐻 + 𝑥𝑐] 𝜑𝑖

𝐾𝑆 = 휀𝑖
𝐾𝑆𝜑𝑖

𝐾𝑆 …………….2.40 

where 

𝐻 =
𝛿𝐸𝐻[𝑛(𝒓)]

𝛿𝑛(𝒓)
= ∫

𝑛(𝒓′)

|𝒓−𝒓′|
𝑑𝒓′  …………………………..2.41 

is the single-electron Hartree potential, and 

𝑥𝑐 =
𝛿𝐸𝑥𝑐[𝑛(𝒓)]

𝛿𝑛(𝒓)
  ………………………………………. 2.42 

is the single-electron exchange-correlation potential. 

From Eq.(2-29), one has: 

∑ 휀𝑖
𝐾𝑆

𝑖 = 𝑇𝑛𝑖[𝑛(𝒓)] + ∫𝑒𝑓𝑓𝑛(𝒓)𝑑𝒓 …………………2.43 

which means that the sum of the KS eigenvalues equals the kinetic and effective 

potential energies of the fictitious non-interacting electron system. The total 

ground state energy, thus, is: 

𝐸𝑡𝑜𝑡[𝑛(𝒓)] = 𝐸𝐾𝑆[𝑛(𝒓)] = ∑ 휀𝑖
𝐾𝑆

𝑖

−
1

2
∬

𝑛(𝒓)𝑛(𝒓′)

|𝒓 − 𝒓′|
𝑑𝒓𝑑𝒓′ +𝐸𝑥𝑐[𝑛(𝒓)] 

− ∫ 𝑛(𝒓)𝑒𝑥𝑡(𝒓)𝑑𝒓 …………………………………..2.44 

using Eqs.(2-32), (2-34) and (2-38). 

      Equation (2-43) says that the sum of the KS eigenvalues 휀𝑖
𝐾𝑆 is not equal to 

the total energy of the system; and that is obvious as they are solutions of the 

non-interacting single-electron equations, Eq.(2-29). 

2.5 Exchange-Correlation Potential 

     The exchange and correlation energy functionals 𝐸xc[𝑛(𝑟)] are the main 
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components that determine the precision of DFT calculations, as described in the 

previous subsection. The exchange-correlation in terms of Kohn-Sham potential 

can be articulated  𝑉𝑋𝑐 =
𝜕𝐸𝑋𝑐

𝜕𝑛
, the resultant exchange-correlation energy is  

              EXC = EX+ EC  … … … … … … … … … … … … . . 2.45 

where the exchange energy, Ex refers to the Pauli Exclusion principle's coulombic 

interaction input, and therefore no two electrons with identical spin energies will 

fill the same quantum state. The correlation charge, Ec, is the energy contribution 

from all other electrons' coulomb repulsion. Consequently, the 𝐸xc of a basic 

system has been effectively computed using several quantum techniques such as 

quantum Monte Carlo (Ceperley and Alder, 1980)and molecular dynamic 

methods (Nosé, 1984). On the other hand, a reliable form for complex systems is 

not known, thus the need for relatively many approximate descriptions are 

required. 

Although for many systems, a reliable form is not known and this reason  require 

quite many approximate descriptions. 

2.6 Exchange-Correlation Potential Approximation 

     For exchange- correlation, the local density approximation (LDA) is the oldest 

but still widely used approximation. The LDA for the exchange-correlation 

becomes (Lundqvist and March, 2013). 

       EXC
LDA[n(𝐫)] = ∫ n(𝐫)εXC [n(𝐫)]d3𝐫 … … … … … … … …  2.46 

Here, the exchange-correlation energy of a homogeneous electron gas is denoted 

by 휀xc[𝑛(𝑟)]. The potential for exchange-correlation can be defined by 

VXc[(n(𝐫)] =
∂EXC

LDA

∂n
= εXC[n(𝐫)] + n(𝐫)

∂εXC[n(𝐫)]

∂n
… … … … . .2.47 

Despite the effectiveness of LDA for a weakly correlated system of gradual 

variable densities, it is inapplicable for a strongly correlated system where charge 

density is subjected to fast changes. Thus, there is a need for more sophisticated 

functionals. Generalized gradient approximation (GGA) is a more accurate 

https://www.bing.com/search?q=define+require&FORM=DCTRQY
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functional that extends the LDA functional. This functional considers the 

electronic charge density gradient as an improvement to the LDA (Langreth and 

Mehl, 1983), accounting for possible inhomogeneities in the electron gas charge 

density to be used. The functional for GGA can be written as  

                𝐸𝑋𝐶[𝑛(𝒓)] = 𝐸𝑋𝑐 [𝑛(𝒓), ∇𝑛(𝒓)] … … … … … … … … .2.48 

More explicitly, GGA can be expressed as   

            𝐸𝑋𝐶
𝐿𝐷𝐴[𝑛(𝒓)] = ∫ 𝑛(𝒓)휀𝑋𝐶 [𝑛(𝒓)]𝑓𝑋𝑐[𝑛(𝒓), ∇𝑛(𝒓)]𝒅𝟑𝒓 … … .2.49                         

where 𝑓xc denotes the exchange-correlation functional. The frequently utilized 

GGA (Perdew and Wang, 1992) functionals were developed  by Perdew and 

Wang (PW91), and Perdew-Berke- Enzerhof (PBE) by Perdew  and Burke (John 

P Perdew et al., 1996). More specifically, here the calculations used PBE 

functional of GGA, because as compared to LDA, GGA uses less computing 

power and is reliable in the description of a system that contains many atoms, 

binding energies, and inter-atomic distance surfaces. 

                        𝜓𝑖 = ∑ 𝑐𝑖𝑗𝜑𝑖𝑖𝑗 (𝒓) … … … … … … … … . . … . .2.50 
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Fig. 2.2  Self-consistent algorithm for the solution of the Kohn-Sham equation 

(Kohn and Sham, 1965). 
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2.7 Kohn-Sham Equation Self-Consistent Interaction Method 

     The application of DFT in practice necessitates the formulation of the system's 

Kohn-Sham equations, followed by resolving the equation using the self-

consistent field iteration process, which can be accomplished by formulating a 

trial electron charge density n(r). By utilizing this trial density, total density 

functional Hamiltonian 𝐻 [n(𝑟)] can be constructed through consideration of the 

exchange-correlation potentials. Afterwards, the Hamiltonian construct is 

diagonalized for energy calculation. The diagonalization steps comprise 

searching for the coefficient of the wavefunctions of the system expressed in 

equation (2.45). This diagonalization procedure would transform the new charge 

density. In the case where output density equals the input trial density, the self-

consistent loop is halted. Conversely, the steps are repeated until equality is 

achieved in output and input densities. The obtained electron density can be used 

to derive properties such as total energy, forces, etc.  The schematic self-

consistent routine for solving the KS equation is displayed in Fig. 2.2 

2.8 Plane Wave Basis Sets 

     For the variety of DFT practical applications on a real material involving 

periodic boundary conditions, the plane wave basis set is commonly used. Bloch's 

Theorem (Kittel et al., 1996) is widely used to reduce an infinite number of 

electronic wave functions to a finite number of electronic wave functions because 

of the periodicity of such systems, which states that the electronic wavefunctions 

at each k-point can be expanded in terms of a discrete plane-wave basis set. The 

potential of a periodic crystal can be calculated using  

                          𝑉(𝒓 + 𝒏𝒂) = 𝑉(𝒓)  … … … … … … … … … … .2.51 

where n is an integer and a is a lattice vector.  In terms of Bloch's theorem, the 

wavefunction can be expressed as a product of plane-wave products 𝑒𝑖𝒌𝒓and 

𝑔𝑖(𝑟)using equation (2.51).  

           ψi = eikrℊi(𝐫)     … … … … … … … … …   2.52  

A Fourier expansion of a plane wave whose vectors are reciprocal lattice vectors 
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of the periodic system can be written as 𝑔𝑖(𝒓) with similar periodicity as the 

potential V(r). 

G stands for the reciprocal lattice vector. Therefore, the electronic wave function 

can be expressed as the sum of all plane waves. 

                                 ℊi(r)=∑ Ci(𝐤+𝐆)G ei𝐆.𝐫    … … … … … … … …  2.53   

Where (𝑲+𝑮) is the Fourier coefficient of the plane wave, it is dependent on the 

kinetic energy (KE) cut-off. The KS wave functions expressed with plane wave 

basis are written as 

           Ψi = ∑ ci(𝐤+𝐆)G ei(𝐤+𝐆).r   … … … … … … … … . . … .  2.54 

∑ [
ℏ2

2𝑚
|𝑲 + 𝑮|2𝛿𝐺𝐺′ + 𝑉𝑒𝑓𝑓(𝑮 − 𝑮′)]

𝐺

𝑐𝑖 , (𝐊 + 𝐆) = 휀𝑖   𝑐𝑖 , (𝐊 + 𝐆) . 2.55 

Where 𝛿𝑮, 𝑮′, 𝑉eff (𝑮− 𝑮′) and 휀𝑖,   represent the Kronecker delta, potentials and 

electronic energies respectively, the equation (2.55), the plane-wave number 

required to be infinite due to the summation over lattice vector 𝑮′. Nonetheless, 

the Fourier coefficients (𝑲+𝑮) with small K.E are more considerable than those 

with large K.E, thus the need to impose cut-off for K.E with a plane wave that 

has lower energy compared to a specific energy cut-off 𝐸cut . In concrete:
ℏ2

2𝑚
|𝑲 +

𝑮|𝟐 ≤ 𝐸𝑐𝑢𝑡   … … … … … … … … … … … … … 2.56 

2.9 Pseudopotential 

     Among the most challenging aspects of numerical solving the Schrödinger 

equation for a nuclear potential is that this potential, of the form, is -1/r. It can't 

be treated as a perturbation on the free electron because it is too big. As in the 

nearly-free electron model, this is done to solve the problem.  This is expressed 

in the atomic orbitals, which decay exponentially as r → ∞ and oscillate rapidly 

close to the nucleus to maintain orthogonality. The basic idea behind the pseudo-

potential approximation is to 'freeze' each atom's tightly bound core electrons and 

substitute them with an efficient potential (𝜓𝑝𝑠𝑒𝑢𝑑𝑜
 ) that attenuates the heavy 

Coulomb force near the nucleus,where there is a pseudo potential. Hans 
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Hellmann was the first scientist to suggest this method in 1934 (Schwerdtfeger, 

2011). The key benefit of eliminating the core electrons is that the orthogonality 

restriction they impose on the remaining valence electrons' wave functions 

relaxed; in reality, they are no longer expected to be orthogonal to the core states. 

As a result, they can reduce the number of nodes in their radial segments, with 

node less being the lowest valence state for each angular momentum path. 

Because of the smooth pseudo potential, true valence wave functions are replaced 

by pseudo-valence wave functions that differ smoothly in the core region and 

only match the true ones outside of the cutoff radius rc  as in Fig. 2.3. In modern 

plane wave electronic structure codes, there are two types of pseudopotentials 

including ultrasoft pseudopotential and norm-conserving pseudopotential.  

 

Fig.2.3 Comparisons between coulomb potential wavefunction and 

pseudopotential wavefunction (Vanderbilt, 1985). 

2.9.1 Atomic Pseudopotential Approximation 

     The lowered plane wave in the pseudopotential technique can be attained if 

only valence electrons are specifically considered, and core electrons are 

detached (Yin and Cohen, 1982). Utilizing pseudo orbitals, the rapid oscillations 
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of atomic orbital in the core region could be averted, so that fewer smooth and 

modeless plane waves will be employed for the description of all-electron. Fig. 

2.3 shows the smaller number of plane waves that characterize the valence 

electrons' wave function. The major characteristic of pseudopotential is as 

follows: 

                             𝑉𝑝𝑝 = ∑ |𝑌𝑙𝑚 > 𝑉𝑙(𝒓) < 𝑌𝑙𝑚|  … … … … … … .𝑙𝑚 2.57 

where Vi(r) is the pseudopotential for the lth angular momentum component and 

Ylm are spherical harmonics. The valence pseudo wave function must satisfy 

certain important factors to produce pseudopotential (Kerker, 1980; Vanderbilt, 

1985). To ensure that the cut-off distance (rc) for the core and exchange-

correlation potential of the radial pseudo wave functions are compatible with the 

all-electron wave functions, the valence radial pseudo wavefunctions must be 

node less. Second, for the pseudo and all-electron wave functions, the total charge 

inherent inside the cut-off radius should be identical (Bachelet et al., 1982). 

Finally, the eigenvalues for (all the electrons) and (pseudopotential) must be the 

same. 

2.9.2 Ultra Soft PseudoPotentials (USP) 

      Pseudopotentials aim is to make the pseudo functions as smooth as possible 

without sacrificing accuracy since increasing the smoothness of the pseudo 

potentials reduces the range in Fourier space needed to accurately describe the 

valence properties. To determine the lowest possible cutoff energy for the plane-

wave basis set, Vanderbilt (1990) introduced ultra-soft pseudopotentials (Garrity 

et al., 2014). Abandoning the constraint of norm conservation increases the 

smoothness of the pseudo functions in contrast of norm-conserving pseudo-

potentials. That results in much lower cutoff energies for the expansion of the 

wave function in k-space, allowing for faster computing times while still 

retaining the required accuracy. The general idea was to loosen the pseudo wave 

function's norm conservation restriction to make them even weaker (at the price 



35 

of orthogonally). Since some functionality becomes computationally more 

complicated, USPs cannot be used. An augmentation charge was used to 

compensate for the charge shortfall in the core region (Vanderbilt, 1990) 

𝑄𝑛𝑚(𝒓) = 𝜓𝑛
†𝐴𝐸𝑙(𝒓)𝜓𝑚

𝐴𝐸𝑙(𝒓) − ∅𝑛
†𝑈𝑆(𝑟)∅𝑚

𝑈𝑆(𝒓) … … … . .2.58 

Where   𝑄𝑛𝑚(𝒓) augmentation charge,𝜓𝑛
†𝐴𝐸𝑙(𝒓)𝜓𝑚

𝐴𝐸𝑙(𝒓)all-electron charge and 

∅𝑛
†𝑈𝑆(𝒓)∅𝑚

𝑈𝑆(𝒓) ultra-soft pseudopotential function   the charge density is equal 

𝑛(𝒓) = ∑|𝜓𝑖(𝒓)|2

𝑖

+ ∑ ∑ 𝜌𝑖𝑄𝑛𝑚(𝒓)

𝑚𝑛

  … … … . … ..  

𝑖

 2.59 

Where 𝜌𝑖 channel occupation 𝜌𝑖 = ∑ ∑ 𝑓𝑖𝑓𝑗⟨𝜓 ⋅𝑛 |𝛽𝑖⟩⟨𝛽𝑗|𝜓𝑛⟩𝑛𝑖𝑗  

The introduction of a generalized orthonormality condition relaxes the norm-

conserving limit ⟨𝜑𝑖|𝑆|𝜑𝑗⟩ = 𝛿𝑖𝑗 , where 𝑆 = 1 + ∑ 𝑞𝑛𝑚
𝑖 |𝛽𝑖⟩⟨𝛽𝑗|𝑛𝑚,𝐼  
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Chapter Three 

Computational methods and Experimental Techniques  

3.1 Introduction  

      DFT (Runge and Gross, 1984) is a tool for calculating important properties 

of materials. The DFT calculations were carried out using the plane wave basis 

pseudo-potential method, which is implemented in the QUANTUM ESPRESSO 

(QE) code, Which is a multi-purpose, multi-platform programmed for first 

principle calculations in periodic and non-periodic condensed matter systems. 

In this chapter, we'll focus on how to model the electronic and optical properties 

of nitrogen-doped TiO2 anatase, slab (101) TiO2 surface, TiO2 nanocrystal, and 

TiO2 nanocluster by using different computational techniques. Despite the 

difficulty of directly assigning spectral bands to relatively complex molecules, 

the experimental spectroscopic technique is one of the most valuable methods for 

extracting knowledge about the structure and properties of molecules from their 

excitation structure. This supports the importance of the analysis in terms of 

direct experimental correlation. Fig.3.15 illustrates the flowchart of the 

computational and experimental methodology used in this study. 

3.2 Computational Details 

3.2.1 QUANTUM ESPRESSO (QE)  

      QUANTUM ESPRESSO is an open-source series of computer codes for 

measuring electronic structures and modelling materials at the nanoscale. In 

DFT, plane waves, and pseudopotentials are all part of it. QUANTUM 

ESPRESSO is a computational kit that uses DFT to perform first-principles 

numerical calculations on materials. The suite of the code provides high precision 

in the prediction of various physical and chemical properties of molecules and 

crystals due to its ability to use plane-wavesas basis set and pseudopotential. The 

complete Quantum ESPRESSO(QE) distribution includes the following core 

packages for calculating electronic-structure using a plane-wave as basis set and 
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pseudopotentials in DFT: 

• Plane wave self-consistent field (PWSCF) 

Pw.x is a tool for calculating phonon dispersions in complex materials, and for 

studying crystal stability. By expanding wavefunctions in the basis of plane 

waves, the electronic structures can be determined. 

• CP (Car Parrinello) 

     It is a software for measuring molecular dynamics and analyzing the structure 

of disordered materials using ultrasoft pseudopotentials. It can also be used to 

reduce the amount of electronic energy needed to maintain self-consistency 

(Gonze et al., 2002). Plane waves, pseudopotentials, and Density Functional 

Theory (electron-ion interaction) are used (both norm-conserving and ultrasoft 

for electron-electron interactions). The thermal, optical, and magnetic properties 

of solids, equations of state, electron density distributions, and cohesive energies 

of the system can be calculated by using DFT for a given periodic system and  

determining the electronic states. For determining the electronic structures of 

many-body systems, such as atoms and molecules, DFT has become a widely 

used method in computational physics and computational chemistry research. It 

has been used extensively in the condensed state. Along with the codes, there is 

a range of auxiliary sets. PWgui is a graphical user interface that generates PWSCF 

input data files. Several additional packages have been included that can be used 

for post-processing with PWSCF data. 

3.2.2 Types of Calculations in the QUANTUM ESPRESSO 

     The QE pack includes the following basic types of calculations: 

i. Structural modeling (comprising equilibrium structures of the crystal sur-

face and molecules). 

ii. Dynamic simulation (ab initio molecular dynamics), both with fictitious 

electron kinetic energy and on the electronic ground state (i.e. Born-Op-

penheimer) (Car-Parrinello). 
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iii. Nudged Elastic Dependent Band (NEB) approach for chemical reactivity 

and transition-path sampling. 

iv. Linear and non-linear response functions (Vibration and dielectric proper-

ties) (Third-order force constants and Infrared and Raman cross-section). 

v. Computational microscopy such as  Scanning Tunneling Microscopy 

(STM) images. 

For calculations involving a periodic system, the plane-wave pseudopotential 

method in QE has proven to be efficient. For this approach, the updated method 

(Giannozzi et al., 2009)can be used to obtain the K.S. wave functions and their 

solutions for each k-point in the reciprocal space. After the construction of the 

K.S. wave function, the charge density can be simplydetermind. The exchange-

correlation problem was solved using the generalised gradient approximation 

(GGA) method (John P Perdew et al., 1996). QE is made up of several different 

executables. Pw.x, pp.x, bands.x, plotband.x, and dos.x are the key ones that can 

be used. Each of these executables is programmed to perform a unique 

calculation. Each of them has its definition and input file format, as described in 

the following subsection.  

3.2.3 Input files  

     Some of the important parts of PWscf input file is written below. It has several 

different blocks. Italic letters followed by arrow represent the meaning of the 

corresponding line and bold words represent the part of input file. Reference for 

this input format is the quantum espresso official website. 

[https://www.quantum- espresso.org/Doc/INPUT_PW.html)] 

Here  is  a few main input keys and parameters: 

 

 

 

&control → the first block “& control” represent the control block. It controls 

the calculation. 

http://www.quantum-/
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calculation = 'relax' → it will relax the atomic positions. 

restart_mode = 'from_scratch' → It means new structure will be generated. 

prefix = 'Ti2O6' → file name used. 

tstress = .false. → This is used to calculate the stress. 

tprnfor = .true. → This is used to calculate the force. 

pseudo_dir = './' → location to store the pseudopotential. 

outdir = './scratch/' → location for temporary file. 

/ → it represents end of block. 

&system → It specifies the required system to be studied. 

ibrav = 1→ it represents crystal systems. ibrav = 0 is used for free structure. 

nat = 8 → total number of unique atom. 

ntyp =  2 → it means two different types of atoms are used. 

ecutwfc = 50.0 → cut-off energy for pseudopotential./ 

ecutrho= 320 → cut-off energy for wave function 

&electrons → the variables in this block control the algorithms for self –

consistent solution of Kohn Sham equation for the electron. 

diagonalization = 'david' → diagonalization by Davidson iterative with overlap 

matrix. 

/&ions → this block is needed if the atoms move. It controls the motion of 

ions during structural relaxation. 

/ATOMIC_SPECIES → In this block, name, pseudopotential and mass of 

atomic species used in the system are specified. 

ATOMIC_POSITIONS → type of atoms and their coordinate in the unit cell  

are included in this block. 

K_POINTS → this block include weights and coordinates of k – points used 

for Brillion zone integration. 

3.2.4 Structural Optimization 

      The force on a nucleus can be determind entirely in terms of its interaction 
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with the surrounding charge density, according to a theorem derived 

independently by Hellman and Feynman (Hohenberg and Kohn, 1964). This 

force theorem remains true in density functional calculations, as well. After 

calculating the self-consistent total energy, the forces on the nuclei can be 

calculated using the derivative of the total energy in nuclear coordinates(𝐹𝐼 =

− 〈
𝜕𝐸

𝜕𝑅
〉 ) The force on nuclei 𝐼 having position 𝑅 and 𝐸 energy.  (Kohn and 

Sham, 1965). The force minimization procedure determines the final ground 

state equilibrium position of the atom. In general, once self-consistent total 

energy is obtained, a force can be measured, and this force can then be used to 

change the atomic positions, resulting in a new KS self-consistency problem 

that must be solved iteratively. As a consequence, geometry optimization can 

be thought of as an "outer loop" to the KS equations' self-consistent solution. 

3.2.5 Electronic Density of states (DOS) 

      In physics of the solid state and condensed matter, the electronic density of  

states(DOS) of a system beng defined as the number of electronic states per unit 

volume of the solid per unit energy in the range [ E, E + dE] (Callaway, 1971). 

The DOS shows both the occupied and unoccupied available states. The 

electronic band structure serves as an essential tool in describing the effect of 

external fields of electrons in a material related to the electronic properties. The 

analysis of the band structure is usually done by using the density of state (DOS) 

(Kittel et al., 1996). The number of electronic states per volume Ω in the specified 

energy range  E, E + dE is denoted by g(E).(Callaway, 1971). For a normalized 

and spin-resolved system, the DOS averaged over  k-space is defined as follows.   

𝑔(𝐸)𝑑𝐸 =
1

𝛺
∑ 𝐸|𝐸, 𝐸 + 𝑑𝐸|2

𝐸𝑘

=
1

𝜋2
𝑘2𝑑𝑘                                   3.1 

     The quantity on the right-hand side of equation (3.1) has been deduced using 

spherical coordinates in the reciprocal space. The corresponding free-electron 

model is given as 𝑘𝑑𝑘 =
𝑚

ℏ2
𝑑𝐸 (

2𝑚𝐸

ℏ2 )
1 2⁄

 we can arrive at a density of state 
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expression for a 3D spherical symmetry. 

𝑔(𝐸) =
1

2𝜋2
(

2𝑚𝐸

ℏ2
)

3 2⁄

√𝐸     … … … … … … …   3.2 

The DOS e is reduced to in the k-space energy range by employing the principle 

of electronic band structure measurement. 

𝑔(𝐸) =
1

𝛺
∑ 2𝛿(𝐸 − 𝐸𝐾

(𝑛)
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𝑛

=
2
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… … … … … … … … … … … . .      3.3 

     The density of states is obtained by integrating the equation (3.3) over a 

surface in k-space, assuming 𝐸𝑘
𝑛  is constant and equals E in a two-dimensional. 

For a free-electron model, the spherical surface in the energy range E is given 

as    

|∇𝐾𝐸|=
ℏ2𝑘

𝑚
= ℏ(

2𝐸

𝑚
)

1

2
         … … … … … … . . … . .3.4 

Equation (3.3) can also be used to determine the projected density of states for 

individual atoms.  The flow chart in Fig. 3.1 depicts the method for calculationg 

operations in QE , as well as the workflow order. 

 

 

 

 

 

 

 

Fig. 3.1 Schematic flow chart for the method of calculation and execution in 

QUANTUM ESPRESSO. 
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3.2.6 XCrySDen  

   XCrySDen is software that visualizes molecular and crystalline structures, but 

its primary purpose is as a property analyzer (Kokalj, 1999) . The stable atomic 

geometries and charge density derived from QE were visualized using the 

XCrySDen. It can run on almost any UNIX platform without any other hardware 

or software. Special care was taken to ensure that 3D iso surfaces and 2D 

contours. The CRYSTAL also has a graphical user interface called XCrySDen. 

Real-time operations such as rotation and translation are possible. Additional 

features of a specialized periodic-structure visualization program include 

showing the crystal cages (lattices) in direct and reciprocal space, as well as 

displaying the Wigner Seitz cell (direct space) and the first Brillouin zone 

reciprocal space Crystal planes must almost always be measured in addition to 

distances, angles, and dihedral. Besides measuring the distances, angles, and 

dihedral, a measurement of crystal planes is almost mandatory (Callaway, 1971). 

3.2.7 Python-based Methods and Applications in QUANTUM ESPRESSO 

     We wrote a python script file named anatase nanocrystal.py to construct 

nanocrystals with a given crystalline structure, cut them to the appropriate 

equilibrium shape utilizing the Wulff construction. This top-down method to 

make a finite nanocrystal requires the surface energies per unit area , specified in 

units of energy/area. The resulting atomic positions are used as initial input for 

QUANTUM ESPRESSO and Gaussian simulations. 

Additionally, other script files have been used to conduct the theoretical part of 

this calculation, including: 

• reciprocal_lattice.py: for a given Bravais lattice, list all reciprocal G vectors of 

length ≤ maxQ. 

• cut_cube_in_xyz: cut a parallelepiped box in a structure specified as a xyz file. 

• xyz_bond_length: evaluates and report the length of a specific bond for all 

frames of  xyz file. 

http://materia.fisica.unimi.it/manini/scripts.html  
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3.3 Gaussian Software 

3.3.1 Gaussian – Description of the Software 

     Gaussian(Politzer et al., 1983) is a computational software program developed 

by John Pople and his Carnegie-Mellon University research group in 1970. Since 

then, it has been revised regularly. Gaussian 16 is the most recent edition. The 

name comes from the term Gaussian function or orbital, which was chosen to 

increase the computational power of the software that used the Slatter form 

function or orbital. In statistics, Gaussian functions are generally used to define 

normal distributions. It represents the wave function of a harmonic oscillator's 

ground state. A Gaussian orbital is a linear combination of certain Gaussian 

functions for a molecular orbital.  

     The Gaussian software program is used by physicists, chemists, chemical 

engineers, biochemists, and others to research existing and emerging areas of 

molecular physics and chemistry. Gaussian16 anelectronic structure package 

capable of predicting many properties of atomss, molecular structures, 

vibrational mode , and other molecular properties derived from these 

fundamental components. It could be used to research molecules and reactions in 

quite a lot of cases, for each steady and short-lived intermediate compounds.  

Gaussian16 implements the DFT method, similar to to Quantum Espresso. The 

key distinction is in the boundary conditions:in Gaussian there are no periodic 

boundaries, but there are open boundaries, best suited to describe finite systems 

such as molecules and nanoparticles. This means there are no k points thus 

crystals are difficult to describe. One advantage is that since there is a reference 

of zero potential at infinity, all potentials are well defined, which have a localized 

Gaussian function based on the atom. 
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3.3.2 Capabilities of the Software  

     Gaussian Software's technological capabilities are given below 

✓ Internal coordinates analysis in regular mode. 

✓ Pre-resonance IR and Raman intensities determination for vibrational transi-

tions Raman spectroscopy intensities. 

✓ Hyper polarizabilities and static and frequency-dependent polarizabilities for 

HF and DFT in the property of NLO. 

✓ At the HF and DFT stages, spin-spin coupling constants are determined. 

✓ Electronic transformation, UV spectral analysis, and natural bond-orbital 

(NBO) analysis. 

✓ Electrostatic potential (ESP) diagram, HOMO – LUMO analysis, molecular 

electrostatic potentials (MEP). 

3.3.3 Gauss view – Description of the Software 

     Gauss view (Parr et al., 1978) is a graphical user interface for preparing 

Gaussian input and graphically analyzing the output files produced by Gaussian. 

Gauss View is a front-end/back-end processor that makes Gaussian easier to use, 

It is not included in the Gaussian computational module. Gaussian users obtain 

three advantages from Gauss view (Ayers and Parr, 2008). Gauss view's 

advanced visualization facility allows one to quickly draw in even very large 

molecules, then rotate, translate, and zoom in and out them using simple mouse 

operations.  It can also read PDB files, which are popular molecule file formats. 

Gauss View makes several different form of Gaussian calculations quick to set 

up. It simplifies the preparation of complex input files for both standard and 

advanced jobs forms, including ONIOM, STQN transformation structure 

optimizations, CASSCF calculations, periodic boundary conditions (PBC) 

calculations, and more. Finally, Gauss View is used to compute several graphical 

tools to analyze the results of  

Gaussian calculations. The following are some examples of Gaussian results that 
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can be visualized graphically: 

✓ Optimized molecular structures  

✓ Orbitals of molecules. 

✓ Electron density surfaces. 

✓ Surfaces with electrostatic potential. 

✓ Magnetic properties of surfaces. 

✓ Contours surfaces. 

✓ Dipole moments and atomic charges. 

✓ Fourier transforms infrared, FT Raman, FT NMR, VCD, etc. 

✓ Data on molecular stereochemistry. 

3.3.4 Basis Sets 

     A basis set (Jensen, 2013)  is a set of wave functions that are used to expand 

the molecular orbitals as a linear combination with suitable weights or 

coefficients. The degree of complexity, or precision, of a basis set, is defined as 

the number of contracted functions (CGF) used to describe each atomic orbital. 

Fig.3.2 exhibits the computation of molecular orbitals. 

 

Fig. 3.2 Calculations of molecular orbitals on a Computer. 
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     Atom-localized basis functions may be used to generate atomic or molecular 

orbitals. The orbitals are expanded as linear combinations with unique coefficients 

for each of the basis functions. Slater-type orbitals (STOs) and Gaussian-type 

orbitals (GTOs) are the two most common types.  J.C. Slater has created basis sets 

by using linear least-squares to suit data that was easy to calculate. A base 

function's general expression is as follows: 

                                  𝐵𝑎𝑠𝑖𝑠𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝑁𝑒−𝛼.𝑟     … … … … … . .   3.5 

N is the normalization constant, α denotes the orbital exponent.  

r = radius (angstroms) 

All basis set equations in the shape STO-NG (where N is the variety of GTOs 

mixed to approximate the STO) are known as "minimal. The "extended" basis 

sets, then, are the ones that consider the higher orbitals of the molecule and 

account for size and shape of molecular charge distributions. 

 

Fig. 3.3 Comparison map of methods& basis sets. 

Extended basis sets come in a variety of shapes and sizes:  

❖ Hybrid sets (Double-Zeta, Triple-Zeta, Quadruple-Zeta) 

❖ Split-valence 

❖ Polarized sets 

❖ Diffuse sets 
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3.3.5 Hybrid Basis Sets 

     In most cases, double-zeta and triple-zeta basis sets provide sufficient 

precision. The valence electrons are extremely significant since they are involved 

in most chemical reactions. As a result, a versatile valence electron definition is 

needed. When performing a Hartree-Fock calculation, the double-zeta basis set 

is important because it allows each orbital to be handled separately. This 

improves the accuracy of each orbital's representation. Split valence basis sets, 

which handle the core and valence orbitals differently, are developed to achieve 

this purpose. The 6-31G basis set, which uses the X-YZG nomenclature, is the 

most used split valence basis set. The number of primitive GTOs used to define 

a single contracted Gaussian function of the core is given by X. 

3.3.6 Split-Valence 

     The valence electrons are the ones that do most of the bonding. Because of 

this, valence orbitals are often represented by multiple basis 

functions. Calculating a double zeta for each orbital also takes too much time. 

Instead, by calculating a double zeta only for the valence orbital, it can be 

simplified. The inner-shell electrons are represented with a single Slater orbital 

scince they are not that  important to the calculation. A split-valence basis set is 

a name for this form. 3-21G, 4-31G, 6-31G, and 6-311G are some examples of 

split-valence base sets. 

 

 

 

 

 

Fig.3.4 Split-valence basis sets. 
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3.3.7 Polarized Sets 

     For first-row atoms (Li Ne), d and higher angular momentum functions are 

not needed to approximate Hartree-Fock orbitals. In molecular conditions, 

however, orbitals are deviate from their atomic shapes. This is polarization in 

action. Polarization functions must be added to explain the effects of polarization 

(functions of higher angular momentum than any occupied atomic orbital).  

Atomic orbitals are only treated as 's', 'p', 'd', 'f', and so on in 6-311G basis sets. 

While those basis sets are good approximations, a better approximation is to 

accept and account for the fact that certain orbitals share qualities of 's' and 'p' 

orbitals, or 'p' and 'd' orbitals, etc., rather than having just one or the other. The 

polarization effect (the positive charge is drawn to one side while the negative 

charge is drawn to the other) distorts the form of the atomic orbitals as atoms are 

brought closer together. In this case, 's' orbitals take on some of the 'p' category, 

while 'p' orbitals take on some of the 'd' category. Polarization has been 

considered in the 'p' orbitals, as shown by an asterisk (*) at the end of a basis set. 

Note the difference in the representation of the 'p' orbital for the 6-31G and 6-

31G* basis sets in the graphics below. The polarized basis set represents 

the orbital as more than just 'p', by adding a little 'd'. 

 

Two asterisks (**) indicate that the polarization has considered for the 's' orbitals. 

Another example of the differences between the two methods is shown below 
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3.3.8 Diffuse Sets 

     The interaction of valence electrons with other electrons is the primary 

concern in chemistry. However, many of the previously discussed basis sets focus 

on the main energy found in electrons in the inner shells. Under the wave function 

curve, this is the main field. When an atom is in an anion or an excited state, 

however, the loosely bound electrons responsible for the energy in the wave 

function's tail become even more significant. Computational scientists use diffuse 

functions to compensate for this weakness.To accurately predict anions' 

properties, diffuse functions (functions with small exponents, hence large radial 

extent) must be used. Non-bonding interactions often require diffuse functions to 

be defined. To explain the properties of the tail, these basis sets use very small 

exponents. Differences in diffuse basis sets are primarily due to differences in 

their centre, rather than their diffuse portion.  The '+' signs are used to represent 

diffuse basis sets. One '+' suggests that only the 'p' orbitals are considered, while 

two '++' signals suggest that both the 'p' and 's' orbitals are considered (much like 

the asterisks in the polarisation basis sets). 

 

➢ 6-31+G** - the same as 6-31G** but with an additional set of s and p 

diffuse functions on the first-row atoms. 

➢ 6-31++G** - same as 6-31+G** but with a hydrogen diffuse method 
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3.4   Experimental Techniques and Characterization Methods 

3.4.1 Introduction 

     The precipitate of a cluster from the supersonic beam grabs recognition among 

several gas phase techniques to nanofabrication, broadening the interest for this 

topic beyond basic to applied research. Clusters of atoms varying in size from 

tens to thousands are formed and propelled in supersonic beams (Wegner et al., 

2006). Cluster manipulation benefits from supersonic expansions in numerous 

ways. Supersonic expansions have various advantages over effusive beams for 

cluster manipulation, making this method particularly powerful for the 

precipitation of nanostructured films. This is because supersonic CBD enables 

such manipulation and positioning of nanoclusters by utilizing the inertial 

features of nanoparticles. (Morse, 1996). 

Surface morphology estimations can be achieved by utilizing an atomic force 

microscope (AFM) spectroscopy. In a set up dedicated to surface electron 

spectroscopies of substance states information on Nitrogen-doped TiO2 synthesis, 

center level examinations were performed utilizing X-ray Photoelectron 

Spectroscopy (XPS) under super high vacuum conditions. Raman spectroscopy  

show the presence of anatase and rutile stages, and UV-visible spectroscopy was 

utilized to explore the optical band gap of nanocluster TiO2 and N: doped TiO2. 

3.4.2 Sample cleaning 

     Classic contaminants include particles, organic materials, and metallic 

components, which are all well-known. The development of ultraclean 

processing environment technologies, such as ultrapure water technologies and 

ultra-clean chemicals technologies, has significantly enhanced the removal of 

such contaminations. The RCA cleaning process, developed by W.Kern et al., is 

very effective in removing the three traditional contaminants: particles, organic 

impurities, and metallic elements (Kern, 1970). 
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3.4.2.1 Silicon substrates  

     Silicon substrates were cleaned as follows in this study: To extract organic 

residues, 325 mL DI water was used, followed by 65 mL NH4OH (32%) and 

heating to 70oC on the hot plate. The beaker was taken off the hot plate and filled 

with 65 mL H2O2 (45%). The solution boiled vigorously after 1-2 minutes, 

indicating that it was ready for use. The silicon wafer was then rinsed in the 

solution for 15 minutes. 

3.4.2.2 Quartz substrates  

     Even though the surface area of the quartz reduced substrate is similar to that 

of the teflon reduced substrate, there is significantly less wafer dependency in the 

case of quartz. This is most likely due to increased wetting of the quartz 

hydrophilic base, as well as potential chemical reactions on the surface (quartz 

etching). This method's main purpose is to provide a technique for removing 

everything from a quartz substrate's surface. Warm acetone (not beyond 55oC) 

was used to clean the quartz substrate for 10 minutes. After that, it is soaked  for 

2-5 minutes in methanol. Then, Remove the component and rinse it in DI water 

before blow-drying it with nitrogen gas. 

3.4.3 Supersonic cluster beam deposition (SCBD) 

     Supersonic cluster beam deposition was used to develop pure TiO2 and 

nitrogen-doped TiO2 nanostructures on the surface of Si and quartz substrates 

(SCBD). It is  also an effective technique for creating nanostructured thin films. 

It involves the creation of cluster molecules in the source, which are then assisted 

by an inert carrier gas and expanded through a series of vacuum chambers to form 

a supersonic cluster-seeded beam. Thin films can be assembled starting from 

cluster molecules with a bottom-up method, essentially intercepting the beam 

with a substrate. Figures 3.5 and 3.6 show the schematic and photographic 

illustration respectively  of the cluster beam deposition using a supersonic beam 

apparatus. The LGM laboratory developed a supersonic cluster beam (SCB) 
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using a pulsed  cluster micro plasma source (PMCS) from LGM laboratory at 

CIMaINa (Università degli Studi di Milano)(Barborini et al., 1999; Milani et al., 

2001; Piseri et al., 1998).  . The supersonic beam deposition system is made up 

of three differentially pumped supersonic that work in a high vacuum 

environment. 

i. Cluster Source Chamber: A high-vacuum chamber is separated by two skim-

mers, the first of which holds the cluster source and usually has a base pressure 

of (10-7) Torr. The average pressure during source action is between (1-3) *10-

-5 Torr. 

ii. Expansion chamber: The second chamber is equipped with a sample holder, 

a quartz microbalance for beam strength control, and a beam-chopper or a fast 

ionization gauge for time-of-flight measurements of the velocity distribution 

of particles in the beam. 

iii. A linear time of flight mass spectrometer is located in the third chamber, 

which is aligned with the beam axis to achieve the best distribution (Piseri et 

al., 1998). 

 

  

 

 

 

 

 

 

     

 

 

 

Fig. 3.5 Schematic representation of the cluster beam deposition using a  

supersonic beam apparatus. 
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Fig. 3.6 Photographic illustration of the apparatus for supersonic cluster beam 

deposition. 

     For nanostructured processing, supersonic expansions have many advantages. 

It is also possible to monitor the size of the deposited nanoparticles by selecting 

precursor clusters with high intensity and high growth rate. It is used to grow 

nanostructured thin films with the original cluster structure retained after 

deposition, and it favours the manipulation and alignment of nanoparticles 

(Wegner et al., 2006). 

3.4.3.1 PMCS mechanism for nitrogen-doped TiO2 nanocluster synthesis 

      A pulsed micro plasma cluster source (PMCS) produces supersonic TiO2 and 

N: TiO2 neutral clusters. PMCS is used to shape the clusters (metal or titanium) 

as discussed elaborately in reference (Barborini et al., 1999; Milani et al., 2001) 

. Aside from the fundamental and technical interest in nanocluster  

TiO2-based materials, research into the plasma ablation of TiO2 in the source may 

be useful in understanding the early stages of TiO2 nanostructure formation. Fig. 
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3.7 depicts a graphical depiction of the PMCS. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.7  Graphical depiction of the pulsed micro plasma cluster Source (PMCS). 

     The PMCS works on the following principle: a (He or Ar) pulse is focused at 

a target (Ti), which is then oxidised by a pulsed discharge launched in a high 

vacuum between the target (cathode) and an electrode (anode). Plasma sputtering 

(He or Ar) are used to ablate the target. The gas mixture is introduced via a pulsed 

solenoid valve. The clusters and inert gas mixture (carrier gas, nitrogen and 

oxygen) is then removed in the vacuum from the PMCS through a nozzle, 

forming a seeded supersonic beam that is deposited on a substrate in the beam 

direction. 

     The nozzle was an aerodynamical focusing are assembly made up of drilled 

thin plates and aerodynamic lenses mounted at the ends of cylindrical spacers 

known as focusing modules, in that order. A sonic lens nozzle was created as the 

final module. The clusters were able to focus on the beam's axis as a result of this 

design. Furthermore, the size of the clusters was chosen aerodynamically based 

on their geometry and the carrier gas used (Wegner et al., 2006) . 

A quartz microbalance was set 250 mm from the source spout and 20 mm from 

the example controller in the subsequent chamber to quantify the shaft strength. 
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On its dynamic surface of 47.7mm2, the microbalance tests the bar strength 

regarding affidavit rate. Utilizing a 2mm measurement round and hollow spout 

and a release voltage of 500 V, statement rates of 5nm/min can be accomplished 

(Barborini et al., 1999). The kinetic energy of the clusters is adequately low to 

forestall partition, bringing about the arrangement of a nanostructured film. To 

modify the nanostructure of the film, the mass dispersion of the groups can be 

overseen (Kholmanov et al., 2003). 

3.5 Characterization Methods 

   3.5.1 Atomic force microscopy  

     The surface morphology of nanocluster has been contemplated utilizing 

atomic force microscopy (AFM) in an air-cooled Digital Nanoscope IIIA with 

tapping mode to forestall scratching the examples. Our magnifying instrument's 

arrangement empowered us to get to a wide scope of scales, from 100x100nm2 

to 150x150µm2. An ordinary AFM gadget works by raster examining a sharp and 

hard tip (test) at the free finish of an adaptable cantilever as demonstrated in Fig 

3.8. The tip is looked over outside of  example, identifying the tip-to-test contact 

powers. The example is set on a piezoelectric scanner, which takes into 

consideration sub-nanometer accuracy in three-dimensional situating. Cantilever 

bowing is dictated by laser light sent from the cantilever to a position delicate 

photo detector because of the association between the tip and the example's 

surface. Since changes in cantilever avoidance cause varieties somewhere out 

there between the tip and the example, a criticism circle between the example tip 

situating framework and a PC controlled piezoelectric scanner is utilized to 

restore a consistent distance. The example's cantilever deviation measurement is 

electronically recorded into a pseudo-3-D picture. Thus, AFM produces real 

three-dimensional pictures of the example with a vertical goal of 0.1 nanometers 

and a sidelong goal of 1 nanometer. The photograph of AFM is shown in Fig 3.9. 
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Fig. 3.8 Schematic representation of AFM. 

 

 

Fig. 3.9  A photographic representation of AFM. 

3.5.2 X-ray Photoelectron Spectroscopy (XPS) 

     The XPS is a quantitative technique for determining the elemental 

composition of a material's surface as well as the elements' binding states 
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(Engelhard et al., 2017). XPS (Leybold LHS 10/12) measurements were used to 

obtain details on the structure and chemical states of nitrogen-doped TiO2. The 

photoelectric effect is used to produce electrons from the sample by illuminating 

it with X-rays, which is the basic concept of XPS. The simplest method involves 

an X-ray imparting all of its energy to an electron, which is more than enough for 

the electron to be expelled from the material's surface. The binding energy of an 

electron in the atom Eb, and the energy needed to leave the sample surface (𝜑 ) 

both contribute to the energy required for an electron to leave a substance. The 

kinetic energy of peaks in XPS is then given: 

                           𝐸𝑏 = ℎ𝜈 −  (𝐸𝑘𝑖𝑛
𝑣 + 𝜑 )   ………………………..3.6 

where Eb is the electron's binding energy in the atom and hv is the X-ray photon's 

energy. Since expelling electrons from orbitals for from the nucleus requires less 

energy, the binding energy for higher orbitals is lower. The energies of electrons 

in various subshells (s,p,d, etc.) are also different. XPS allows the composition 

of a substance to be measured by displaying the energy of electrons released from 

it. Figure 3.10 and 3.11 depicts a schematic and photographic illustrations 

respectivelyof X-ray photoelectron spectroscopy. 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.10 Schematic representation of X-ray photoelectron spectroscopy. 

 

 

https://www.sciencedirect.com/topics/materials-science/x-ray-photoelectron-spectroscopy
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Fig.3.11 The X-ray photoelectron spectroscopy apparatus. 

3.5.3 Raman Spectroscopy 

      As electromagnetic waves interact with obstacles, light scattering can be 

described as the redirection of light. Electrons inside sample molecules are 

disrupted regularly with the same frequency (𝜔0) as the electric field of the 

incident wave, resulting in an induced electric dipole moment. The disturbance 

caused by the electronic cloud would then scatter, resulting in scattered light. A 

triple grating Jobin-Yvon T64000 spectrometer fitted with a Nd:YAG laser (532 

nm) and an Olympus BX40 microscope were used to test Raman spectra. Raman 

was the first to observe the phenomenon of inelastic scattering of light by matter 

in an experiment  (RAMAN and KRISHNAN, 1928). As shown in Figure 3.12, 

when a photon interacts with a molecule, the dispersed molecule can have three 

different energy levels (Bonev and Morrow, 1996). Elastic and inelastic 

scattering are the two types of scattering processes.  

i. Elastic scattering- Rayleigh scattering happens when the incident wave's fre-

quency (𝜔0) is equal to the scattering frequency (Scattering by Mie-Tyndall).  

ii. Inelastic scattering - Raman scattering happens when the emitted radiation has a 

different frequency () than the incident light. There are two kinds of raman 

scattering,normaly,stokes and antistockes scattering .In Stokes Raman 

https://www.sciencedirect.com/topics/materials-science/x-ray-photoelectron-spectroscopy
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scattering, the energy of a scattered photon is less (o-) than that of the 

incident photon energy o, whereas in anti-Stokes Raman scattering, the en-

ergy of a scattered photon is greater (o+) (or shorter wavelength).  

 

 

 

 

  

 

 

 

Fig. 3.12 Jablonski energy diagram for Raman scattering(J.PHendra, 2002). 

 

As a result, the Raman scatter position is translated into a Raman shift away from 

the excitation wavelength. The wavenumber of Raman shift can be determined 

using the formula (Jacob and Deigner, 2018). 

     ∇̅(cm−1) = (
1

λe(nm)
−

1

λr(nm)
)

(107nm)

(cm)
 … … … … … . .  3.7 

where ∇̅  is the Raman shift wave number,𝜆𝑒(𝑛𝑚)is the wavelength of the 

excitation and 𝜆𝑟(𝑛𝑚) is the wavelength of the Raman scattering.  

(J.PHendra, 2002). Figure 3.13 shows a schematic illustration graph of the 

Raman spectrometer. 
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Fig. 3.13 Schematic diagram of The Raman spectrometer. 

     The quantum treatment of the Raman scattering technique considers the 

quantized vibrational energy states of a molecule. Linear molecules have 3N-5 

natural vibrational modes, where N is the number of atoms in the molecule. In a 

non-linear molecule, 3N-6 modes can arise. As seen in the equation, a molecule's 

quantized vibrational energy is proportional to the frequency of vibration and the 

quantum vibrational number. 

𝐸𝑣 = (𝜗 +
1

2
) … … … … … … … … … … … … . . … . .  3.8 

     Electromagnetic radiation is treated in quantum mechanics as quantized 

particles called photons with energy h𝑣. As a result, a scattering process can be 

characterized in part as a collision between two particles, such as a photon and a 

molecule. The selection rules for Raman spectroscopy are completely different 

from those for infrared spectroscopy, and for this situation, a net change in bond 

polarizability should be noticed. Hence, in condensed matter physics and 

chemistry, micro-Raman spec-troscopy using a triple grating Jobin-Yvon 

T64000 spectrom-eter with the 514.5 nm line of an argon ion laser is used to 

investigate low-frequency vibrational, rotational, and other modes in a device.  
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3.5.4 UV-visible Spectroscopy 

     Ultraviolet-visible (UV-vis) spectroscopy is utilized to acquire the absorbance 

spectra of a compound in a liquid or as a solid. What is being noticed 

spectroscopically is the absorbance of light energy or electromagnetic radiation, 

which energizes electrons from the ground state to excited condition of the 

compound or material. UV-noticeable spectroscopy (Agilent Cary 100 UV-Vis 

spectrophotometer) conveyance or absorbance estimations in the reach 120-800 

nm were utilized to explore the optical energy gap of nanocluster TiO2 and N: 

doped TiO2.  

The Beer's law plot for each part can be utilized to effortlessly investigate a 

combination of substances with broadly isolated assimilation maxima.The 

photographic graph is addressed by Fig.3.14 

 

 

Fig.3.14 Photographic representation of UV-visible spectroscopy 

instrumentation. 
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3.5.4.1 Optical absorption spectra: Determination of Band gap. 

      UV-visible spectroscopy (Agilent Cary 100 UV-Vis spectrophotometer) 

conveyance or absorbance estimations in the reach 200-800 nm were utilized to 

explore the optical energy gap of nanocluster TiO2 and N: doped TiO2. As UV 

light is absorbed by a substance, it may trigger an electronic transition. The 

energy required to excite an electron from the valence band to the conduction 

band is referred to as the band gap energy. In order to predict photophysical and 

photochemical properties of nanoclusters, an accurate determination of the band 

gap energy is needed.   

Tauc proposed estimating the band gap energy of amorphous material using 

optical absorption spectra. The optical band gap can be described using the Tauc 

model, which assumes that the edges of the conduction and valence bands are 

parabolic (Tauc et al., 1966) .According to the theory the optical band gap value 

can be obtained from the following relation: 

𝛼ℎ𝜈 = 𝐾(ℎ𝜈 − 𝐸𝑔)
𝑛

… … … … … … … … . . …   3.9 

Where K, hv, and Eg are the absorption coefficient, photon energy, and optical 

band gap, respectively. The type of optical transition is determined by the n value, 

with n=1,2, and 2 for direct and indirect permitted transitions, respectively. Even 

though absorbance measurements (𝛼) are usually taken as a function of 

wavelength (𝜆), Eq. (3.9) can be rewritten in terms of 𝜆 as follows: 

𝛼 = 𝐾2ℎ𝑐𝜆 (
1

𝜆 
−

1

𝜆𝑜
)

2
………………………….... 3.10 

Where h denotes the Planck's constant and c denotes the light velocity.  

The absorption coefficient,𝛼, is defined by the Lambert–Beer law using the 

definition for transmittance and, as a first approximation, is related to absorbance 

by: 

                            𝛼 = 2.3( 
𝐴

𝑥
 ) ………………………….…….3.11 

Where x is the layer thickness and it is obvious that knowing the bond strength 

is required to calculate the absorption coefficient. 
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     The band gap energy of nanoclusters was calculated by intersecting an 

extrapolated linear section of the suitable (αhυ1/2 vs. hυ) curve with a photon 

energy axis. Measurements were made on samples grown by intercepting the 

cluster beam at various radial locations in order to find a connection between the 

optical activity and the size of cluster precursors. Each sample is nearly 

transparent for visible wavelengths, and absorption begins around 350 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.15 Computational and experimental methodology flowchart. 
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Chapter Four 

Result and Discussion 

 

     This chapter is divided into four sections to investigate the research outcome, 

as follows: 

First Section: The electronic characteristics of pure and nitrogen-doped TiO2 

anatase with the pure host lattice were studied using the Quantum espresso 

package's PBE-GGA approach. The fully optimized ground-state structure, bond 

length, and cell volume, as well as band structure, band gap, densities of states 

(DOS), and predicted densities (PODS), were some of the findings.  

Second Section: We used a symmetric slab geometry and performed spin-

polarized density-functional theory (DFT) computations for various positions of 

atomic nitrogen while varying its depth below the surface, provded us to 

investigate both substitutional and interstitial doping. 

Third Section: To investigate the substitution geometry of asymmetric 

nanocrystal (TiO2)33, we used spin polarized DFT computations on several TiO2 

nanocrystals doped with nitrogen at different facets within low to high 

concentrations. 

Last Section: To examine the change in properties with respect to the N 

concentration, we performed ab initio calculations and investigated electrical 

characteristics for pure N-doped TiO2. The formation energies of pure and N-

doped TiO2 were calculated using two DFT models: Quantum Espresso/PBE and 

Gaussian/B3LYP/6-31G(d), and the findings were examined and compared to the 

experimental results. 
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4.2 Electronic properties of the pure and nitrogen doped   TiO2 bulk 

4.2.1 Geometric structure of pure and nitrogen doped anatase TiO2 with 

Calculation models  

     Spin-polarized density functional theory (SPDFT) calculations have been per-

formed within the periodic plane-wave framework included in the QUANTUM 

ESPRESSO package (Giannozzi et al., 2017, 2009) as described in chapter sec-

tion 3.2.1. This research utilized the Perdew-Burke-Ernzerhof (PBE) functional, 

which is a generalized gradient approximation (GGA) (Martsinovich et al., 2010; 

J P Perdew et al., 1996). Titanium which has the atomic configuration [Ar] 3d2, 

4s2, while oxygen has [He] 2s2, 2p4 and nitrogen has [He] 2s2 2p3. 20 × 20× 8 k-

points to study the electronic properties in the in-plane directions. employed an-

atase conventional cell after relaxi ng and optimizing both structures (pure and 

nitrogen-doped anatase) and virtualized by Xcrysden, as shown in Fig.4.1.  

 

 

 

 

 

 

 

 

 

 

 

                           

 

 

 

Fig 4.1 Anatase conventional cell. Gray and red balls stand for titanium and 

oxygen 
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assuming that The yellow circle replaces Oxgyen atom at the center of unit cell. 

In plane waves, The kintic  cutoff energy of 50 Ry for wave functions, and Ki-

netic energy cutoff for charge density and potential equal to 350 Ry. 1×10-5 Ry 

and 1×10-4 Ry /a0 are the energy and force convergence requirements, respec-

tively. We employed the forces acting on the atoms to shift them to the equilib-

rium locations. The forces are smaller than the criterion. The total related energy 

has a minimum to determine the optimal structure of the pure and doped anatase 

TiO2 and the relaxed structure. The experimental ratio of lattice constant (c/a) 

was the starting point for volume optimization. Then, as a function of the unit 

cell volume, we calculated the total energy and found the lattice parameters that 

belonged to the lowest energy, as well as the relaxed structure that correlated to 

the lowest energy.  

Table 4.1 The optimized lattice parameters a, b, and c, V0 is volume and  Ti-O, 

Ti-N are bond lengths of pure and nitrogen-doped anatase TiO2, the predicted 

structural parameters were compared to prior works. 

Method a =b[Å] c[Å] 
V0 [Bohr3] 

Pure TiO2
 

V0 [Bohr3] 

N-doped TiO2 

Ti–O 

[Å] 
Ti–N [Å] 

PBE-GGA 

(Mohamad et al., 2015) 

3.811 

 

9.631 

 

472.148 

 

……… 

 

……. 

 

……. 

 

WC–GGA 

(Mohamad et al., 2015) 
3.784 9.512 

……… 

 

……… 

 

……. 

 

……. 

 

Exp. 

(Arlt et al., 2000) 
3.784 9.511 466.308 …….. 

……. 

 

……. 

 

PBE-BAND(Thilagam 

et al., 2010) 

3.783 

 

9.512 

 

……… 

 

……… 

 

1.964 

 

……. 

 

PW91(Sotoudeh et al., 

2014) 
3.78 9.62 

……… 

 

……… 

 
1.93 

……… 

 

PBE–GGA 

[This work] 
3.782 9.514 468.987 459.732 1.999 1.940 
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The lattice characteristics of TiO2 in anatase phase geometries were calculated 

using optimized simulated unit cells. Bulk anatase cell parameters are a=b=3.782 

Å and c=9.514 Å. The Ti–O bond is mostly ionic, but there is some covalent 

contribution. Table 4.1 shows that  full potential calculations with PBE–GGA for 

lattice parameters (a, b, c, and bond length (Å)) agree well with experimental and 

theoretically obtained results. The Ti–O bond length in the pure structure is 1.999 

Å, whereas the Ti-N in the nitrogen-doped structure is 1.940 Å, , and the volume 

(V0) of the cell of N-doped TiO2 is reduced. 

4.2.2 Electronic properties of the pure and nitrogen doped TiO2 

     The electronic band structures that act as pandects for electronic properties 

have been determined for pure and N-doped TiO2 to investigate the electronic 

properties. As shown in Fig.4.2, the electronic band structures of pure and nitro-

gen doped TiO2 in the first Brillouin zone of a tetragonal lattice were found along 

the high symmetry lines Z – Γ – X – P – N – Γ (the red point is the adopted path 

linking). The Fermi level is used as the zero of the energy scale, as represented 

by the green dashed line. The indirect bandgap (X– Γ) of anatase between the top 

of the valence band at X and the bottom of the conduction band is 2.215 eV, 

which is in agreement with other computational reports (Sotoudeh et al., 2014). 

The electronic band structure of anatase TiO2 uncovered an direct energy gap (Γ–

Γ) nature because the valence band maximum and conduction band Minimum are 

situated at a similar Γ-point in the Brillouin zone (BZ). The band gap values (Eg 

[eV]) for pure and N-doped TiO2 polymorphs of anatase are shown in Table 4.2. 

The outcomes are contrasted and accessible exploratory information and other 

first-principles computations. 

 

 

 



68 

 
Fig.4.2 The electronic band structure of pure and nitrogen-doped anatase TiO2 

computed along the high-symmetry lines in the Brillouin zone of the tetragonal 

structure. 

The band structure for nitrogen-doped anatase,  indirect energy gap is 1.564 

eV which is seen between the highest points of the valance band (VB) close to X 

to the conduction band minimum (CB) at Γ. Although both are less than the 

observed value due to the GGA's limitations (Landmann et al., 2012; Mohamad 

et al., 2015), the narrowing tendency of the energy gap should be taken into 

account in both experimental and theoretical research. The larger the energy gap 

of TiO2 in the pure and nitrogen doped anatase phase, as shown in Table 4.2, the 

more it supports it is potential as a transparent conducting oxide material. 

 Doping TiO2 has received a lot of attention as a possible way to advance 

development. It has a noticeable light absorption limit and does a great job of 

lowering the edge energy for photo excitations.  
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Table 4.2  Calculated energy gaps (given in eV) of pure and nitrogen-doped 

anatase TiO2. 

 

The Ti-(s, p, and d) and O-(s and p) and N-(s and p) electrons of pure and 

Nitrogen-doped TiO2 contribute the most to the electrical characteristics, 

according to the DOS pattern, see Fig.4.3.  

 

 

 

 

 

 

           

 

 

 

 

 

 

                    

 

 

 

 

Fig.4.3  Density of states (DOS) and the projected (PDOS) of pure TiO2. 

 

 

 

Exchange correlation func-

tional 

Band gap of pure 

TiO2 Eg [eV] 

Band gap of N-doped 

TiO2  Eg [eV] 

PBE–GGA(Mohamad et al., 

2015) 
2.14   Indirect (N–Γ) …. 

EV–GGA (Mohamad et al., 

2015) 
2.31   Indirect (N–Γ) … 

PBE–GGA(Landmann et al., 

2012) 
1.94    Indirect (Σ–Γ) … 

GW(DFT + U) 

(Patrick and Giustino, 2012) 
3.29  Indirect  (X–Γ)  

PBE-GGA[This work] 2.21   Indirect (X–Γ) 1.564  (X–Γ) 
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Fig.4.3 shows the total DOS and PODS of pure TiO2. According predictions, 

the 2p orbital of the O atom and the 3d orbital of the Ti atom play a crucial role 

in creating any type of sub-band and the hybridization process for pure TiO2. 

The 3d orbital of the Ti atoms as colored purple dominates the conduction bands, 

while the 2p orbital of the O atoms as indicated green color dominates the valence 

bands, according to the PDOS of TiO2.  

Fig.4.4 shows that the DOS and (PODS) of N-doped TiO2 ,N (2p) as highlighted 

in orange and O (2p) valence band states and Ti (3d) conduction band states. 

observed another phenomenon by comparing Fig. 4.3 and 4.4, which is that VBM 

or CBM positions shift. The influence caused some alterations in the VBM, such 

as an upward shift in position and a distorted shape. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Fig. 4.4  The DOS and PDOS of nitrogen-doped  

TiO2.
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     As a result, the VBM of Ns-doped TiO2 differs from that of pure TiO2. We 

also report projected densities of states (PDOS) to identify the contributions from 

distinct orbitals following doping, as shown in Fig. 4.5 and Fig. 4.6. The Ti (p) 

states are prevalent in the valence band of pure TiO2 and nitrogen-doped TiO2. 

However, compared to pure TiO2, the state per electron of nitrogen doped TiO2 

dropped, as shown in Fig .4.4. As illustrated in Fig.4.5, the valence band in TiO2 

is mostly derived from O (p) states, with a significant contribution from Ti(s) and 

Ti (p) states. CB is dominated by O(s) and Ti (d) electrons. Groups of well-

separated bands distinguish the electronic band structure, as shown in Fig. 4.5 

and 4.6. With some hybridization with the Ti (p) and Ti(s) states, the lowest 

laying valence bands are predominantly of O2s nature. 

 

 

 

Fig.4.5   Ti (p) PDOS of pure and nitrogen-doped anatase TiO2. 
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      Fig.4.6  O(s), N(p) and Ti(s) PDOS of pure and nitrogen-doped anatase 

TiO2. 
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4.3 Electronic properties of the pure and nitrogen doped   TiO2  slab 

4.3.1 Slab model and Nitrogen-doped TiO2 Slab with Calculation models  

     To investigate the electronic structure of near-surface N-doped TiO2 anatase, 

we adopt a standard slab geometry. We carve  five-layers, or 1.6 nm-thick, slab 

out of bulk TiO2 anatase, rotated in such a way that the �̂�  direction  is aligned in 

the (101) crystallographic direction.  

 In the horizontal �̂�  and �̂�  directions  we adopt periodic boundary conditions. 

The supercell dimensions area=1.040 nm in the (10 1̂) crystallographic direction, 

aligned along �̂�, and  b= 1.136 nm in the (010) direction, aligned along �̂�, 

resulting in a 1.182 nm2 surface area of the model slab in the periodically-

replicated supercell.  The supercell contains 180 atoms.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 The 180-atoms supercell representing the slab model of the (101) 

surface of anatase TiO2 considered in the present work. 

https://link.springer.com/article/10.1007/s42452-019-0502-8


74 

 

A 0.6 nm-thick layer of vacuum separates the slab from its periodic replicas in 

the 𝑧 direction to ensure the elimination of any interaction between adjacent 

slabs.  The resulting supercell total size in the 𝑧  direction is 2.2 nm. This model 

is depicted in Fig. 4.7. Blue balls represent the nitrogen dopants. Arrows indicate 

that a Ti atom bonded to the impurity is located across the cell periodic boundary. 

     For  this  structure,  and  doped  variants  thereof,  we  carry  out  multiple ab-

initio DFT simulations using the plane-waves pseudopotential method as 

implemented in the Quantum Espresso packag. For the exchange and correlation 

energy, we adopt ageneralized gradient approximation (GGA), namely the 

Perdew-Burke-Ernzerhof (PBE) functional (Martsinovich et al., 2010; J P 

Perdew et al., 1996). The core electrons described  via ultra-soft pseudopotentials 

(Vanderbilt, 1990) as is mentioned in section (3.2) chapter three. The cutoffs for 

the plane-waves expansion of the Kohn-Sham wave functions and electron 

density are 50 Ry and 350 Ry, respectively. We sample the electronic band 

dispersion in the in-plane directions with 2×2 k points. The comparison of the 

DFT total energy for the slab and for bulk anatase allows us to evaluate the 

surface energy of the (101) face of anatase. We estimate this surface energy to 

0.48 J/m2.  As nitrogen carries an odd number of electrons, and to take a better 

advantage of symmetry, we place two N atoms, one near each of the two slab 

surfaces. of course, we stick to symmetry-equivalent sites. For each different 

position of the two N dopants in  the TiO2 anatase slab, we fully relax the 

structure, until the residual force on the atoms is less than 1×10−4 Ry/a0.  In each 

of these relaxed configurations, we evaluate the electronic structure, TDOS, and 

PDOS on selected atoms. To account correctly for the spin of the unpaired 

electrons around the N dopants, we carry out spin-resolved calculations, thus 

obtaining the spin-density (i.e. magnetization density) spatial distribution. 
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Fig.4.8 Optimized structures of the TiO2 slab doped substitutionally at different 

sites. (a): N-N-1-T, b: N-N-1-M, (c): N-N-1-B, (d): N-N-2-C, (e): N-N-2-M, (f): 

N-N-2-B. Gray ,blue and red balls stand for titanium,nitrogen and oxygen. 

      In the described supercell, consider six different substitution sites for 
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nitrogen, at different depth. label them as follows: N-N-1-T, N-N-1-M, N-N-1-

B, N-N-2-C, N-N-2-M and  N-N-2-B.  The number (1 or 2) indicates the layer 

depth where substitution is performed. The T, M, B and C letter refers to the 

vertical position of the substituent atom within its layer, namely: T indicates top, 

C indicates center (a slightly less superficial position) M indicates middle, and B 

indicates bottom. all studied substitutional structures are depicted in Fig. 4.8. To 

study interstitial N doping we compare four interstitial sites for nitrogen: two at 

the surface and two deeper in the slab, representative of the numerous possible 

locations. We label these structures as follows: I-N-N-1-T, I-N-N-2-T, I-N-N-1-

B, and I-N-N-2-B. The letter “I” stands for interstitial. “T” means that the 

nitrogen sits near the top oxygen and “B” that the nitrogen sits near the bottom 

oxygen.  The number indicates the depth of the layer near which the N impurity 

is inserted, counted from the surface. Fig. 4.9 shows the considered interstitial 

arrangements. 

4.3.2 Bond lengths and formation energies: substitutional case 

     When the nitrogen substituents incorporate into the TiO2 crystal, the Ti–N 

bond lengths are of course altered compared to the pristine Ti–O bonds. Table 

4.3 reports of the bond lengths of the impurities as a function of the subsurface 

depth. The two or three relevant impurity-metal bonds are labeled in Fig.4.8. 

Based on our simulations, most bond lengths change by 1.5%–5%, with a few 

exceptions related to the B means positions, in both layer 1 and layer 2. Previous 

research has studied the effect of doping on the bond lengths at the impurity site. 

Jin et al(Jin et al., 2018) showed that in the bulk, the Ti–N bond length is at least 

1.5% longer than the regular Ti–O bonds of pure TiO2. In their work, the bond 

lengths were also shown to change as a function of the nitrogen position. 
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Fig.4.9. Optimized structures of interstitial-doped anatase TiO2 at different sites 

relative to the (101) surface. (a): I-N-N-1-T, (b): I-N-N-1-B, (c): I-N-N-

2-T, (d): I-N-N-2-B. Note that N atoms in interstitial positions form 

dimers with labeled O atoms of the anatase structure. 
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Table 4.3 Comparison of the calculated  bond lengths of substitutional N-doped 

TiO2 with the homologous bond lengths of the pure TiO2 structure. All 

figures are in pm units. Individual bonds are identified in Fig.4.8. 

Label O-Ti1 O-Ti2 O-Ti3 N-Ti1 N-Ti2 N-Ti3 

N-N-1-T 185 183 --- 194 193 --- 

N-N-1-M 206 194 194 216 196 196 

N-N-1-B 210 178 202 214 186 202 

N-N-2-C 212 196 191 210 207 197 

N-N-2-M 202 194 194 210 196 196 

N--N-2-B 186 200 200 192 209 200 

 

     Considering the bond lengths reported in Table 4.3  (see Fig.4.8 for the 

labeling of N ligands of the individual substitutional configurations), we observe 

that, as is to be expected, the bonds formed by the near-surface substituents tend 

to elongate slightly more than those deeper down in the bulk, where structural 

constraints are more effective. 

 To illustrate this observation, Fig.4.10 reports the fractional bond length change 

of different substitutional N sites relative to the corresponding Ti–O bonds of 

pristine anatase.  

To examine the stability of N-doped TiO2 as a function of the sub-(101)-surface 

depth of the impurity the per-dopant formation energy for substitutional N doping 

in anatase Ef is calculated according to the following formula: 

𝐸𝑓 =
1

2
(𝐸2𝑁𝑠𝑙𝑎𝑏-𝐸𝑠𝑙𝑎𝑏 + 𝐸𝑂2

− 𝐸𝑁2
) … … … … … … … . . 4.1 

 where E2Nslab and Eslab are the fully relaxed total DFT energies of N-doped TiO2 

and pure TiO2 in the slab structures depicted in Fig 4.7 and 4.8, respectively. EN2 

and EO2 are the energies of N2 and O2 in the molecular gas state, respectively. The 

factor 1/2 takes into account that the symmetric model slab involves two N 

dopants, one at each side. 
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Fig. 4.10 Fractional bond-length change of different substitutional positions of 

N dopants in TiO2 for increasing depth below the (101) surface. 

Table 4.4 reports the resulting formation energies and the effective electronic gap 

energy EIL − EVB between the lowest empty impurity level and the top of the 

valence band, for each of the configurations considered here. Previous works 

have also reported formation energies of doped TiO2 : Wu et al (Wu et al., 2012) 

investigated the effects of nitrogen concentration on the formation energy of N-

doped anatase TiO2. Using a DFT + Hubbard U method, the formation energy of 

an N impurity in the bulk was evaluated to be 5.07 eV. The formation energies 

computed according to equation (4.1) are listed in Table 4.4 for increasing depth 

below the (101) surface. 

 When the dopant is located at the top most surface layer (N-N-1-T, N-N-1-B, 

and N-N-1-M), the formation energy is slightly larger (more costly) than when 
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the nitrogen sits deeper down in the bulk (N-N-2-M, N-N-2-C, and N-N-2-B), 

which is relatively surprising, in view of the stricter structural constraints. 

Overall, these positive formation energies are all quite large, indicating the scarce 

chemical affinity of TiO2 for nitrogen.  

Table 4.4  Impurity formation energies Ef, computed following equation (4.1), 

and the energy distance between the partly-filled impurity level and the top of 

the valence band EIL − EVB of substitutional N-doped TiO2. 

 

 

 

 

 

 

 

 

The mild dependence of Ef on depth suggests that a nonconstant substitutional-

impurity depth-density profile, if any, is more likely to develop due to the 

formation kinetics of the doped crystal rather than to equilibrium thermodynamic 

mechanisms. If equilibrium effects play any role, they will tend to deplete the 

surface layer from substitutional N impurities, with a propensity of keeping them 

deeper inside the anatase crystal. 

4.3.3. Bond lengths and formation energies: interstitial case 

     Interstitial N combines with O atoms in the anatase structure to form NO 

dimers. Fig.4.11 and table 4.5 report the lengths of the relatively short bonds 

characterizing these N–O dimers for a few depths of the dopant at or below the 

TiO2 (101) surface. Previous investigations (Di Valentin and Pacchioni, 2014) 

determined similar values for bulk doping, in the 136 pm region, compared with 

115 pm of gas phase NO.  

Overall,results  agreement with previous results, and indicate a mild dependence 

N-dopant 

position 
E f (eV) per dopant EIL− EVB (eV) 

N-N-1-T 5.097 0.951 

N-N-1-M 4.999 1.079 

N-N-1-B 5.007 0.731 

N-N-2-C 4.854 1.135 

N-N-2-M 4.971 0.99 

N-N-2-B 4.963 0.976 
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of the equilibrium bond length of this dimer on the sub-surface depth, with the 

longest bond occurring when the interstitial N sits right at the surface. 

Table 4.5 reports also the lengths of the six bonds that the N interstitial atom and 

its paired O atom make to the three surrounding Ti atoms (indicated in Fig.4.9), 

for increasing sub-surface depth of the dopant. 

Previous  work  showed that the Ti–O and Ti–N bond lengths change in 

interstitial configurations, in particular as a function of the impurity concentration 

(Chen et al., 2018; Lee et al., 2010; Zhao and Liu, 2008). Shaoo et al (Sahoo et 

al., 2015) investigated these bond lengths experimentally, demonstrating an 

increase with increasing nitrogen concentration. 

 

 

Fig.4.11  Bond length of the N–O dimer associated to interstitial N impurities, 

as a function of the depth of the N atom below the TiO2 (101) surface. 
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Table 4.5 The lengths (pm units) of the bonds between N–O dimer formed by 

the interstitial impurity and the surrounding Ti atoms, as labeled in Fig.4.9, as 

well as the N–O bond length, also reported in Fig 4.11. Successive table entries 

are sorted for increasing depth of the dopant below the (101) surface. 

 

In investigation, we explore how these bond lengths change as a function of the 

location and depth of the impurity, as reported  in table 4.5. These results indicate 

that also most of these bond lengths exhibit a relatively mild change with the 

impurity depth.  In all configurations except for I-N-N-1-B, the dimer remains 

placed symmetrically between the Ti1 and Ti2 ligands. I-N-N-1-B marks an 

exception, in that a significant asymmetry is realized in the equilibrium state, 

with a tilted dimer; as a result, the oxygen atom forms a stronger, shorter bond 

with Ti2 and a weaker and much longer bond with Ti1. 

 

Table 4.6 Formation energies Ef, computed following equation (4.2), and the 

energy distance between the partly-filled impurity level and the top of the 

valence band EIL − EVB of interstitial N-doped TiO2, for increasing dopant 

subsurface depth. 

N dopant position Ef (eV) per dopant EIL− EVB (eV) 

I-N-N-1-T 3.445 1.387 

I-N-N-1-M 3.262 1.216 

I-N-N-2-T 3.636 1.215 

I-N-N-2-B 3.653 1.230 

Names of slabs N-Ti1 N-Ti2 N-Ti3 O-Ti1 O-Ti2 O-Ti3 N-O 

I-N-N-1-T 214 214 230 206 206 258 136 

I-N-N-1-B 207 201 244 282 206 222 134 

I-N-N-2-T 208 208 238 211 211 251 135 

I-N-N-2-B 207 207 244 211 211 241 135 
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evaluated the formation energy of interstitial configurations, too. 

 the following expression is applied: 

𝐸𝑓 =
1

2
(𝐸2𝑁𝑠𝑙𝑎𝑏-𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑁2

) … … … … … … … … . 4.2 
 

Compared to the substitutional case, found a∼1.5 eV smaller energy, indicating 

that interstitial is the preferred location for N dopants (Table 4.6). Contrary to the 

substitutional case, the formation energies of the interstitial dopant are smaller 

(less positive) at the surface than deeper inside the bulk. Fig.4.12 compares 

pictorially the depth dependence of the energetics of substitutional and interstitial 

N impurities 

4.3.4. Electronic properties of pure TiO2 anatase 

      For a comparison with the doped configurations (discussed below), Fig.4.13 

reports the DOS and PDOS of TiO2 anatase in its infinite bulk state, and for the 

(101) surface, in the slab model of Fig.4.7. 

In addition to the total DOS, for both systems Fig.4-13 showa also ̀ the projection 

on the p states of oxygen and the d states of titanium. To align the DOS and PDOS 

curves in different conditions, always shifted the bands so that the Fermi level 

sits at 0 eV. 

Consistent with other theoretical studies (Di Valentin et al., 2005a; Long and 

English, 2011; Navas et al., 2014), the valence band edge of this material is 

dominated by O(2p), and the conduction band edge mainly involves Ti(3d) 

orbitals. The band gap for the slab, 2.315 eV is slightly larger than ECB − EVB 

obtained for bulk TiO2 which is 2.150 eV,see Fig.4-13 
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Fig.4.12  Formation energy as a function of the depth z of the N impurity below 

the (101) surface of anatase. (a) Substitutional, structures of Fig.4.8; (b): 

interstitial, structures of Fig.4.9. 
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Fig.4.13  Density of states of pure (not doped) TiO2 anatase. (a) The bulk 

crystal. (b) The (101) surface, described by the slab model of Fig.4.7.    

                    

This gap expansion is the consequence of an effective narrowing of the 

conduction band in slab calculations (Martsinovich et al., 2010), also visible in 

Fig.4.13. The DFT gap we obtained is consistent e.g. with the work by 

Martsinovich et al (Martsinovich et al., 2010), where they report a gap of 2.12 

eV which represent an underestimation by approximately 32% and 27% 

compared with the experimental value of 3.2 eV(Dette et al., 2014).  

Underestimations in DFT calculations of band gaps are expected and is due to 

well-known limitations of approximate DFT functionals (Landmann et al., 2012). 

The theoretical predicted energies of the empty impurity levels described below 

are also likely significantly underestimated, and only meant to provide qualitative 
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trends.  

4.3.5 Electronic properties for substitutional doping 

     To examine the effect of nitrogen doping on the electronic structure, calculate 

the DOS and PDOS for different depths of the impurity. Fig.4.14 reports the 

DOS, comparing the pure TiO2(101) surface with a few doping positions, as 

depicted in Fig 4.8 .  

Doping introduces deep impurity states inside the energy gap. N behaves as a p 

dopant (Cheng et al., 2012; Di Valentin et al., 2005b; Zeng et al., 2014), 

generating two impurity levels with similar wave functions: a lower, completely 

filled, one, which in all geometries remains within few meV of the VBM; and an 

empty hole state higher up in the bandgap. The energy separation between these 

two states, reported in Table 4.4 and visible in the inset of Fig 4.14, changes 

significantly from one doping location to another, and it also results in 

displacements of the VBM relative to the intermediate Fermi level for the three 

reported DOS curves.  

Both states are delocalized π-bonding orbitals centered at the impurity and 

extending to two adjacent Ti ligands. The lower, filled, state is mostly localized 

in the plane defined by the impurity and the two Ti ligands, while the hole state 

has a node in this same plane.  
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Fig.4.14. Comparison of the DOS for spin-up electrons of the pure and the 

doped TiO2 (101) surface, at three locations of the substitutional dopant, see 

fig.4.8. The spin-down curves are identical. Inset: a blow-up of the gap region, 

highlighting the impurity states. 

The different gaps are to be traced to different equilibrium Ti–N–Ti bond angles, 

which affect the splitting between the  two extended π-bonding states, which 

would become approximately degenerate in the limit where the Ti–N–Ti  angle 

reaches180◦. For example, the N-N-1-B subsurface site relaxes to a remarkably 

large Ti2–N–Ti3 ligand angle (165◦), accounting for the resulting record-low 

impurity level separation of 731 meV, reported in table 4.4 and by the blue curve 

in Fig.4.14. 
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Fig.4.15 DOS and PDOS of substitutional N-doped TiO2 anatase for dopant 

positions labeled N-N-1-B (in the surface layer) and N-N-2-B (one layer 

deeper), see Fig.4.8 . (a) Total DOS; (b): detail of the gap and acceptor states; 

(c): PDOS for Ti(d); (d): PDOS for O(p); (e): PDOS for the p projection at the 

N impurity near the upper surface; (f ): same as (e), but for the lower surface, 

illustrating the antiferro spin alignment at the two impurities, which obtained in 

all studied cases. 
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Fig.4.15 compares the spin-resolved DOS and PDOS of two nitrogen-doped 

configurations, those labeled N-N-1-B, namely the impurity in the surface layer, 

and N-N-2-B, with the impurity in the second layer deeper down, see Fig.4.8 The 

PDOS identifies the states inside the gap as mainly N(2p) orbitals. The spin-

resolved data in Fig.4.15 (e) and (f ) indicate that the magnetization of the 

localized states at the two impurities points in opposite directions, with the upper-

surface impurity characterized by a predominantly spin-down electron density, 

and the lower-surface impurity characterized by a predominantly spin-up density. 

     While this specific antiferromagnetic arrangement is a result of the adopted 

slab geometry, the fact that we obtain an antiferro ground state for all considered 

substitutional sites suggests that the spins carried by multiple N impurities in 

anatase should exhibit a general tendency toward antiferro mutual alignment, of 

standard superexchange nature. 

4.3.6 Electronic properties for interstitial doping  

     Fig. 4.16 shows the electronic properties of the interstitial Ndoped surfaces, 

namely the I-N-N-1-T configuration (N atom in the surface layer) and I-N-N-2-

T (N atom in the second layer). Compared with the substitutional case, we 

immediately notice the formation of two well-separated impurity levels in the 

gap. The lower, full level shows little or no magnetization, while the upper, empty 

one is fully spin-polarized. The gap between these localized levels is estimated 

to be in the 1.3 eV region, with small changes with depth. As the real gap is 

probably larger, it is likely to lead to near-infrared or visible-light absorption.  
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Fig.4.16 DOS and spin-resolved PDOS for interstitial-doped TiO2 anatase, in 

the configurations labeled I-N-N-1-T (surface layer) and I-N-N-2-T (the 

second—deeper—layer), see Fig.4.9  (a) The total DOS; (b): detail of the  VBM 

and the impurity levels; (c): the spin-resolved PDOS N(p) of the impurity near 

the upper surface; (d): same but for the impurity is near the lower surface. 
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      These results are with previous researches showing that the photocatalytic 

activity of interstitial nitrogen doped TiO2 is higher than that of substitutional 

nitrogen-doped TiO2 under visible-light illumination(Asahi et al., 2001; Livraghi 

et al., 2006; Peng et al., 2008), although opposite claims have also been 

reported(Cheng et al., 2012). Here found that the absorption peaks occur at 

different frequencies depending on the depth of the impurity relative to the 

anatase surface. 

4.3.7. Spin magnetization.  

      In our model doping with two nitrogen impurities, one near each surface of 

the slab, the resulting spin magnetization can arrange either symmetrically (ferro) 

or antisymmetrically (antiferro) relative to the slab central symmetry plane. We 

checked both possibilities and verified that in all cases the antisymmetric 

(antiferro) alignment of the spin magnetization is energetically favored compared 

to the symmetric (ferro) alignment.  

For this antiferro electronic ground state, computed the total magnetization 

around each atom by projecting the band wavefunctions of the two spin kinds on 

the atomic (pseudo)orbitals. This projection captures all but a very small (0.3%) 

component, which neglected. The total magnetization around each impurity is of 

the order of 1 Bohr magneton μB, and it decreases slightly with an increase in the 

depth of the impurity, as shown in Fig.4.17 (a).  

Similarly, in the interstitial case, shown in Fig.4.17 (b), the magnetization is 

slightly larger when the impurity is near the surface than when it is deeper down 

in the bulk. also reported the magnetization component in the oxygen partner of 

the interstitial impurity in the dimer: the oxygen collects some 0.2–0.3 μB, thus a 

significant fraction the magnetization on the N atom itself. This result indicates 

a substantial delocalization of the hole in a molecular antibonding orbital of the 

dimer.  
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Fig.4.17 Total spin magnetization (in units of μB at an N impurity in TiO2, for 

different sub-surface depths. (a) Substitutional doping. (b) Interstitial doping, 

where O refers to the oxygen atoms forming a dimer with N. The structures of 

the individual labeled models are depicted in Fig.4.8 and 4.9. 
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Fig.4.18  Side view ((a) and (b)) and top view ((c) and (d)) of two isosurfaces 

for the spin magnetization of ((a) and (c)) substitutional, and ((b) and (d)) 

interstitial-doped TiO2. Yellow/pink: spin magnetization level = ±10−3 μB/𝑎0
3, 

i.e. ±0.1% atomic units. 
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This degree of delocalization changes with the impurity subsurface depth, and  

is especially significant in the I-N-N-1-B configuration, with the tilted dimer 

placed immediately below the surface atomic layer. 

 In all configurations, all other oxygen and titanium atoms acquire quite small 

localized magnetic moments, which is not report here.  

To illustrate how the spin magnetization density arranges around the impurities, 

in Fig.4.18 positive (yellow) and negative (pink) isosurfaces of the spin density, 

for two examples of near-surface impurity positions. 

The substitutional case shown in Fig.4.18 (a) and (c) indicates a substantial 

localization of the magnetization density on the impurity atom, with a small 

spilloff to nearby O atoms and a tiny antiferro-correlated magnetization on 

nearest-neighbor Ti atoms.  

The interstitial case presented in Fig 4.18 (b) and (d) shows the magnetization 

associated with the previously discussed hole shared between the N impurity and 

dimer partner of O atom, with a small spill off to its nearby, and tiny antiferro-

correlated contributions on the two Ti atoms closest to the dimer. 
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4.4 Electronic properties of (TiO2)33 nanocrystals with nitrogen impurities 

at different facets.  

4.4.1 Top-down derived (TiO2)n nanocrystals with computational details 

      (TiO2)33 nanocrystals (66 oxygen and 33 titanium atoms) is employed, which 

were produced stoichiometrically from bulk anatase using the Wulff construction 

(Wulff, 1901).wrote a python script to construct nanocrystals with a specific 

crystalline structure and cut them to the correct equilibrium shape using the Wulff 

construction. The surface energies, of the facets (101), (011), and (001) are 0.44, 

0.90, and 1.09 J m-2), respectively, using this top-down strategy to produce a 

finite nanocrystal. Fig. 4.19 a and 1c demonstrate the Wulff construction for an 

anatase TiO2 nanocrystal and the top viewed (TiO2)33 nanocrystal, respectively. 

The (TiO2)33 nanocrystal is embedded in a 15 × 15 × 24 matrix, resulting in a 

vacuum gap of 6 Å in all directions.  

     All geometric structures are fully optimized, and the energy and force 

convergence criteria have been set to 10-5 Ry and 10-4 Ry/a0, respectively. The 

open-source visualisation program called XCrysDen is used to visualise the 

configurations of N-doped anatase (TiO2)33 nanocrystals, as described in section 

3.2.6. One or two oxygen atoms in the O atom-site have been replaced with 

nitrogen atoms in the exploration of N-doped anatase (TiO2)33. Six different 

substitution sites were considered for one nitrogen at facets for the low 

concentrations of N-doped (TiO2)33 nanocrystals. The substitution sites are 

designated as follows: a: 1L.2N(001), b: 3L.3N(001), c: 2L.2N(011), d: 

3L.3N(011), e: 2L.3N(101) and f: 3L.2N(101). The letter L stands for the number 

of layers. 
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Fig. 4.19 (a) Optimized structure of a pristine (TiO2)33 anatase nanocrystals 

containing (66 oxygen and 33 titanium atoms). (b) The Wulff construction for 

equilibrium TiO2 crystal in anatase phase. (c) Top view of the (TiO2 )33 

nanocrystal. Ti atoms are represented by grey spheres and oxygen atoms by red 

spheres. 
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Fig.4.20 Optimised structures of substitutional-N-doped (Ti33O65N1) 

nanocrystal at different facet and position (a) 1L.2N(001), (b) 3L.3N(001), (c) 

2L.2N (011), (d) 3L.3N(011), (e) 2L.3N(101) and (f) 3L.2N(101) Gray and red 

balls stand for titanium and oxygen respectively. Blue balls represent the 

nitrogen dopants in the substitutional sites considered in the present 

calculations. 
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Fig.4.21 Optimised structures of substitutional-N-doped (Ti33O64N2) 

nanocrystals at different facet and position:- a:1L.2N(001)-2N(001), 

b:2L.3N(101)-3N(101), c:2L.2N(011)2N(011, d:3L.3N(011)-3N(011), 

e:3L.3N(101)-2N(101), and f:3L.3N(001) 3N(001) Gray and red balls stand for 

titanium and oxygen respectively. Blue balls represent the nitrogen dopants as 

used in the present calculations. 
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     Nitrogen at a two-fold coordinated oxygen atom and a three-fold coordinated 

Ti are represented by the numbers ‘2' and ‘3', respectively, the ‘N’ denotes the 

nitrogen atom located at different facets. All nitrogen atoms are at the surface of 

each facet with different sites, except in case 3L.3N(001), at deep of nanocrystal. 

Fig. 4.20 depicts the substitutional structures.  

For a high symmetric concentration (Ti33O64N2) that involves two nitrogen atoms, 

there are six configurations: a:1L.2N(001)-2N(001), b:2L.3N(101)-3N(101), 

c:2L.2N(011)2N(011) d:3L.3N(011)-3N(011), e:3L.3N(101)-2N(101), and 

f:3L.3N(001) 3N(001). The first term implies the first nitrogen sited at a specific 

facet, whereas the second term denotes the second nitrogen sited at a different 

facet, as in instance (Ti33O65N1). All nitrogen atoms were at the surface of each 

facet with different sites, except in case  3L. 3N(001) − 3N(001), at deep of 

nanocrystal (Fig.4.21). 

The periodic plane-wave framework included in the QUANTUM ESPRESSO 

package (Giannozzi et al., 2009) has been used to perform spin-polarized DFT 

calculations.  

     The correlation effect of Ti (4s,3d), O (2s,2p), and N (2s,2p) valence electrons 

has been studied using the Perdew-Burke-Ernzerhof (PBE) functional (J P 

Perdew et al., 1996), in conjunction with ultrasoft pseudopotentials (Vanderbilt, 

1990). The cut-off of the smooth portion of the wavefunction is set to 50 Ry, 

while the electron density cut-off is fixed at 350 Ry. 
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4.4.2 Substitutional N-doped TiO2 nanocrystals at different facets (low 

concentration) 

1. The bond lengths and formation energy of low concentration nitrogen-

doped (TiO2)33 nanocrystals (Ti33O65N1) 

     Prior studies (Di Valentin et al., 2005b; Ortega et al., 2014) investigated the 

equilibrium bond lengths of the pure and N-doped TiO2 slab. Because of the 

presence of impurities/dopants at different facets and positions, the bond length 

of N-doped anatase (TiO2)33 nanocrystals designed in this work differs from that 

of previous investigations (surface and subsurface). However, direct comparisons 

are difficult because only a few studies have looked at the surface energy in 

conjunction with other geometrical characteristics such as interatomic distances. 

This issue could be attributed to the electrostatic repulsion between the Ti, O, and 

N atoms and these approach's propensity to produce more confined states. 

Table 4.7 Bond lengths [pm unit] of different configuration substitutional-N-

doping (Ti33O65N1) nanocrystals at different facets: obtained by optimizing the 

geometry of each bond length around impurity as indicated in Fig.4.20. 

 

Table 4.7 illustrates the bond length around the impurities in each configuration 

at low (Ti33O65N1) concentrations. (O-Ti1, O-Ti2, and O-Ti3) are the initial bond 

lengths of pure nanocrystals, while the bond length around the impurities of (N)-

doped (TiO2)33 nanocrystals with different facets and locations are (N-Ti1, N-

Ti2, and N-Ti3) as indicated in Fig.4.20. 

 

 

Configuration O-Ti1 O-Ti2 O-Ti3 N-Ti1 N-Ti2 N-Ti3 

1L.2N(001) 185 185 … 195 193 … 

3L.3N(001) 206 206 194 204 204 218 

2L.2N(011) 178 178 … 184 184 … 

3L.3N(011) 206 206 209 211 211 219 

2L.3N(101) 208 208 192 222 209 201 

3L.2N(101) 187 181 … 196 188 … 
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Table 4.7, shows the fractional bond length surrounding the nitrogen atom, each 

facet's impurity has a distinct electrostatic force between the bonds around it, as 

shown in Fig.4.22. The % bond length change (N-Ti) around the impurity in 

configuration 2N (001) is greater than the % bond length change (N-Ti) around 

the impurity in facets (101) and (011).  

This is because the nitrogen is positioned at (001) on the top surface, where the 

bond length is longer than the subsurface, which is consistent with the prior study 

(Omar, 2012).  As a result, the nitrogen at this location may become more reactive 

than the nitrogen at the other facet, which is  agrees with with reported 

experimental data  (Borrás et al., 2007; Bromley et al., 2009; Sathish et al., 2005; 

Tachikawa et al., 2006) However the dopant nitrogen has a different bond length 

change, depending on nanocrystals facet.(H. G. Yang et al., 2009) and (Lee et al., 

2019).  

 

 

 

 

 

 

 

 

 

 

 

Fig.4.22  The percent fraction bond length change around one Nitrogen atom of 

different configurations of (Ti33O65N1) anatase nanocrystals. 

 



102 

     The change in bond length plays a crucial role in the surface's reactivity and 

reaction speed. The following equastion has been used to compute the formation 

energy (Ef) of (Ti33O65N1) at different facets. 

𝐸𝑓 = 𝐸1𝑁𝑛𝑎𝑛𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙-𝐸𝑛𝑎𝑛𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙 +
1

2
𝐸𝑂2

−
1

2
𝐸𝑁2

… … … …  4.3      

In Eq. 4.3, E1N-nanocrystal is the total energy of an N-doped TiO2 nanocrystal, 

Enanocrystal isthe total energy of an undoped TiO2 nanocrystal, EN2 represents the 

total energy of N2, and EO2 is the total energy of O2.  

Fig.4.23 shows the formation energy of one nitrogen dopant at different crystal 

facets, as well as the defect gap between VB and CB. 

As a result, the dopant's formation energy rises as a function of the facet, surface, 

and subsurface. The N-dopant at facet (101), i.e. 2N(101), is the most stable in 

terms of formation energy, followed by 1N(101), 1N(001), and then 1N(011). In 

comparison to the (001) and (011) facets, the N-dopant at the (101) facet 

exhibited the lowest formation energy and the highest defect gap (the energy 

difference between the partially filled impurity level and the top of the valence 

band EIL -EVB). 

Surface N-doping (1N(011)) has  larger formation energy than subsurface N-

doping (2N(011)). In other words, 1N(011) has more significant formation energy 

than 2N(011). 
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Fig.4.23. The energy difference between the partly-filled impurity level and the 

top of the valence band (EIL -EVB) verses formation energy of different 

configurations of substitutional-N-doped (Ti33O65N1) nanocrystal at different 

facets. 

2. The density of states (DOS) and projected density of states (PDOS) of 

(TiO2)33 nanocrystals. 

     Fig. 4.24 shows the DOS of the anatase (TiO2)33 nanocrystal, as well as their 

projected (PDOS) on different atomic orbitals. The oxygen 2p orbitals 

contributed the most DOS to the valence band, followed by the titanium 3d 

orbitals, and the titanium 4s orbitals contribute the least.  

The titanium 3d orbitals, followed by the oxygen 2p orbitals, provide the most 

contribution to the conduction band.  

     The bulk TiO2 has a bandgap of 2.150 eV, shown in figure Fig.4.13., while 

the anatase (TiO2)33 nanocrystal has a band gap of 2.471 eV. As a result, the 

(TiO2)33 nanocrystal band gap exceeds that of bulk TiO2. The quantum size effect 

is responsible for the enlargement of the nanocrystal's band gap. 
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 The quantum-confinement effect in TiO2 nanocrystals not only has been 

observed experimentally(Ghamsari et al., 2016; Kavan et al., 1993; Lin et al., 

2006) but also predicted by simulations (Cho et al., 2016; Li and Liu, 2011).  

Despite the expected underestimation of the band gap by DFT, the overall 

analysis of this study is unaffected because we only concern with relative changes 

in the energy  gap due to the well-known restrictions of DFT(Di Valentin et al., 

2005b; Khan et al., 2013). As a result, the theoretical energies of the empty 

impurity/dopant levels shown below are most likely underestimated. 

 

Fig. 4.24. Total density of states and projected density of States of pure (TiO2)33 

nanocrystal. 

Given that the goal of this study is to look into the structural features of N-doped 

anatase rather than its optical properties, it is reliable to compare the relative 

alignments of the theoretically estimated density of states.  

Fig.4.24 indicates that the TiO2 nanocrystal's CBM and VBM are displaced, the 

Fermi level far to edge conduction is increased, and the density of states reduced 

compared to TiO2 bulk (Fig.4.13) . 
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3. The density of states (DOS) and projected density of state (PDOS) of one 

Nitrogen-doped (TiO)2 nanocrystal (low concentration) at different facets 

     Di Valentin et al. (Di Valentin et al., 2005b) calculated the DOS of the 

substitutional and interstitial N-doped TiO2 slab. The electronic characteristics of 

the N-doped anatase (TiO2)33 nanocrystal have been studied by computing the 

DOS and PDOS for Ti, O, and N in the 3L.2N(101) configuration, and the results 

are shown in Fig.4.25.  

N-doped (TiO2)33 nanocrystals have a lower defect gap than pure (undoped) 

nanocrystals (Fig.4.24). After doping, the DOS decreased, which is consistent 

with a prior work (Di Valentin et al., 2005b).  

In addition, new states emerge that are not present in pure (TiO2)33 nanocrystals. 

The valence band edge in TiO2 is mainly made up of O 2p states, whereas the 

conduction band is primarily composed of Ti 3d states. Doping, in which doped 

atoms' states couple with the valence or conduction band or generate isolated 

states in the band gap, can affect the band structure. The N 2p orbitals prompted 

creatation new states (empty spin-down state). 

     When one oxygen atom is replaced by one nitrogen atom, two new states 

emerge, one at the top of the host's conduction band and the other near the top of 

the conduction band, as shown in the middle of Fig.4.25.  

There is an empty spin-down state in the middle of the energy gap at about 0-0.5 

eV above the top of the conduction band. In comparison to pure TiO2, this state, 

therefore, can act as a deep electron trap in the N-doped (TiO2)33 nanocrystal. 

Fig.4.26 shows the DOS of the different configurations of the Ti33O65N1 

nanocrystal. Based on first-Principles calculations, Yu (Yu et al., 2014)  

investigated band structures and band edges for pure TiO2. They observed that 

the anatase TiO2 (101) and (001) facets have different band geometries and band 

edge positions. 
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Fig.4.25 Total density of states and Projected density of states of configuration 

2L.3N(101). 

     Thus, within a single TiO2 particle, the co-exposed (101) and (001) facets of 

anatase can form a surface heterojunction, which is beneficial for transmitting 

photo-generated electrons and holes. However, in this work, we concentrate  on 

the differences in the band edge when nitrogen is present at each facet. The Fermi 

level of 3L.3N (001) facets at the top of the valence band, while the Fermi level 

of 1L.2N (001) facets remains in the middle of the valence band and conduction 

band, as is shown in Fig.4.26. 
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Fig.4.26 (Colour online) Total density of states of substitutional-N-doped 

(TiO2)33 nanocrystals of impurity at different facet (a) 1L.2N(001) and 

3L.3N(001) (b) 2L.2N(011) and 3L.3N(011) (c) 2L.3N(101) and 3L.2N(101). 
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When compared to the pure DOS of the nanocrystal, found that the band gap is 

equal to 2.156 eV, the Fermi level in the middle of the valance band and 

conduction band, and the defect gaps of 1L.2N (001) and 3L.3N (001) are 1.140 

and 1.069 eV, respectively. For the cases of 2L.2N (011) and 3L.3N (011), the 

Fermi level is located at the top of the conduction band, and the position of new 

states originating from the N 2p orbitals differs for each configuration, and the 

defect gaps are 1.097 and 0.843 eV respectively.  

Fig.4.26 demonstrates that the defect gaps of N-doped (001) and (011) crystal 

faces are lower than those of the (101) crystal facet (i.e., the energy difference 

between the partially filled impurity level and the top of the valence band EIL -

EVB). Furthermore, at the same facet and surface (011), the defect energy band 

gap is larger at the layer near the top of the crystal than for the layer far at the top 

of the crystal (101). 

      However, in the case of (001), the defect energy band gap at the surface is 

greater than the subsurface at the same facet. The Fermi level is also close to the 

valance bands identified in nanocrystals with configurations 1L.2N (001) and 

2L.2N (011), while for the configuration 3L.2N (101) the fermi level appeared at 

the valance band. As described in Ref.s.(H. G. Yang et al., 2009) and (Yang et 

al., 2008), the photocatalytic efficiency of TiO2 nanocrystals is primarily 

determined by the surface facet. The surface facet-dependent reactivity on single 

crystals has shown that the photocatalytic performance will markedly improve 

the higher energy (001) and (010) facets. 

 In this case, the defect band gap of nitrogen situated at each facet varies; in low 

concentration (Ti33O65N1) the minimum defect gap is equal to 0.842 eV of 

2L.2N(101)-2N(1̄01) and the maximum defect gap is 1.277 eV of  3L.2N(101)-

2N(1̄01), as shown in Table 4.10. According to (Asahi et al., 2001; Sathish et al., 

2005), the reduced band gap plays a significant role in photocatalysis. They 

indicated that lowering the band gap with N-TiO2 should be accompanied by an 

enhancement in photocatalytic activity. 
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4.4.3 Substitutional N- doped (TiO2)33 nanocrystals at different facets (high 

concentration)  

1. The bond lengths and formation energy of high concentration nitrogen-

doped (TiO2)33 nanocrystals (Ti33O64N2) 

     Using the plane-wave ultrasoft pseudopotentials approach based on DFT, the 

average bond length surrounding the nitrogen dopant with varying concentrations 

have been measured previously (Wu et al., 2012). Because the atoms in the 

oxygen vacancy zone are attracted to one another, the volume of N-doped models 

decreases. The bond lengths around two symmetric N-doped (TiO2)33 

nanocrystals have been changed in this investigation, as indicated in Table 4.8. 

Fig. 4.21 depicts each of these bond lengths around an impurity. The nanocrystal 

1N(001)-1N(001̄) denotes that one nitrogen atom is situated at facet (001) and 

another is situated at N(001̄), and their bond lengths are longer than the impurity 

of two nitrogen atoms located at other facets see Table 4.8. 

 Bond lengths [pm units] of different configuration substitutional-Ndoping 

(Ti33O64N2) nanocrystals obtained by optimising the geometry(see Fig.4.21) of 

each bond length around impurity. Fig.4.27 illustrates the fractional bond lengths 

around two N atoms positioned at different facets of the (TiO2)33 anatase 

nanocrystal.  

     The (001) facet has the longest % bond length change of the impurity/N 

dopant, implying that the configuration 1N(001)-1N(001̄) has a longer %bond 

length change than facets (011) and (101).  The fraction bond length around the 

impurity near the surface of 2L.2N(011)-2N(01̄1) is longer than the 3L.3N(011)-

3N(011̄) subsurface in the y-direction. 
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Table 4.8  Bond lengths [pm units] of different configuration substitutional-N-

doping (Ti33O64N2) nanocrystals obtained by optimizing the geometry of each 

bond length around impurity as indicated in Fig.4.21. 

 

Configuration O-Ti1 O-Ti2 O-Ti3 N-Ti1 N-Ti2 N-Ti3 

1L. 2N(001) − 2N(001) 185 185  195 195  

2L. 3N(101) − 3N(101) 208 208 194 215 214 202 

2L. 2N(011) − 2N(011) 178 178  186 186  

3L. 3N(011) − 3N(011) 206 206 209 210 210 221 

3L. 2N(101) − 2N(101) 187 181  191 191  

3L. 3N(001) − 3N(001) 206 206 194 208 208 207 

 

The formation energy (Ef) of the impurity has been calculated for the (Ti33O64N2) 

nanocrystal using Eq.4.4. 

𝐸𝑓 =
1

2
(𝐸2𝑁𝑛𝑎𝑛𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙-𝐸𝑛𝑎𝑛𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙 + 𝐸𝑂2

− 𝐸𝑁2
… … … . (4.4) 

 

Fig.4.27 The percent fraction bond lengths around two Nitrogen atoms of 

different configurations of Ti33O65N2 anatase nanocrystals. 
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Table 4.9 illustrates the formation energies at different facets and the energy 

difference between the partially filled impurity level and the top of the valence 

band (EIL -EVB) of the substituted N-doped (TiO2)33.  

At the surface, the formation energy (Ef) of 2L.3N(101)-3N(101̄) is  larger than 

that of the other nanocrystals (i.e. (001) > (011) > (101)). As shown in Table 4.9, 

the difference in formation energy at high concentrations (Ti33O64N2) and the 

minimal different configurations is around 0.5 eV.  

This suggests that the impurity position at high concentrations (Ti33O64N2) is less 

effective than those at the low concentrations (Ti33O65N1) at different 

configurations (equal to 1.6). The most stable configurations, according to the 

formation energy, are 3L.2N (101)-2N (1̄01) and 3L.3N (001)-3N (001̄). From 

Table 4.10, can see that the defect gap of (Ti33O64N2) is smaller than that of 

(Ti33O65N1). 

Table 4.9 Formation energy and the energy distance between the partly-filled 

impurity level and the top of the valence band (EIL -EVB ) of different 

configurations of   substitutional-N-doped  (Ti33O64N2) nanocrystal at different 

facets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(TiO2)33:N Ef [eV] EIL -EV B[eV] 

1L. 2N(001) − 2N(001) 5.055 0.970 

2L. 3N(101) − 3N(101) 4.845 0.820 

2L. 2N(011) − 2N(011) 4.812 0.956 

3L. 3N(011) − 3N(011) 4.805 1.042 

3L. 2N(101) − 2N(101) 4.615 1.167 

3L. 3N(001) − 3N(001) 4.547 0.717 
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Table 4.10  The energy distance between the partly-filled impurity level and the 

top of the valence band (EIL -EVB) of different configurations of substitutional-

N-doped (Ti33O65N1) and (Ti33O64N2) nanocrystal at different facets. 

 

2. The density of states (DOS) and projected density of states (PDOS) of the 

(Ti33O64N2) nanocrystal at different facets 

     The TDOS and PDOS of the 3L.2N (101)-2N (1̄01) configurations are shown 

in Fig.4.28. As can be seen on the left-hand side this figure, the locations of the 

VBM and CBM  are shifted compared to pure and (Ti33O65N1) nanocrystals 

systems, and the defect gap level narrowed.  

The observed band gap due to N concentration found by is comparable to those 

reported  in refrences (Wu et al., 2012; Zhao and Liu, 2008).  

The band gap narrows as the concentration of N rises. Compared to the one 

nitrogen atom doped at distinct facets, new symmetrical occupied states develop 

for high concentrations (two N atoms) of N-doped anatase (TiO2)33. Beyond the 

Fermi energy, the localised states of two-impurity nitrogen are framed across the 

valence band (from 0.5 to 1.0 eV).  

 

 

 

 

 

 

Ti33O65N1 EIL -EVB[eV] Ti33O64N2 EIL -EVB[eV] 

1L.2N(001) 1.140 1L. 2N(001) − 2N(001) 0.970 

3L.3N(001) 1.069 2L. 3N(101) − 3N(101) 0.820 

2L.2N(011) 1.097 2L. 2N(011) − 2N(011) 0.956 

3L.3N(011) 0.842 3L. 3N(011) − 3N(011) 1.042 

2L.3N(101) 1.277 3L. 2N(101) − 2N(101) 1.167 

3L.2N(101) 1.170 3L. 3N(001) − 3N(001) 0.717 
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Fig.4.28 (a) Total density of state and the projected density of state of 3L.2N 

(101)-2N (1̄01) nanocrystal. (b)Magnification PDOS of N (p) and N1(p) in 

3L.2N (101)-2N (1̄01) nanocrystals. 

Compared to one nitrogen atom at 2N (101), this resulted in a defect energy 

reduction of roughly 0.533 eV. On the right side in Fig.4.28, the PDOS for both 

N (p) and N1 (p) impurities are enlarged. Near the Fermi level, antiferromagnetic 

impurity bands can be found. This implies that the change in electron energy from 

the valence to conduction bands is smaller, resulting in a redshift at the optical 

absorption range's edge. 

 Yu et al.(Yu et al., 2014) investigated the Fermi location of pure TiO2 , includes 

and the Fermi energy level, valance band position, and conduction band position 

of the facets (001) and (101) TiO2 . 

By magnifiying PDOS of N (p) and N1(p) in 3L.2N (101)-2N (1̄01)nanocrystals 

they identified the Fermi level of facet (001) slab at valence band as well as its  

location near (101) facets.  

In this study, the shifted valence band and conduction band positions at different 
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facets at high concentration are reported.  

The density of states of 1L.2N (001)-2N (001̄) it shows in Fig.4.29. We observe 

that the valance band is close to the Fermi energy, and there are no new states 

developed at the valence band's edge.  

     Compared to the low concentration of 1L.2N (001), which has a defect gap of 

1.069 eV, and for1L.2N (001)-2N(001̄) has a defect gap of (0.97 eV). The defect 

gap is reduced by 0.717 eV when one nitrogen atom is located at facet (001), 

compared to the nanocrystal 3L.3N (001)-3N (001̄) at the third surface layer of 

the surface. DOS of the configurations 2L.2N (011)-2N (01̄1) and 3L.3N (011)-

3N (01̄1) is shown in Fig.4.29 b. Both configurations have two new states around 

the valance band, with localized states near the Fermi energy of the defect gap of 

0.956 and 1.042 eV for 2L.2N(011)-2N(01̄1)  and 3L.3N(011)-3N(01̄1), 

respectively. 

 Fig.4.29 c depicts the shifted localized state and that the conduction band is far 

from Fermi level in the nanocrystal of 2L.3N (101)-3N (1̄01). 
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Fig.4.29 (Colour online) Total DOS and PDOS of substitutional-doped 

(Ti33O64N2) nanocrystal of impurity at different facets: (a) 3L.2N(101) − 

2N(101) and 3L.3N(001) − 3N(001) (b) 2L.2N(011) − 2N(011) and 3L.3N(011) 

− 3N(011) (c) 2L.3N(101) − 3N(101) and 3L.2N(101) − 2N(101). 
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4.4.4 The spin density distribution and magnetization around the nitrogen 

impurity of the substitutional-doped (Ti33O65N1) and (Ti33O64N2) at 

different facets 

     The spin density distribution around the N atom to investigate the spin-

polarization of a low-concentration doped Nitrogen atom (Ti33O65N1)has 

computed. Fig.4.30 a shows the spin density distribution for the configuration 

3L.3N (001). The magnetism is mostly concentrated around the N atom, and the 

wavefunctions of the N 2p states are comparable to that of O 2p orbitals(Di 

Valentin et al., 2005b; K. Yang et al., 2009), a scenario analogous to isolated 

atoms.  

     The total magnetization around each nitrogen atom at different facets in 

various configurations by projecting the band wavefunctions of the spin kinds on 

the atomic (pseudo) orbitals, as shown in Fig.4.30 b and c. The spin 

magnetization level (in units of µβ) of different configurations substitutional-N-

doped (Ti33O65N1) nanocrystals is shown in Fig.4.30 b. Magnetization is 

predominantly confined on the N atom in configuration 3L.3N (001). For 

example, 0.855 µβ on the N atom, and a very tiny value (0.023) was found around 

the three nearest-neighbor Ti atoms (Ti1, Ti2, Ti3), as shown in figure 4.20 f). 

     In comparison to the subsurface, the impurity at facet (001) surface has a high 

magnetization level. On the other hand, nitrogen at (011) and (101) surfaces has 

different magnetizations, even though they are both at the surface and on different 

coordinates and layers. The magnetization of Nitrogen with two-fold coordinated 

oxygen atoms is higher than that of the three-fold coordinated oxygen. 

      Yang et al. (K. Yang et al., 2009) They investigated the magnetization 

surrounding two nitrogen impurities is different from one nitrogen doped.  

They demonstrated that when two N dopants are coordinated to an ordinary Ti 

atom in substitution doping, the spin exchange coupling between their spin 

moments was high.Also determined whether the two N atoms are ferromagnetic 

or antiferromagnetic. The N–Ti–N angle and the distance between nitrogen and 
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Ti also play a key role. The resulting spin magnetization can arrange anti-

symmetrically (anti-ferro) relative to the nanocrystal central symmetry in high 

concentration (Ti33O64N2) model doping with two nitrogen impurities, one near 

each surface of the nanocrystal.  

The magnetization of different is dependent on impurities, as can be seen in 

Fig.4.30c. As can be observed, when the impurity is located at (011) facets, 

magnetization are equals to 0.676 and -0.676 µß for both nitrogens, respectively, 

compared to one nitrogen located at facets (011) (0.688 µß). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



118 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.30. (a) The spin density distribution of configuration 3L.3N(001) as 

indicated by Yellow colour isovalue=0.001. (b) Spin magnetization level (units 

of µβ) of different configurations of substitutional-N-doped (Ti33O65N1) 

nanocrystal. (c) Spin magnetization level (units of µβ) of different 

configurations of substitutional-N-doped (Ti33O64N2) nanocrystal. 



119 

4.5 Theoretical and experimental investigation of the electronic and optical 

properties of pure and interstitial nitrogen-doped (TiO2)n nanocluster 

4.5.1 Material and method 

     In this section, ab initio calculations are performed and electronic properties 

for pure N-doped TiO2 cluster are investigated in order to assess the change in 

properties as a function of the N content.  Figure 4.31 depicts two optimized 

clusters of (TiO2)n: Ti9O18 and Ti28O56. It was chosen from among the structures 

determined by global optimization using interatomic potentials in recent work 

(Lamiel-Garcia et al., 2017). The formation energies of pure and N-doped TiO2 

were computed using two different DFT models: QUANTUM ESPRESSO/PBE 

and Gaussian/B3LYP/6-31G(d) and the results were analyzed and compared to 

the experimental,data based on these theoretical observations, pure and N-doped 

TiO2 cluster  produced by the SCBD. Cluster-assembled films were characterized 

by atomic force microscopy (AFM) , UV–vis spectroscopy , X-ray photoelectron 

spectroscopy (XPS) and the vibration mode  of samples by Raman spectroscopy 

. Supersonic Cluster Beam   Deposition (SCBD) was employed to prepare pure 

and nitrogen-doped TiO2 nanostructured films on silicon and quartz substrates, 

using a Pulsed Micro-Plasma Cluster Source (PMCS) from LGM laboratory at 

CIMaINa (Università degli Studi di Milano) (Barborini et al., 1999; Milani et al., 

2001; Piseri et al., 1998). The discharge is confined to a micro-plasma region at 

the cathode surface through controlled injection of a process gas. precise control 

of the gas mixture allows fine tuning on the composition of the nanoparticles that 

are formed upon condensation of the vapor (Piseri et al., 1998): for produsing N-

doped TiO2 , it is exposed to 99.80% (Ar), 0.015% (O2), and 0.05% (N2) were 

used. The thus-formed nanoparticles suspension is evacuated from the PMCS via 

a nozzle. The PMCS mechanism for nitrogen-doped TiO2 nanocluster synthesis 

has been described in section 3.4.3.1. 
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Fig.4.31 DFT Optimized structure of the Ti9O18  and  Ti28O56 nanoclusters by 

using QUANTUM ESPRESSO /PBE. 

4.5.2 Bond lengths and formation energies: substitutional and interstitial 

case of (Ti28O55N1) and TiO2 (Ti28O56N1) cluster in different configurations 

When the nitrogen substituents incorporate into the TiO2, the formation energy 

altered function of impurity position and Ti–N bond lengths are, of course , 

altered compared to the pristine Ti–O bonds. Several additional publications have 

been noted the effect of impurity location on TiO2 electronic characteristics. 

Giovanni Di Liberto et al. (Di Liberto et al., 2019) investigated Nitrogen Doping 

in exposed (001)-(101) anatase TiO2 surfaces and discovered that N001 is the 

most stable doping arrangement, with the nitrogen atom on the (001) side of the 

interface.   
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Fig. 4.32 Labeling of Nitrogen substitutional positions   for (Ti28O55N1) cluster. 

Fig.4.32 shows the optimal structure of Ti28O55N1 obtained by inserting one 

substitution N atom in an O lattice location in various configurations using 

DFT/PBE. Each number in Table 4.11 corresponds to the formation energy of 

nitrogen doped TiO2 (Ti28O55N1) at various sites. Ns-Cl.n Ns stands is for 

Nitrogen substitution doped, and Cl.n stands for impurity at various positions in 

the cluster, with n ranging from 1 to 9, corresponding to each location in Fig.4.32. 

The following was used the formation energies of nitrogen substitution sites : 

𝐸𝑓 = 𝐸1𝑁𝑛𝑎𝑛𝑜𝑐𝑙𝑢𝑠𝑡𝑒𝑟-𝐸𝑛𝑎𝑛𝑜𝑐𝑙𝑢𝑠𝑡𝑒𝑟 +
1

2
𝐸𝑂2

−
1

2
𝐸𝑁2

… … … … . . 4.5 

Table 4.11 shows the formation energy and defect gap of a substitution-N-doped 

(Ti28O55N1) nanocluster at various positions. The formation energy varied from 

5.321-4.685 eV, whereas the defect energy varied from 1.314 to 0.696 eV. As 

seen in (Ns-Cl6, Ns-Cl7, Ns-Cl8, and Ns-Cl9), the nitrogen atom inside the 

cluster has  lower formation energy than the nitrogen atom outside  cluster. The 

formation energy of the cluster Ns-Cl9 is 4.685 eV, which is lower than the 

formation energy of another cluster impurity position. The electronic structure of 

a cluster is affected by the location of nitrogen impurities.  
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According to Table 4.11, the energy differences are around 0.625 eV, although 

of clusters, the majority of atoms are at the surface and atom clusters have 

considerably different physical and chemical properties than bulk solids of the 

same composition. The discrepancy arises from the fact that a high proportion of 

their component atoms are situated at the surface. 

Table 4.11 Formation energy (Ef) and the defect gap (EIL -EV B) of 

substitutional-N-doped (Ti28O55N1) nanocluster at a different position. 

 
 

 

 

 

 

 

 

 

 

 

 

 

We doped TiO2 at four distinct sites for nitrogen to explore interstitial N doping, 

as illustrated in Fig.4.33. The below is  used to compute the formation energy. 

𝐸𝑓 = 𝐸1𝑁𝑛𝑎𝑛𝑜𝑐𝑙𝑢𝑠𝑡𝑒𝑟-𝐸𝑛𝑎𝑛𝑜𝑐𝑙𝑢𝑠𝑡𝑒𝑟 −
1

2
𝐸𝑁1

… … … . . 4.6 

The calculated formation energy, defect gap, and N-O bond length of interstitial 

N-doped (Ti28O56N1) clusters at different positions are shown in Table 4.12. The 

effect of impurity position on defect gap and the N-O bond produced in the case 

of interstitial have different lengths depending on impurity position. Because of 

the low formation energy, interstitial is more beneficial than substitution in terms 

of impurity position.  

 

 

 

 

 

Ti28O55N1 Ef [eV] EIL -EV B[eV] 

Ns-Cl.1 5.321 1.0456 

Ns-Cl.2 5.152 0.977 

Ns-Cl.3 5.125 0.696 

Ns-Cl.4 5.070 1.041 

Ns-Cl.5 5.080 1.326 

Ns-Cl.6 5.018 1.259 

Ns-Cl.7 5.052 0.965 

Ns-Cl.8 4.869 1.270 

Ns-Cl.9 4.685 1.314 
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Table 4.12 Formation energy (Ef), the defect gap (EIL -EV B), and N-O bond 

length of interstitial -N-doped (Ti28O56N1) cluster at a different position. 

 
 

 

 

 

 

 

 

 

Fig.4.33 Optimized structure nitrogen atom at a different position for 

(Ti28O56N1) cluster interstitial case , The gray, red and blue balls correspond to 

Ti  O and N, respectively. 

 

 

Ti28O56N1 Ef [eV] EIL -EVB[eV] N-O[pm] 

Ni-Cl.1 3.910 1.617 137 

Ni-Cl.2 3.820 0.914 133 

Ni-Cr.3 3.527 1.291 135 

Ni-Cl.4    2.9 1.253 134 
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Fig. 4.34 The percent change in bond lengths of different substitutional 

positions of nitrogen dopants in (Ti28O55N1) cluster. The bonds length around 

the N atom is identified in Fig.4.32. 

4.5.3 Electronic properties of pure Ti28O56 and nitrogen doped (Ti28O56N1). 

The DOS was computed using the Gaussian16 software to investigate the 

electronic characteristics of the structures. The material's electronic density of 

states provides enough information to comprehend its electronic characteristics. 

A  DOS diagram can be used to visualize the energy level distribution (Gui et al., 

2019). TiO2 and N-doped TiO2 cluster wave function was calculated  using  DFT 

, B3LYP at 6-31G(d) basis set. Fig.4.35 displays the Density of states (DOS) for 

pure (Ti28O56) and nitrogen doped (Ti28O55N1) nano clusters. Significant impurity 

states are appeard in the gap as a result of doping. Following the addition of one 

nitrogen, the states emerge at the top of the conduction band.  nitrogen action 

defines the creation of the ionic N–O bond as a p dopant. N (p) helps to narrow 

the gap by producing the valence and conduction bands. 
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The band gap and defect band gap in unit [eV] for pure Ti28O56 and nitrogen-

doped TiO2 (Ti28O56N1) were calculated QUANTUM ESPRESSO /PBE-GGA 

and Gaussian/B3LYP /6-31G (d) methods. Inserting a  nitrogen atom was into 

the TiO2 structure,reduces  HUMO-LUMO gap from 3.772 eV to 3.130 eV by 

Gaussian/B3LYP /6-31Gd. Since the gap energy  due to QUANTUM 

ESPRESSO /PBE-GGA, method was underestimated the band gap also reduces 

from 2.826 to 1.257 eV as shown in Table 4.13. 

Table 4.13 The electronic band gap and defect band gap in [eV] for pure 

Ti28O56 and nitrogen doped TiO2 (Ti28O56N1) were calculated using both 

QUANTUM ESPRESSO /PBE-GGA and Gaussian/B3LYP/6-31G(d) 

approaches, and the results were compared to previous  works  

 

 

Cluster Method Band gap [eV] 
Defect band 

gap[eV] 

Ti28O56 PBE 2.826           [this work] 1.257 

Ti28O56 B3LYP/6-31G(d) 
3.772           [ this 

work] 
3.130 

Ti28O56 
B3LYP/VDZ//PW

/SZ 

3.67 [ (Lundqvist et al., 

2006)] 
 

(TiO2)101·6H2O DFT(B3LYP) 
3.8  [(Selli et al., 

2017)] 
 

Ti24O50H 
B3LYP/LANL2D

Z 

3.8    [(Oprea and 

Gîrțu, 2019)] 
 

(TiO2)101·6H2O DFTB 3.2 [(Selli et al., 2017)]  

Ti29O58 
Gaussian03/B3LY

P/6311G 
3.33 [ (Cao et al., 2021)]  

Ti38O76 INDO/S-CI 
3.5 [ (Persson et al., 

2000)] 
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Fig.4.35  Calculated DOS for pure (Ti28O56) and nitrogen doped (Ti28O56 N1).  

4.5.4 Surface morphology of N-doped TiO2 nanocluster 

The AFM was used to analyze the surface morphology of nanostructured 

Nitrogen-doped TiO2. Fig.4.36 shows the surface morphology of N doped TiO2 

cluster layer formed on silicon, as well as a histogram of particle size distribution. 

As seen in the histogram, the clusters appear to be almost spherical, with an 

average lateral size of less than (2.5 nm) and some of them having the average 

size of 5 nm. The smallest visible grains (2 nm) are pristineimeval clusters created 

in the source, while larger grains are the product of smaller clusters aggregating 
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and coalescing. 

 
 

Fig.4.36 (a) AFM image of the surface morphology of N doped TiO2 cluster 

film deposited on silicon, and (b):  Histogram of particle size distribution. 

4.5.5 X-ray photoelectron spectroscopy (XPS) 

     The XPS analysis was used to analyze the chemical composition and 

chemical state of the TiO2 nanoclusters. Fig.4.37 shows the XPS spectra of 

N-doped TiO2,  where the peaks at   401.7,  459 , 464,  and 530.17 eV 

correspond to the binding energy of  N1s ,Ti2P1/2 , Ti2P3/2 , and  O 1s, 

respectively. The N1s reveal the presence of nitrogen in the nanostructured 

material (inset Fig.4.3 7).The peaks are in the range (396-404 eV) seen by 

numerous other writers, although Di Valentin et al (Di Valentin et al., 2007) 

detected peaks at higher binding energy (400 eV). The peak at this energy 

represents the interstitial-site nitrogen (Ti–O–N) in which the N atoms are 

bound to lattice oxygen atoms,the peak represents the interstitial-site 

nitrogen. 
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Fig.4.37 The XPS of nitrogen doped TiO2, inset figure N1s peak centered at 

400 eV for N-TiO2. 

4.5.6 Optical properties of the pure and nitrogen-doped TiO2  

     The UV-visible absorption spectrum was performed to analyze the optical 

absorbance of pure and nitrogen-doped TiO2 nanoclusters. If the semiconductor 

size is smaller that of a the Bohr radius atthe excited state, the quantum 

confinement effect is expected, and the absorption edge will be shifted to higher 

energy. More invistigation done on the quantum confinement effect for TiO2 as 

well as direct and indirect band gaps. Yin Zhao et al  (Zhao et al., 2007) found 

that the band gap of as-prepared TiO2 nanoparticles is 3.28 eV, which is some 

what higher than the value of 3.2 eV for its bulk state quantum size could be the 

reason. In anatase TiO2 nanoparticles, K. Madhusudan Reddy et al (Madhusudan 

Reddy et al., 2003)  indicated that the direct, rather than indirect, transition is 

more beneficial, as shown in Table 4.14 . Fig.4.38 shows the UV–vis spectra of 

pure and nitrogen-doped (TiO2) nanostructures. Fig.4.38 shows plots of (α.hν) 2 

ver. the energy level of the absorbed light. In both pure and nitrogen doped TiO2, 
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the optical band gap for direct allowed TiO2 transitions was calculated. The band 

gap values were calculated from the absorption spectra due  each sample using 

(α.hν) 2 and the hv plot, as shown in set  Fig.4.38. 

Table 4.14 Experimental Band Gap in unit [eV] for pure and Nitrogen-doped 

TiO2 compared with previous works. 

Nano 

composites 

Size 

[nm] 

Bandgap [eV] Ref 

TiO2 nanocluster 

N-TiO2 

nanocluster 

2-5 3.717 

3.457 

This work 

This work 

Quantum dot 5 ~3.76 (Javed et al., 2019) 

Quantum dot 3-7 3.79 (Gnanasekaran et al., 2015) 

Nanoparticle 11 3.4 (Karkare, 2014) 

Nanoparticle 

N-doped 

nanoparticle 

10 3.35 

3.05 

(Jia et al., 2018) 

Nanoparticle 20 3.75 (Mandal et al., 2019) 

Nanoparticle 7 4.1 (Rashad et al., 2013) 

 

The direct energy gap  of  TiO2 nanoparticals more reported (Jia et al., 2018; 

Karkare, 2014; Mahmoud et al., 2021; Mandal et al., 2019) to be with  addition 

of nitrogen atom, the band gap decreased from 3.701 to 3.390 eV, summarized 

in Table 4.14. the table displays the present experimental measurements of  the 

energy  gap and other  works (Gnanasekaran et al., 2015; Javed et al., 2019; Jia 

et al., 2018; Karkare, 2014; Mandal et al., 2019).due to the  contribution of  p 

states in with the  band gap narrowing at O (p) and N (p) states mixing, N atoms 

have the most effective. The excitation wavelength found by DFT (B3LYP/6-

31G(d)) is equal to  335.03 and 411.00 nm for pure nitrogen-doped TiO2, 

respectively. 
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Fig.4.38 The UV–vis spectra of pure and nitrogen-doped (TiO2)  nanostructures 

The inset figure represents the plot of (α.hν) 2 versus the energy of the absorbed 

light. 
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4.5.7 Experimental and theoretical (DFT-B3LYP/6-31G (d) investigation of 

Raman spectra for pure and nitrogen doped TiO2  

1. Raman analysis 

     The primitive unit cell of anatase contains two TiO2 units (6 atoms), leading 

to 18 vibrational modes (15 optical and 3 acoustic). From factor group analysis 

(D4h 19 - I41/amd space group) the optical modes at the Γ point (Γopt) can be 

classified as            

A1g + 1 A2u + 2 B1g + 1 B2u + 3 Eg + 2 Eu 

It consists of three Raman active modes (A1g+ 1 B1g+3 Eg), two modes are 

infrared active (1 A2u+2 Eu), and one mode (1 B2u) is inactive in both Raman and 

infrared (Ohsaka, 1980). The vibration mode of TiO2 depends on size, annealing, 

architectures, and other factors; Xu et al. (Xu et al., 2001) They explained the 

variation in the Raman bands with a phonon confinement model based on the 

Heisenberg uncertainty principle, They showed that as particle size decreases, the 

phonon becomes increasingly confined within the particle, and the phonon 

momentum distribution increases.  
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Della Foglia et al. (Della Foglia et al., 2009) They synthesized the TiO2 

nanostructured film via SCBD. Raman spectroscopy indicated no crystalline 

structure after annealing at 200oC, indicating that the film is predominantly amor-

phous. They also demonstrated that the shape of nanostructured TiO2 films could 

improve annealing for photocatalytic applications. Zhang et al. (Zhang et al., 

2008) reported a combination of experimental and computational modeling to 

investigate amorphous titanium made up of 2 nm TiO2 nanoparticles. The nano-

particles contain a severely deformed shell and a stretched anatase-like core, ac-

cording to the researchers. The measured  Raman spectra of pure and Nitrogen-

doped (TiO2) cluster is shown in Fig.3.39.The weak Raman scattering in these 

films is attributed to the low phonon density of states in the amorphous phase, as 

seen in Fig.4.39, which exhibits Raman spectra for unanneled  pure and nitrogen-

doped TiO2 clusters without annealing. The observed no  of Raman bands in an 

amorphous solid are no longer related to traveling waves or wave vectors, as are 

no longer phonons. The very low intensity of Raman spectra corresponding to 

Eg(1) opical mode in undoped TiO2, around 150 cm-1 intensity of Eg(1) opical 

mode has significantly lower in N:TiO2 compared to undoped TiO2 , and that 

agreed well with other reported works(Appadurai et al., 2019; Bhat et al., 2019, 

2019; Cheng et al., 2016) 

 

https://link.springer.com/article/10.1007%2Fs11051-009-9691-1#auth-Flavio-Della_Foglia
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Fig.4.39 Raman spectra of pure and Nitrogen-doped (TiO2) cluster. 
 

4.5.8 Theoretical vibrational properties of pure and N-doped (TiO2)n  by  

DFT / B3LYP/6-31G(d) 

     Vibration modes of  TiO2  cluster  have been calculated  Theoretically by many 

researchers:  Ogata  et al. (Ogata et al., 1999) employed modified variable charge 

interatomic potential to examine the structural and physical features of nano size 

TiO2 clusters of 1050 and 672 atoms at 100 K using molecular dynamics (MD) 

simulations. They revealed that the Ti–O bonding characteristics that play a key 

role in replicating macroscopic and microscopic values with accuracy 

comparable to first-principles computations. Ghuman, Goyal and Prakash 

(Ghuman et al., 2013) investigated the vibrational characteristics of rutile 

supercells and rutile and amorphous TiO2 nanoparticles using the Matsui and 

Akaogi rigid ion model with effective charges on Ti and O atoms. They 

demonstrated that the phonon bandwidth and dispersive character of optical 

phonon modes in higher frequency ranges agree with experimental results. 
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However, the calculated and experimental findings are within 15% of each other 

in the intermediate energy range, while the calculated results are higher than the 

experimental values in the lower energy range. 

In a (TiO2)n cluster, if n changes, the majority of physical properties change as 

well, The (TiO2)n clusters were constructed by Brandon Bukowski et al. 

(Bukowski and Deskins, 2015) with n = 1, 3, 5, 8, and 15 total atoms, or 3, 9, 15, 

24, and 45 total atoms, respectively. For each cluster size, there are a number of 

possible structural isomers. cluster get larger, atoms tend to adopt higher 

coordination, eventually embracing bulk coordination with the correct cluster 

size, , Tarakeshwar  and German  has Also  mentioned it (German et al., 2017; 

Tarakeshwar et al., 2011). 

The vibrational modes of Ti9O18 and Ti28O56 clusters were calculated in this work 

. There are  74 modes of vibration in Ti9O18  and 99 modes of vibration in Ti28O56 

clusters,  as shown in Fig. 4.40. The Raman activity spectra of Ti9O18 and Ti28O56 

by using Gaussian/ B3LYP 6-31G (d) are computed, as a result most of the 

vibrational modes of Ti9O18 are different from the Ti28O56   since they have 

different structures producing different coordinates of Ti(1Ti,2Ti ….) there are 

two strong peaks appearing about 1040.92 cm-1 and 1045.45 cm-1. These two 

vibrations (Ti28O56) cluster  may be due to 1Ti coordinates in its in both sides, as 

shown in Fig. 4.41, that represents the O-1Ti vibration mode. Since cluster 

structure is a size dependent, then they may not have same vibration. The Raman 

spectrum activity of pure (Ti28O56) and nitrogen doped (Ti28O56N1) Nano clusters 

are  the display is by   using Gaussian/ B3LYP/6-31G (d) is shows Fig.4.42. The 

denoted by (*) peak of pure Ti-O demonstrates the stretched bonds (Ti28O56). The 

vibrational mode N-O in nitrogen-doped (Ti28O56N1) at approximately 1014cm-

1 is shown in the inset Fig.4.42. This is a stretching mode that has been 

investigated in N-doped TiO2. 
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Fig.4.40 Raman activity of Ti9O18, and Ti28O56 calculated using Gaussian/ 

B3LYP/6-31G(d).  

 
 

Fig.4.41 Mode of vibration of (Ti9O18) at 1040.92 cm-1and 1045.45 cm-1 by 

Gaussian / B3LYP/6-31G(d). The gray and red balls correspond to Ti and O, 

respectively.The arrows represent the vibration mode of Ti-O 
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Fig.4.42 Raman spectral activities for pure (Ti28O56) and nitrogen-doped 

(Ti28O56N1) nanoclusters calculated  using Gaussian / B3LYP/6-31G(d).The 

inset figure represents the vibrational mode of N-O. The gray, red and blue balls 

correspond to Ti, O, and N, respectively. 
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Chapter Five 

Conclusions and Future Work 

5.1 Conclusions 

From this study, the following conclusions can be drawn: 

1- In slab(101) surface : the analysis of the formation energy confirms that 

the interstitial positions are significantly favored energetically against the 

substitutional ones. Interstitial impurities slightly favor the immediate sub-

surface position within the uppermost layer. By contrast, for substitutional 

doping, the depth dependence is quite mild, with positions deeper in the 

bulk slightly favored against those near the surface. The interstitial N 

forms an N–O dimer, and its bond length is shortest for the immediately 

sub-surface position, the tilted one with the lowest formation energy. 

2- In case of nanocrystal: At both low and high concentrations, the formation 

energies of N-doped (TiO2)33 nanocrystals at the subsurface are lower than 

those of the different facets at the surface. At different facets, the bond 

length at high concentrations (Ti33O64N2) is shorter than at low 

concentrations (Ti33O65N1). For N-doped at different facets, the mid-gap 

locations at low concentrations and  high concentrations depend on the 

position and concentration of the impurity/N-dopant at the facet in the 

DOS calculation. 

3- The following concluded are pursued using experimental and theoretical 

studies in nitrogen -doped TiO2 cluster. 

i. The synthesis of TiO2 and nitrogen doped TiO2 nanoclusters was 

achieved by using Supersonic Cluster Beam Deposition (SCBD). The 

size of the particles is estimated to be in the range of (2-5 nm). 

ii. The addition of N as a dopant result in forming a new N–O band with 

the vibration of (1014 cm-1) at Gaussian/B3LYP/6-31G (d), implying 

the emergence of states in band states with a narrowing of the bandgap.   
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4- This Dissertation  in our view is important because it has the potential to 

aid in the characterization of the physics and materials science of TiO2, 

material that has received a lot of attention in recent years. Due to its sig-

nificance for titanium nanocluster, it may also have an impact on nanosci-

ence.  

5.2 Future Works 

However, the following suggestions for future work could be investigated 

further. 

1. The conclusions in this study are based on band structure and band gap 

obtained through DFT. As a result, the study could be expanded by per-

forming self-energy corrections (GW approximation) or HSE type calcu-

lations to correct the band gap in pure TiO2 cases and comparing the energy 

bands obtained within DFT+U for TiO2. 

2. Based on the findings of this study, we can look into the stable configura-

tion of nitrogen-doped (TiO2)33 and (TiO2)28 clusters and their application 

in photo catalysis: 

i. DFT  can be used to investigate CO2 adsorption, dissociation, and diffusion 

on an anatase TiO2 nanocrystal and nanocluster. 

ii. One can examine theoretically and experimentally the effect of nanocluster 

size on photo activity capabilities of (TiO2)33 nanoclusters generated by 

hydrothermal methods, as well as their feature
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I  

 پوخته 

نایترۆجینی و  به  2TiOیس ناتهكراوی ئهبۆ خلته  لیكترۆنی دیاری كراوه ئه تهفه سیو دا پێكهاته یهم نامهله

مای  ژمێركردنی بنه كارهێنانی هه به ئۆكساید به هیشوی تیتانیۆم دایهنانۆكریستال وه 2TiO ( له 101رووی )

  كه  2TiOلیكترۆنی ئه تهفه سیر هسله  ری شوێنی ناپوختهگهها نیشاندانی كاریروههه ,مكهیه–رێساكانی

كراوی  لیكترۆنی بۆ خلته ئه  ته فه سینێوان  م جار جیاوازی كرا له كهیه   كارای رووناكی .  كانیته فه سیر  سه  كاتهكارده

كارهێنانی بهجێ كراو به تایی جێ بهرهژمێركاری سه  ,یكهپاكه  تورهوه  2TiOیس ناتهنایترۆجینی ئه 

GGA/PBE   جی  ێپاكهلهQuantum Espresso  واوی  تهبهكراو كه خلته   پێكهاته  وه  كهپێكهاته   ێ. كات

 لینه و كهوزه  و گورزهتۆمی توانرا پێكهاتهكانی ئهی گشتی و هێزهی وزهوهمكردنه كهی بهوهسانهباری حه  گاتهده

كارهێنرا  به  Quantum Espresso له  GGA/PBEها روه . هه وهكان بدۆزیتهو چری ئاستی وزهوزه

  2TiOیس ناتهكراوی نایترۆجینی ئه لیكترۆنی خلته ی ئه و پێكهاته ر پێكهاته سهتایی لهرهبۆ ژمێركاری سه 

قوالیی   ست به یوهی پێكهێنانی په ر وزهسه كرا له  وهلێكۆلینه  ,( 101) خوار رووی بێت بۆ قوالیی له  خشه نهكه

 وهدۆزرایه وی، وه یی و  جێگیره نی نێوانه كردجۆری خلته ه ل كهریهمی نایترۆجینی بۆهه كی كهیهند پێگه بۆ چه 

كهێنان بۆ شوێنی جیایی  ی پێوزهم له ستنی كه پشت به وی به كردنی جێگره خلته له یی باشتره كردنی نێوانه خلته

 قوالیی جیا . نایترۆجینی له 

  تهل قوالیی . خاسیه گهله كاتهێواشی زیاد ده ی نایترۆجینی بهری خلته وروبهدهكان لهها درێژی بۆندهروههه

 لیكترۆنی.ی ئه ی پێكهاته گو|ێره  دیاری كراو به داوه  ی ناپوخته وزه لینه كه كانی ناوهكیه رهسه

ی جیاوازی  رووچه   كراو لهی پێكهێنانی خلته وزه  وه چهكراو بۆ رووه لتهی خه خشه باری نانۆ كریستال , شوێنی نههل

ی  ی پێكهێنان بۆ خلته ژمێركرا . وزه یی ههوهكردنی جێگره باری خلته تی جیاوازی نایترۆجین له سنانۆكریستال و خه 

(  1N65O33Ti) ستی نزمی خه له  كهریهم بوو بۆ هه (كه 101)  ىروو( نانۆكریستال له 2TiO)3 نایترۆجینی

گۆردرێت كان ده درێژی بۆنده رز به كانی نزم و به ستیه خهله  مان شێوه هه( به2N64O33Tiرزی ) ستی بهخه وه

دانانی به هیلیكترۆنی جیا هه تی ئهسله . بینرا خه كهكی نانۆكریستالهیهچه ر رووهههدانانی نایترۆجین له به

 لیكترۆنی . ئه ی ستی جیای پێكهاتهبهبێت بۆ مه خش دهسوود به  كهشوێنی جیای نانۆكریستاله نایترۆجینی له 

تی   و خاسیه ی نانۆكریستال پێكهاته  TiO)2(33ی نایترۆجینی خلته  رنجدرا كهدا سهكه یهوهتوێژینهله



II  

دیاریكراو    یهو مادده ئه  تانهم خاسیه ر ئهبهكراو ، له ی خلته چهرووه هست بیوهدا په لیكترۆنی جیاواز پیشان ده ئه

 كارهێنانی جیا جیا . فراوان و به ودای گونجاو بۆ مه  كه

كردنی  خلتهئۆكساید وه  ترۆنی بۆ هێشۆی نانۆی تیتانیۆم دایه كلیتی ئهسله ر خه ه سرنجاندا لهكۆتاییدا سه له

كارهێنا  دوو رێگا جیاوازمان به ( وه DFT)  درۆزنه   ستانهی په خشه كارهێنانی نهبهین بهنایترۆجهێشووی نانۆی به 

 كهریه( بۆهه Gaussian/B3LYP) ( وه Quantum Espressoمای تیۆری :) ر بنه سهله

گای  رێبه كی كرداری هێشوی نانۆیمان دروست كردووه یهوه ێشبهی .وه وهو ناوه وه كردنی جێگره خلته له

(supersonic cluster beam depositionوه )كانی ته ی سیفه وهكارهات بۆدۆزینهكنیكی جیا بهته

  كهریهستنی هه به  وهی پێكه(.وزه Raman(و )UV-visibleو)  ( XPS( و )AFM)كشوی نانۆی وه هێ

(Np,O2s,Tip1/2 and  Ti2P3/4 بۆخلته . )وهاید دۆزرایهئۆكس كردنی هێشوونانۆی تیتانیۆم دایه 

ری  كاریگه( نیشانماندا كه(Raman and Uv-visibleكنیكی  هۆی ته ها بهروههه( وه XPSكنیكی )تهبه

 وهرینه شێوازی له   وهكی تیۆری دۆزیمانهیهشێوه بهئۆكساید . وه   هێشووی نانۆی تیتانیۆم دایه  می له ی كوانتهبارهقه 

چاكتر   وهكردنی ناوهلماندمان خلته كرداری و تیۆری سه به. وه (B3LYP/6-31Gd)رێگای كان به ردهگه

بۆمان  ی وه وهكراوی ناوهجۆری خلته له( بۆند كه N-Oدروست بووی )   وهرینه وتنی شێوازی له ركهدهی . وه وهجێگره له

 ی هێشووی نانۆبارهر قه سه له ندهبه  كهوهرینه وت شێوازی له ركهده
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