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ABSTRACT  

 

 

The goal of the present Master Thesis is to promote development in the area of catalysts for 

solar light-driven water splitting. The specific subject of the study is the possible enhancement of 

the efficiency of TiO2 as a nanotubular catalyst through S and N co-doping. The employed research 

method is quantum-chemical (DFT) simulation, and the used exchange-correlation functional is 

B3LYP. 

The Thesis contains a literature survey, which includes an explanation of solar water splitting 

fundamentals and a review on advances in both experiments and theoretical simulations. 

Computational details and a theoretical background of quantum-chemical calculations are also 

included. 

I report on the results of consequent theoretical simulations on the nanotubular 

photocatalyst. In the first stage, a proper atomistic model for doping of a nanotube (NT) is chosen - 

the 6-layered TiO2 (101) nanotube with (0,12) chirality indices. In the second stage, the effects of 

separate S or N nanotube mono-doping are studied, but no promising effects were, however, 

observed. The final stage is a study of NT co-doping effects on the catalyst's electronic structure 

which allows only moderate optimistic predictions for the structures under consideration but 

reveals prospective ways of improvement by changing co-dopant concentration and ratio. 
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POPULAR SCIENCE SUMMARY 

 

 After the world had suffered an oil crisis in 1973, a lot of attention was paid to a search for 

alternative energy sources. There are several alternatives: solar energy, wind energy, hydro 

energy, geothermal energy, biofuels and biomass. All of them have their special features, and they 

are at different stages of development.  

Solar energy is a popular research route due to the abundance of this energy source. There 

are two principal approaches: the first implies conversion of solar energy into electrical energy 

(solar cells), the second is based on conversion of solar energy into chemical energy. The brightest 

example can be found in nature and is called photosynthesis - plants use the solar energy to 

produce complex organic compounds from water and carbon dioxide. A similar technology may be 

employed to produce fuels (compounds with high energy density) from easily accessible feed 

stock. A very attractive opportunity is hydrogen production via photocatalytic cleavage of water, 

since the feed stock is very abundant, and the only H2 combustion product is water, which makes 

this fuel extremely environmentally friendly. 

To drive the process, a catalyst is needed - a semiconductor solid compound with a suitable 

electronic structure, so that the electron transfer processes during hydroxyl group oxidation and 

hydrogen cation reduction would be possible and would exhibit a high yield. 

No such material exists in the nature, and scientists have tried to make the technology 

economically viable since early 1970s. Along with experimental research, quantum chemistry 

computer calculations of prospective materials' properties are also performed, which saves time of 

laboratory work, expensive chemicals and allows us to point at a prospective research direction. In 

the present project, at first, simulations of titanium dioxide nanotubes (TiO2 is a popular material 

in this research field) were performed with a purpose to define the most suitable model for further 

work - a compromise between required computational power and reasonable physical significance. 

Then, possible positive effects of sulfur and nitrogen mono- and co-doping were investigated. The 

considered models cannot ensure high efficiency, but the results of this project reveal a possible 

route for further research - adjusting the concentration and ratio of the defects in such nanotubes. 
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INTRODUCTION 

 

Great attention is paid today to studies in the field of solar energy which has a potential of 

offering very promising alternatives to traditional energy sources. Among different energy sources, 

the solar irradiation is the most abundant – approximately 3.0 x 1024 J of its emitted energy reaches 

the Earth's surface every year. In turn, the humanity consumes around 4.0 x 1020 J [1], so advances 

in technology are needed to use, convert and store the solar energy with high enough efficiency. 

Besides solar cells, there is also a possibility to convert solar energy into chemical energy and 

to store it for later use. One of the ways to drive the process is photocatalytical splitting of water 

and using hydrogen as a fuel, which is one of the most attractive research directions. Hydrogen is 

an extremely environmentally friendly energy source, because the effective product of its 

combustion is water. Traditional H2 production technologies (e.g., steam reforming) are 

accompanied by CO2 release and/or other undesirable side products [2]. Another advantage of 

hydrogen as energy carrier is the high energy density of 237 kJ/mol [2]. 

In practice, effective water photocatalytic splitting can be achieved by employing 

semiconductor catalysts with optimized electronic structure and atomistic morphology. To make 

the technology economically viable, efficiency of ca 10% must be achieved [3]. In 2013, the highest 

efficiency for a stand-alone metal oxide photoanode was 4.9% [4], and, to my knowledge, no major 

breakthrough has happened thereafter. 

An important part of catalyst development is quantum chemical simulations of prospective 

materials. The simulations go ahead of current technological possibilities and allow researchers to 

aim for improvement of photocatalysts without expensive experiments. TiO2 nanotubes can be 

synthesized, but they are yet polycrystalline – and still much thicker than the model system in 

simulations. It means that modeling aims for the development of future materials [5]. 

The present project is dedicated to simulations of co-doped anatase (101) 6-layered TiO2 

nanotubes using the density functional theory (DFT). The choice of the material is motivated by 

titania’s low price, good chemical stability, long lifetime of exited electrons and advantageous 

position of the conduction band above standard hydrogen electrode level. Major problems are: too 

large band gap (3.2 eV) and, consequently, mismatch of valence band edge position [6]. Besides, a 

catalyst with high structure regularity and surface area is needed to avoid excessive charge 
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recombination, ensure proper charge transport and provide high area of the water-catalyst 

interface. A promising solution is nanotubular structures. The choice of (101) morphology is 

motivated by the fact that this surface is the most stable for the anatase phase [7]. 

The initial models of the undoped anatase (101) TiO2 nanotubes (with chirality indices up to 

(24,0) and (0,10), respectively) have been developed in previous work [8]. They are used as the first 

step in the present project. The proposed dopants are S and N atoms. To my knowledge, there are 

no publications on quantum-chemical simulations of doped nanotubes. The existing papers deal 

with doped bulk structures or films. TiO2 structures doped by these atoms have already shown 

improved efficiencies in experiments [9]; besides, modeling of S and N mono-doped (001) anatase 

nanotubes had already been performed [10], which should give a basis for comparison. The 

motivation for considering NTs of (001) configuration was their favorable property - a negative 

strain energy. 

In the first part of the Thesis, a literature survey is performed. The section begins with an 

explanation of solar water splitting fundamentals. The main principles are followed by a review on 

advances in both experiments and theoretical simulations. 

The second part contains computational details of the present project. In addition, a 

theoretical background of quantum-chemical calculations is included. 

In the beginning of the third (practical) part, a series of undoped 6-layered anatase (101) 

configuration nanotubes with chirality indices (n,0) and (0,n) were modeled, and their electronic 

configuration and stability analyzed. Among them, a model for further doped nanotube modeling 

was chosen - the nanotube of (0,n) type with chirality index equal to 12. The choice was based on 

the compromise between a minimal formation energy and a moderate amount of atoms in the 

model to provide simulations to be accomplished in a finite time. 

An investigation of mono-doping effect on this nanotube was then performed. Different 

dopant concentrations were studied - one dopant atom per 1x3 multiplied unit cell (giving defect 

concentration of 2.78%) and one atom per 2x3 unit cell (1.39% defect concentration). One unit cell 

is 2 x TiO2. 

Finally, the effect of co-doping with S and N atoms (at both concentrations of defects: 2.78% 

and 1.39%) on the same nanotube completed the work. All results are analyzed, and conclusions 

about the most promising doping research direction are discussed. 
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1. LITERATURE SURVEY 

1.1. Fundamentals of water photocatalytic splitting 

 

The origins of photoelectrochemistry may be tracked back to 1839 [2]. At that time, 

Becquerel experimented with illumination of metal halides solution which led to appearance of an 

electric current. The first publication on water photocatalytic splitting is dated 1972 – Honda and 

Fujishima in terms of their pioneering work [11] managed to split water into oxygen and hydrogen 

using TiO2 (in rutile form) and a platinum cathode, both immersed into a water electrolyte solution. 

Since then great attention has been paid to titania – due to the fact that the material's properties 

were found to be prospective both for solar energy conversion and waste water purification. I am 

considering here only the first problem. Figure 1 illustrates the photocatalytic water splitting 

mechanism. 

 
 

Figure 1. Main processes of water photocatalytic splitting [6]. 

 
The water splitting mechanism may be described briefly as follows [1,6]. In a first stage, a 

photon is absorbed by a semiconductor material which leads to generation of excitons - pairs of 

excited electrons and electron holes. Excited electrons migrate to the conduction band, and 

electron holes stay in a valence band. Next follows a charge separation and migration to reaction 

centers on a catalyst’s or co-catalyst’s surface. Usually a co-catalyst is used because in that case a 

photoanode and a cathode, i.e. points, where hydrogen and oxygen are generated, are spatially 

separated, and the backward reaction between the gases is suppressed. 
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Another important aspect is that the kinetics of electron transfer on a semiconductor surface 

may cause the necessity of a co-catalyst (such as Pt, NiO or RuO2). At this point it is vital to 

suppress charge recombination which occurs due to irregularities of a semiconductor’s crystalline 

structure. The first stages heavily depend on the structural and electronic properties of the 

photocatalyst. The third stage is essentially influenced by a co-catalyst. 

There are several requirements on photocatalyst materials [3–5]. Figure 2 should serve for 

better understanding of the requirements. 

 
 

Figure 2. The principle of water photocatalytic splitting [6]. 

 
The first, fundamental requirement states that a semiconductor material is needed, i.e., a 

material with a band gap in its electronic structure. A band gap is an interval of energies where no 

electron states can exist. Electrons normally are in a ground state – in a valence band below a band 

gap. When an electron receives additional energy from an outer source (for example, as a result of 

temperature rise or photon absorption) – energy sufficient for the electron to overcome the band 

gap – the electron turns into an excited state, while an electron hole (positive charge carrier) is left 

in a valence band. An electron cannot be in an excited state for a long time – it is not energetically 

beneficial. That is why electrons in a conduction band tend to lose its extra energy and to return 

into their ground state in a valence band. 

The next requirements are connected with the positions of the conduction band and the 

valence band. The bottom of the conduction band must be situated slightly higher than the 

standard hydrogen electrode (SHE) level (0 V, or -4.44 V in compliance with vacuum level) so the 

following reaction is energetically favorable: 
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2H+(aq) +  2e− → H2(g) (1.1.) 

The top of the valence band ought to be slightly below the energy level at which hydroxyl groups 

are oxidized (-1.23 V, or -5.67 V in compliance with vacuum level): 

2OH− +  2h+ → H2O + 1
2

O2 (1.2.) 

This requirement exists because the electrons lose part of their energy whilst migrating to a 

reaction center. 

 It should also be taken into account that the considerations above do not make a correction 

with respect to the catalyst’s environment. When put into water or an aqueous solution, the band 

potentials can bend according to different scenarios. This is illustrated by Figure 3, - an image from 

the famous article by Michael Grätzel [14]. 

 
Figure 3. Illustration of band potential bending [14]. 

 

 Changes of the band potentials depend on a charge surplus or shortage in the 

semiconductor, or, in other words, whether it is a p-type or n-type semiconductor.  Figure 3 

illustrates the n-type semiconductor case, for p-type bending direction is the opposite. The degree 

of bending depends on several factors, e.g., media pH. 

The former requirement implies the next one. An important aspect is the width of the band 

gap. The energy threshold between SHE level and the level at which hydroxyl groups are oxidized, 

is 1.23 eV. Taking also the requirements about the positions of the bands into account, it becomes 

clear that the band gap width must be larger than 1.23 eV. Furthermore, the band gap must be 
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narrower than 3.0 eV, in order to allow a catalyst to employ both visible light and UV light energy, 

not only the UV light. In theory, all the photons possessing energy higher than the threshold make 

a contribution. The shorter the wave length, the higher the photon energy. UV light constitutes 

only a few percent of total solar irradiation [4,7–9], while the visible light - 43-46% [9,13]); it is 

obvious that relying on both visible and UV light is much more beneficial than only using UV.  

Another demand is purity of the photocatalyst’s crystalline structure. Excited electrons tend 

to recombine, but it usually occurs at structural defects – foreign atoms or at irregularities of the 

crystalline structure. Materials with a regular structure are required in order to reduce the 

phenomenon of electron-hole recombination. 

There are compounds (for example, CdS) which possess a band gap with a more beneficial 

width and position, but their crucial vulnerability to photocorrosion does not allow them to be 

efficient photocatalysts [12], because the S2- anions are oxidized instead of hydroxyl groups.   

CdS + 2h+ → Cd2+ + S        (1.3) 

A range of undesired processes can also happen in other reactions, for example, oxidation of 

copper cations in case of  Cu2O [2]:  

Cu2O +  2OH−(aq) + 2h+ → 2CuO +  H2O(aq)    (1.4) 

As well as Cu ions dissolution: 

Cu2O +  2h+ → 2Cu+ + 1
2

O2(g) (1.5.) 

These kinds of disadvantages is the reason why a part of seemingly prospective catalysts are not 

applicable. 

Titania is considered to be a prospective material for the solution of this problem due to a 

range of properties [16]. These include chemical stability (which is important because the material 

has to sustain water and atmosphere environment), insolubility in water, non-toxicity, low price, 

sustainability against photocorrosion. The material is also widespread and abundant. The position 

of the bottom of the conduction band, formed by empty atomic orbitals of Ti, is very beneficial – 

slightly above the SHE level, with respect to the requirements for a photocatalytic material. But the 

top of the valence band, formed by p atomic orbitals of O atoms, is significantly below the level at 

which hydroxyl groups are oxidized, and the band gap is too wide (3.2 eV) in the anatase form, and 

3.0 eV in  the rutile form. In general, most metal oxides have band gaps larger than 3.0 eV.  
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According to data for the sun irradiation spectrum (at the Earth surface level), the theoretical 

maximum solar energy conversion degree for a catalyst with 3.2 eV wide band gap is 

approximately 1%. In turn, it is 15% for a catalyst with a 2.2 eV band gap (as for Fe2O3). A band gap 

of 2.0-2.2 eV is generally considered to be optimum [3,10], but sometimes a narrower band gap 

(e.g., 1.5 eV) is mentioned [2]. Still, according to another study, total energy losses are evaluated to 

be around 0.8 eV, which still implies an optimal band gap of roughly 2.0 eV [18]. 

It should be emphasized that water photocatalytic splitting efficiency must reach at least 10% 

conversion to be competitive against solar-cell-driven water electrolysis and to be economically 

profitable [3]. Pristine TiO2 photocatalytic properties are not good enough to maintain the process 

effectively, so there is a need to modify the electronic structure of the material. 

 
Photocatalytic activity 

 
One may measure the efficiency of the process by directly measuring the amount of 

generated hydrogen in a definite time period. Another way is indirect calculations through the 

electron amount which is transferred from the semiconductor to water as a result of light impact. 

It is known that there are different photocatalytic systems and different light sources (such as Xe 

and Hg lamps, and others as well), so one photocatalyst may exhibit different conversion rates at 

different conditions [12]. It complicates the comparison of results obtained by independent 

research groups. Nevertheless, it is useful to consider approximate correlations between different 

results, if the amount of hydrogen generated in a definite time period is divided by the amount of 

used catalyst. 

In an indirect conversion estimation approach, two ways of defining quantum efficiency can 

be distinguished, depending on the reference point – amount of absorbed or incident photons. 

Overall quantum yield and apparent quantum yield are defined by the two equations [12]: 
 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑞𝑞𝑂𝑞𝑞𝑞𝑞 𝑦𝑦𝑂𝑂𝑦(𝑂𝑂𝑂, %) =  𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑁𝑁𝑟𝑟𝑟𝑁𝑟 𝑁𝑒𝑁𝑟𝑟𝑁𝑜𝑒𝑒
𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑟𝑁𝑒𝑜𝑁𝑁𝑁𝑟 𝑝ℎ𝑜𝑟𝑜𝑒𝑒

× 100% (1.6.) 

𝐴𝐴𝐴𝑂𝑂𝑂𝑞𝑞 𝑞𝑞𝑂𝑞𝑞𝑞𝑞 𝑦𝑦𝑂𝑂𝑦(𝐴𝑂𝑂, %) =  𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑁𝑁𝑟𝑟𝑟𝑁𝑟 𝑁𝑒𝑁𝑟𝑟𝑁𝑜𝑒𝑒
𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜 𝑖𝑒𝑟𝑖𝑟𝑁𝑒𝑟 𝑝ℎ𝑜𝑟𝑜𝑒𝑒

× 100% (1.7.)                      

The apparent quantum yield is expected to be lower than overall because the number of 

absorbed photons is obviously lower than the number of photons in the incident light beam. 
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Besides the quantum yield, there is one more evaluation method – by solar energy 

conversion degree, which is also widely used in the estimation of the efficiency of solar cells [12]:  

𝑆𝑆𝑂𝑂𝑂 𝑐𝑆𝑞𝑂𝑂𝑂𝑐𝑦𝑆𝑞 𝑂𝑂𝑞𝑂 (%) =  𝐸𝑒𝑁𝑁𝐸𝐸 𝑜𝑜 𝑁𝑒𝑜𝑒𝑒𝑁𝑟𝐻2
𝐸𝑒𝑁𝑁𝐸𝐸 𝑜𝑜 𝑖𝑒𝑟𝑖𝑟𝑁𝑒𝑟 𝑒𝑖𝐸ℎ𝑟 𝑁𝑒𝑁𝑟 𝑖𝑒 𝑟ℎ𝑁 𝑝𝑁𝑜𝑟𝑁𝑒𝑒

 (1.8.) 

 
 

1.2. Advances in experiments and modeling 

 
Since the pioneering work of Honda and Fujishima [11] published in 1972 which 

demonstrated the phenomenon of water splitting into H2 and O2 by a solar-light-driven 

semiconductor catalyst (TiO2 in rutile phase), this scientific area has been investigated intensively. 

Their discovery was followed by the oil crisis in 1973 which emphasized the importance of research 

on alternative energy sources. Many research groups have focused on this topic, and in the last 

years the number of publications enlightening various aspects of photoelectrochemical water 

splitting has grown rapidly.  

Several metal oxide semiconductors have been intensively investigated as possible 

candidates for photocatalytic water splitting (e.g. ZnO, Fe2O3, WO3, PbO, CuO, CdS and Cu2O) [17–

20]. Major limitations for the solar light conversion by photocatalysis relate to the band gap 

position in the corresponding photocatalytic materials and their stability in an aqueous 

environment. According to data obtained for the solar irradiation spectrum, the maximum energy 

conversion degree for a catalyst possessing a 3.2 eV wide band gap is estimated to be 

approximately 1% vs. 15% for a catalyst with a 2.0-2.2 eV band gap, which is generally considered 

suitable for photocatalytic applications [10,20]. The maximum irradiance is expected to lie in the 

center of the visible region of the spectrum, and thus, for light harvesting with a single junction 

device, a band gap close to 1.5 eV, large enough to allow water splitting, can be considered to be 

optimal [23]. Materials possessing band gaps in this range, e.g., Fe2O3 (2.2 eV), CdS (2.1 eV) and 

CuO (1.7 eV), have, however, relatively low incident photon-to-current conversion efficiencies [24] 

or experience photocorrosion [8,17,21]. For some compounds (e.g., CdS), it is still not clear 

whether cost-effective methods to synthesize a highly stable and active photocatalyst [18,23,24] 

exist at all.  

On the other hand, TiO2 (which distinguishes itself due to its superior chemical and optical 

stability and commercial availability) possesses rather large band gaps (3.2 eV for TiO2 anatase, and 
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3.0 eV for TiO2 rutile [19]). This consequently limits their activity to the near-ultraviolet region of 

the sunlight spectrum so that less than 5% of the sunlight can be harvested by such substances. 

Based on research during the last decades, one can outline several strategies [18,19] to produce a 

catalyst capable of using visible light. The first realistic route to obtain a visible-light-driven 

photocatalyst is the creation of dye-sensitized solar cells (DSSC), in which visible light can be 

converted to a usable electric current by separating the visible-light absorption and charge 

transport. In a typical DSSC, an organic anchor dye is covalently bound to a nanoporous 

semiconductor (e.g. TiO2) thin film [27]. Through various combinations of titania-containing 

semiconductors, a narrower band gap can be produced, and the band structure can also be 

controlled in solid solutions [13]. For example, in the study performed by Ng et al [28], a coupled 

TiO2/SrTiO3 film with a novel nanostructure was prepared by a simple hydrothermal method. The 

negative shift in the Fermi level reinforced the reduction of hydroxide ions, thereby increasing the 

efficiency of the photocatalytic splitting of water in order to produce enhanced amounts of H2 

(approximately 5 times and 2 times higher than in the case of pure TiO2 and SrTiO3, respectively 

[19]). In this section, we discuss results obtained using an approach when the semiconductor with 

a wide band gap has been doped with foreign elements, metal or/and nonmetal ions. Doping 

should result in the appearance of additional levels in the band gap, thus, creating a new optical 

absorption edge. It reduces the energy threshold, and visible light photons should become capable 

to overcome the gap [12]. In this case, however, dopants usually have a degrading effect because 

they often act as traps for electrons and holes, and prevent these charge carriers to reach the 

surface before recombination. Numerous experiments concerning TiO2 doping by different metal 

ions have already been performed. Among effective dopants one can find V, Ni, Cr, Mo, Fe, Sn, Mn 

and other cations [12]. As early as in 1982, Borgarello et al. [29] discovered that Cr5+ doped TiO2 

could generate hydrogen and oxygen in the process of water splitting under visible light irradiation 

(wavelength interval 400-550 nm). Cao et al. [30] reported that Sn4+ doped TiO2 nanolayers, 

synthesized by chemical vapor deposition, exhibit a higher photocatalytic activity than ordinary 

TiO2 sheets. The absorption of visible light photons occurs due to the electron transfer from the 

valence band (VB) to the Sn4+ induced level. Recent experimental studies performed on well-

defined Nb-doped TiO2 nanotubes, fabricated by anodization of Ti–Nb alloys [31], and Gd3+–N co-

doped trititanate nanotubes, prepared using the hydrothermal method [32], demonstrate a 
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strongly enhanced photoelectrochemical water splitting without considerable photodegradation. 

Klosek and Raftery [33] demonstrated that visible light absorption in titania doped with V4+ ions is a 

result of the electron transfer from the V 3d electron-induced energy level to the conduction band. 

Their research became a key to more effective ways of ethanol photooxidation under visible light, 

another route to hydrogen generation. Using Fe3+ doped TiO2 also results in enhanced 

photocatalytic activity. Moreover, Fe3+ 3d electrons induce additional levels in the TiO2 CB [32–34]. 

Unlike metal ions, non-metallic dopants usually do not induce new energy levels, they 

narrow the band gap directly by shifting the top of the VB upwards [12]. There are, however, 

exceptions, as will be shown below. TiO2 doped by non-metal ions exhibits a red shift of the 

absorption spectrum and possesses a higher photocatalytic activity than pure TiO2, especially in the 

visible part of the solar spectrum [12]. Nevertheless, Chen et al. [37] used X-ray photoelectron 

spectroscopy, to show that additional electron levels exist in the electronic structure of C-, N- or S-

doped TiO2 above the top of the VB. This additional density of the electronic states explains the red 

shift discussed above. Braun et al. [38] also discovered an additional d orbital resonance (eg) in the 

band gap of TiO2, which was caused by introduced N dopants. This is the reason for the enhanced 

photocatalytic activity of N-doped TiO2 under visible light. Yuan et al. [39] synthesized N-doped 

TiO2 by heating a mixture of urea and TiO2 at 350-700◦C in air atmosphere. The analysis performed 

using X-ray photoelectron spectroscopy proved that N, both as a substitute and chemisorbed on 

the TiO2 surface, increases its photocatalytic activity. Thus, substitutional N is thought to be a 

dominating factor. Lin et al. [40] demonstrated that N-doped titania synthesized by the two-

microemulsion technique, exhibited a high activity near neutral pH in a water/methanol solution. 

Pillai et al. [39–41] reported that chemical modification of titanium isopropoxide with different 

non-metal reagents (urea, sulfuric acid, trifluoroacetic acid, which introduce N, S and F dopants, 

respectively) improves both chemical stability and photocatalytic activity of the anatase phase. The 

activity of S-doped titania was also thoroughly studied. Sulphur dopants may be introduced into 

the TiO2 structure as anions (substituting O) or as cations (substituting Ti). In both cases, an 

improved photocatalytic activity [42–44] is observed. Nishijima et al. [47] reported that S-doped 

TiO2 possesses a higher photocatalytic activity as compared to the N-doped catalyst. Khan et al. 

[48] synthesized a C-doped TiO2 compound by pyrolysis in a natural gas flame in which the rutile 

phase dominated. The C-doped TiO2 exhibited a narrowed band gap and a much higher 
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photocatalytic activity than pure TiO2 with mixed rutile and anatase domains. It was shown that C-

doped TiO2 nanotubes (NTs) also possess better photocatalytic activity. The levels induced in the 

band gap were shown to broaden the activity of C-doped TiO2 NTs from the visible to the infrared 

region [49].  

Limited amount of information on research of S and N co-doping effects, the subject of the 

present work, is however, available. Yan et al. [50] reported about their study on S and N-codoping 

applied to TiO2 nanotube array films by treatment with thiourea and calcination under vacuum and 

high temperature. The researchers showed that the co-doped nanotubes exhibit an essentially 

broadened absorption spectrum and an enhanced photocatalytic activity in a methylene blue 

degradation process. Another research group, Lv et al. [51], studied a N, S co-doped-TiO2/fly ash 

beads composite material and its photocatalytic activity in the visible light region. The material's 

ability to degrade methyl orange was compared with undoped samples and P25 (commercially 

available nanopowder mixture of TiO2 anatase and rutile phases), the former showed much higher 

efficiency. 

Not only studies of dopant atoms are important. Appearance of defects-vacancies can lead to 

rise in electrical conductivity and to changes in band gap structures [50,51]. Another promising 

possibility for obtaining catalysts with a tunable band gap is synthesis of quantum dots, for which 

the band gap changes along with particle size [54]. 

In spite of all efforts, the current understanding of the fundamental changes in the electronic 

structure with atomic composition of doped semiconducting nanotubes is not sufficient for a 

rational design of the atomic composition of these new compounds. To guide the search, a 

theoretical procedure is necessary in order to prudently predict the electronic structure and the 

charge transition in nanotubular materials. Theoretical simulations performed up to date deal 

mainly with doped and co-doped photocatalytic bulk materials [53–61], their low-index surfaces 

[62–64] as well as nanoparticles and nanowires [65,66]. There are two critical issues that are 

important for photocatalysis but are not well treated in the conventional DFT packages, namely: (a) 

the modeling of the solid–liquid interface, essential in order to simulate the strong polarization of 

the charged surfaces in solution; (b) the inaccuracy of current DFT functionals in describing the 

redox levels of oxides (e.g. the band gap and the valence band position relative to the H+/H2 and 
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H2O/O2 levels) [69]. Thus, great challenges exist for the computation of photocatalytic reaction 

kinetics as driven by excess holes/electrons accumulated on the catalyst surfaces.  

Khan et al. [55] showed that simultaneous co-doping of anatase TiO2 bulk by Mo and N 

impurities leads to a titania band gap reduction. For the same anatase bulk, it was predicted by 

spin-polarized DFT calculations that compensated (2N, W) co-doped TiO2 could serve as an efficient 

visible-light photocatalyst [56]. The formation of native defects and transition metal doping (Mn, 

Fe, Co, and Ni) in zinc-blende CdS bulk and their effect on the electronic structures were studied 

using hybrid DFT calculations [57]. Using the projected augmented wave (PAW) method, Noland 

[64] found that small iron oxide clusters are stable at the TiO2 surface and that their presence leads 

to a narrowing of the band gap towards the frequency range of visible light, arising from the 

presence of iron oxide states lying above the valence band of TiO2. The W-doped anatase (101) 

surface was also studied using DFT PAW calculations [65]. C-, N-, and S-doped (TiO2)n nanoparticles 

were studied using both DFT and time-dependent DFT methods by Shevlin and Woodley [67]. 

Nishikawa et al. [58] demonstrated, using quantum chemical calculations, that V, Cr, Mn, Fe, Co, Ni 

or Rh dopants can shift the absorption of TiO2 into the visible light region. After that, they also 

considered the correlation between the dopants’ radii and changes in their electronic structure. 

They concluded that Ni3+ and V5+ dopants produce the best contribution to photocatalysis. Hou et 

al. [59] modeled transition metal ions implanted into TiO2 using the full-potential linearized 

augmented plane-wave (FP LAPW) method and found that the 3d states of V, Cr and Fe ions play a 

key role for the red shift of the ultraviolet-visible absorption spectrum. Asahi et al. [60] studied the 

band structure of the C-, N-, F-, P- and S-doped anatase morphology of titania using the FP LAPW 

method. They discovered that the substitution of O by N (which led to mixing of nitrogen 2p and 

oxygen 2p states) produces the best conditions for photocatalysis since such modification resulted 

in an upward shift of the top of the VB, thus reducing the width of the band gap. A number of 

doped materials exhibit a large mismatch between the length scales over which the photon 

absorption takes place (up to micrometers), and the relatively short distances over which the 

electronic carriers can be extracted (often limited to few tens of nanometers), which leads to a fast 

photoelectron–hole recombination [19]. One of the approaches suggested to overcome this 

challenge is to synthesize nanostructured electrodes where the directions of photon propagation 

and charge transport are orthogonal. This type of geometry can be accomplished, e.g., in nanowire 
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arrays or other nanostructures with large surface-to-volume ratios [68–70]. Among them, hollow 

nanotubes produced from semiconductors have some advantages, such as larger specific surface 

area, higher mechanical stability, integrity and unique shape with few interfacial grain boundaries, 

which promote both charge transport and electron–hole pair separation [71–76]. Therefore, one of 

the effective approaches in order to achieve these criteria is the application of doped nanotubes or 

other nanostructures. Titania nanotube arrays formed as regularly distributed bundles of (6,6) TiO2 

NTs built from the reconstructed single-walled sheet consisting of three rutile (110) monolayers 

were studied using a plane-wave (PW) approach [68]. The calculated band structure of such a 

bundle was found to be close to the one of pure TiO2. By employing the LSDA+U method, Zhang 

and Yang [61] calculated the electronic structure of the doped TiO2 anatase-type nanowires 

including the monodoping by C, N, V and Cr atoms as well as co-doping of bulk by C/V, C/Cr,N/V 

and N/Cr pairs of atoms. According to the results, they recommended C/Cr and C/V co-doping as 

the most suitable for photocatalysis. Plane wave DFT calculations in combination with ultraviolet 

photoelectron spectroscopy have been used to investigate the origin of the band gap states of a 

TiO2 (110) slab induced by surface hydroxyl groups [66]. C-doped TiO2 nanotubes with anatase 

structure were experimentally studied using X-ray diffraction (XRD), field-emission scanning 

electron microscope (FE-SEM) and synchrotron-based X-ray photoemission spectroscopy (XPS). The 

possibilities of the band gap modification in C-doped TiO2 NTs were estimated within the PAW 

approach [62]. Finally, Harb [63] used the same PAW approach in order to calculate positions of 

bands for Se-modified anatase bulk phase. However, very little has been reported in the literature 

so far on the computer simulations of realistic defective nanotubes, mainly because the lack of 

periodicity makes their theoretical study computationally very time-consuming and expensive. 

Another obstacle is the fact that a consistent first principles computational methodology has been 

missing until recently [79], which could exploit periodic rototranslation symmetry for efficient 

ground-state calculations as well as provide detailed simulations of the excited-state and charge 

transfer processes. 
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2. COMPUTATIONAL DETAILS 

2.1. Theoretical background 

 
A useful way of studying complicated crystalline systems containing many atoms is computer 

simulations. Modeling provides a possibility to conduct research on complicated structures without 

expensive and/or dangerous experiments. Besides, it allows to predict properties of so far non-

existent structures. There are a lot of various approaches - from classical mechanics to quantum 

chemistry. Classical mechanics methods are force field, or semi-empirical approaches, where 

forces defining interactions of atoms are specially parameterized with the aim to reproduce 

experimentally obtained data series. Optimized geometry, bulk elasticity coefficient or crystalline 

lattice vibration frequencies (phonons) can serve for verification of such data. Force field methods 

have already reached a high development level and can be applied to definite classes of materials 

if reliable parametric data are available. But if such data are absent or a system under 

consideration exhibits unusual phenomena, which are not fully understood, one can rely only on 

quantum-chemical ab initio ("from first principles") simulations. Coordinates of atomic nuclei and 

electrons, as well as wave function basis sets are used as input. Ab initio simulations are more 

expensive in terms of computational expenditures than semi-empirical methods. Due to this, 

structural sizes (e.g., unit cells of 1D structures) accessible for quantum-chemical simulations are 

much smaller. The advantage of the ab initio approach is independence of any experimental data. 

In the following short description of the underlying theory, I will limit myself to calculations from 

first principles [1,2]. 

The fact that electrons are indistinguishable fermions requires that electronic wave functions 

must be antisymmetric when two electrons with opposite spin moments exchange their positions. 

This leads to the exchange-correlation phenomenon. There are two basic types of approaches to 

simulations fully based on quantum mechanics: Hartree-Fock and DFT (Density Functional Theory). 

The Hartree-Fock scheme is a traditional method based on wave functions constructed using 

one or two Slater determinants (restricted or unrestricted methods, RHF or UHF) [81]. Electron 

exchange is taken into account, but correlation effects are often neglected (the latter can be 

involved into computations using more sophisticated methods, such as Configuration Interaction, 

Mølller-Plesset Perturbation or Coupled Clusters theories, but these approaches imply much higher 
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computational costs and impose a limitation on the number of atoms in a model to 100 

approximately [1,2]). 

The Density Functional Theory is an alternative approach, applied in simulations of a wide 

range of complicated structures - large molecules or solid state structures. The DFT calculations are 

based on electronic density, and not on separate wave functions, and incorporate both exchange 

and correlation effects. A whole structure can be constructed by employing unit cells (UC), which 

can contain around 100 atoms. The UC is translated according to the structural symmetry and the 

whole structure can contain a number of atoms which is higher at least by an order. Periodic 

boundary conditions are applied in order to describe a crystal with an infinite lattice. Sometimes 

introduction of additional symmetry operators (inversion, rotation, mirror plane operators etc.) 

can simplify the calculations. Calculation results are always related to absolute zero temperature 

[1,2]. 

The main task of quantum chemistry is the solution of the stationary Schrödinger equation: 

𝐻�𝛹 = 𝐸𝛹 (2.1.) 

where the Hamiltonian, 𝐻�, consists of a sum of the kinetic energy operator, 𝛵� , and the potential 

energy operator, 𝑉� ;  𝛹 stands for wave function, while 𝐸 is the energy. Analytical solutions of this 

equation are available only for a very limited spectrum of simple systems. The degree of 

calculation complexity is proportional to (3N)k, where N is the total number of particles (electrons 

and nuclei) while k is the size of lattice under consideration. Different approximations are used to 

simplify the calculations. Modern simulations of crystal structures rely mainly on two ab initio 

approaches - Linear Combination of Atomic Orbitals (LCAO) and the Plane Wave method (PW). 

Software used for calculations in the present work, the CRYSTAL'09 program, is based on the LCAO 

method. All equations in the section shown below are based on atomic units by default: reduced 

Plank constant, electron charge and electron mass are equal to unity.  

 
Principles of Hartree-Fock method 

 
One of the popular approximations, the Hartree-Fock method, was originally developed by 

D.R. Hartree, and later an essential contribution was done by V.A. Fock [81]. The second name of 

the method is Self-Consistent Field Theory.  
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The method is based on the following assumption: every electron is treated as quasi-

independent particle, which moves in an electric field created by the other electrons and nuclei 

and is described by a separate wave function [84]. 

In the case of many-electron systems, the so-called one-electron approximation is used. It is 

applied to non-excited energy states of a crystal system which are invariant in relation to 

translation symmetry. This approximation implies that system's full wave function 𝜓(𝑥1,����⃗ ,𝑥2����⃗ , … , 𝑥𝑒����⃗ ),  

which depends on coordinates and spins 𝑥𝚤���⃗ = {𝑥𝑖, 𝑦𝑖, 𝑧𝑖, 𝑐𝑖 } of N electrons, can be replaced by one 

Slater determinant: 

Ψ�𝑥1,����⃗ , 𝑥2����⃗ , … , 𝑥𝑒����⃗ � = 1
√𝑁! ��

𝜓1(𝑥1���⃗ ) 𝜓2�𝑥1,����⃗ �
𝜓1(𝑥2����⃗ ) 𝜓2(𝑥2����⃗ )

⋯ 𝜓𝑁(𝑥1���⃗ )
𝜓𝑁(𝑥2����⃗ )

⋮⋮ ⋱ ⋮
𝜓1(𝑥𝑁����⃗ ) 𝜓2(𝑥𝑁����⃗ ) ⋯ 𝜓𝑁(𝑥𝑁����⃗ )

�� (2.2.) 

where 𝜓𝑖 = 𝜑𝑖(𝑂𝚤)����⃗ 𝜂𝑖(𝑐𝑖) are spin-orbitals of electrons. The determinant can be written in this form 

because the electron Hamiltonian is independent of the spin coordinates. The Slater determinant 

takes the Pauli principle into account, ensuring fulfilling the  requirement of wave function 

antisymmetry [80]. 

This approximation works well for light atoms. In turn, heavy atom simulations result in 

essential deviations because of spin orbital interaction. In order to minimize these deviations, 

relativistic effects (if they are important) are included into pseudopotentials [82]. 

Variational methods are used in order to minimize the energy functional �𝜓�𝐻𝑁��𝜓�, where 

𝐻�𝑁 =  ∑ 𝐻0𝑖 (𝑂𝚤��⃗ ) + ∑ 1
�𝑁𝚤���⃗ −𝑁𝚤ʹ����⃗ �𝑖<𝑖ʹ + ∑ 𝑍𝐴𝑍𝐴ʹ

�𝑅𝐴�����⃗ −𝑅𝐴ʹ������⃗ �𝐴<𝐴ʹ ,   (2.3.) 

and 𝐻�0 is defined further in equation (2.7). The three terms represent electron-nucleus, electron-

electron and nucleus-nucleus interactions, respectively. The resulting orbitals with minimal energy 

satisfy the one-electron eigenfunction equation: 

𝐹�𝜓𝑖(𝑂) = 𝜀𝑖𝜓𝑖(𝑂) (2.4.) 

or, taking the operator's spin independence into account [2,3], one obtains the reduced equation: 

𝐹�𝜑𝑖(𝑂) = 𝜀𝑖𝜑𝑖(𝑂)  (2.5.) 
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where 𝐹� is HF operator, 𝜀𝑖 is i-th electron 𝜑𝑖 orbital's energy. The 𝐹� operator, in turn, consists  of 

three parts: the one-electron part 𝐻�0, which describes electron-nuclei interactions and electron 

kinetic energy, Coulomb interaction part 𝐽 and exchange part 𝐾�: 

𝐹� = 𝐻�0 + 𝐽 − 𝐾� (2.6.) 

The one-electron Hamiltonian consists of the electron kinetic energy and the potential 

Coulomb electron-nuclei interaction energy operator: 

𝐻�0(𝑂𝑖) = −1
2

Δ𝑁𝑖 − ∑ 𝑍𝐴
�𝑁𝑖−𝑅�⃗ 𝐴�𝐴  (2.7.) 

The two-electron Coulomb operator in terms of electron orbital 𝜑𝑖(𝑂𝑖) is expressed as: 

𝐽𝜑𝑖(𝑂) = 2∫ 𝜌(𝑁,���⃗ 𝑁ʹ���⃗ )
|𝑁−𝑁ʹ|

𝑦𝑂 ʹ��⃗ 𝜑𝑖(𝑂)���⃗ ,  (2.8.) 

and the exchange operator can be written [81]: 

𝐾�𝜑𝑖(𝑂) = ∫ 𝜌(𝑁,���⃗ 𝑁ʹ���⃗ )
|𝑁−𝑁ʹ|

𝜑𝑖(𝑂 ʹ)𝑦𝑂 ʹ��⃗  (2.9.) 

In these formulae a spinless electron density matrix was introduced: 

𝜌 �𝑂,��⃗ 𝑂 ʹ��⃗ � = ∑ 𝜑𝑖𝑖 (𝑂)𝜑𝑖∗ �𝑂 ʹ��⃗ �.  (2.10.) 

At the moment a mistaken suggestion might appear that calculation of a wave function 𝜑𝑖(𝑂) 

by this method requires prior knowing of the function. Indeed, in the zeroth approximation a wave 

function 𝜑𝑖
(0)(𝑂) is chosen, which is close to the expected function 𝜑𝑖(𝑂). The electron density 

matrix 𝜌(0)(𝑂 ʹ, 𝑂) is calculated using this function. Using this density matrix, the one-electron 

equations are solved and a new wave function 𝜓𝑖
(1)(𝑂) approximation is obtained. The process is 

iterated until the total energy difference in two consecutive SCF cycles becomes lower than a 

previously set threshold. This process is self-consisting of the averaged field. 

All arguments and equations above are true for molecular and crystalline systems with fully 

occupied or empty orbitals. Due to this, a numerical method based on this approach is called the 

restricted Hartree-Fock method (RHF). In the UHF method a restriction on half-filled orbitals is 

alleviated, and it becomes possible to describe systems with half-filled orbitals [2,3]. 

A density matrix for periodic systems is usually written: 

𝜌 �𝑂,��⃗ 𝑂 ʹ��⃗ � = ∑ ∑ 𝑂𝑒(𝑘�⃗ )𝜑𝑒∗𝑘�⃗ (𝑘�⃗𝑒 ; 𝑂 ʹ��⃗ )𝜑𝑒�𝑘�⃗ ; 𝑂�,  (2.11.) 
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where 𝜈𝑒denotes occupancy of an orbital; if it is fully occupied or empty, then 𝜈𝑒 equals 0 or 2 and 

does not depend on 𝑘�⃗  (the reciprocal lattice vector). Crystalline orbitals are given in Bloch function 

form 𝜑𝑒�𝑘�⃗ ; 𝑂� = 𝑂𝑖�𝑘�⃗ ;𝑁�𝑞𝑒𝑘�⃗ (𝑂)  where the 𝑞𝑒𝑘�⃗ (𝑂)  functions contain information on lattice 

periodicity. External summation is done over energy levels [81]. 

 
Density Functional Theory 

 
Antisymmetry requirements are taken into account when calculating the complete wave 

functions through Slater determinants. But there is another important contribution related to the 

electron spin (called electron correlation) which should also be taken into account. It is not 

considered in HF approximation, which leads to mismatch of full and HF energies: 𝐸𝐶 = 𝐸0 − 𝐸𝐻𝐻. 

This correlation energy is always negative [20]. One of the approaches to incorporating this 

correlation is the DFT method, equations which are similar to HF approach. DFT is based on the 

Kohn hypothesis that the ground state of any many-electron system is explicitly described by 

electron density 𝜌(𝑂).  The ground state energy can be expressed via 𝜌 in the following way [82]: 

𝐸[𝜌] = ∫𝑉(𝑂)𝜌 (𝑂)𝑦𝑂 + 𝑇[𝜌] + 1
2 ∫

𝜌�𝑁ʹ���⃗ �𝜌(𝑁)

|𝑁−𝑁ʹ|
𝑦𝑂𝑦𝑂 ʹ + 𝐸𝑋𝐶(𝑂), (2.12.) 

where the first term describes electron-nuclei interaction, the second is the electron kinetic energy, 

the third represents electron-electron Coulomb interaction and the fourth is the so-called 

exchange-correlation, which includes all the remaining effects. 

The Kohn-Sham equations obtained through the variation principle in operator form are [81]: 

�𝐻� + 𝐽 − 𝑉�𝑋𝐶�𝜑𝑖(𝑂) = 𝜀𝑖𝜑𝑖(𝑂) (2.13.) 

where 𝑉�𝑋𝐶(𝑂) = 𝛿𝐸𝑋𝑋[𝜌]
𝛿𝜌(𝑁)

 is the functional derivative of 𝐸𝑋𝐶  with respect to electron density [82]. 

These equations are SCF-solvable since they have 𝜌(𝑂) as the argument. 

The DFT method has an essential problem: the exchange-correlation potential included in the 

Kohn-Sham equations is not known exactly. Due to this reason, development of the method is 

driven by need of new approximated functionals, which would deliver results more reliable than 

HF. 

The reliability of every individual research result depends on the functional applicability in 

the given case. Several widely used functional approaches are described below. It is important to 
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emphasize that the exchange-correlation part, 𝐸𝑋𝐶, is usually divided into a sum of exchange, 𝐸𝑋, 

and correlation, 𝐸𝐶, contributions. Each of them may depend on either only the electron density 

𝜌(𝑂) (local functionals), or both electron density and its gradient ∆𝜌(𝑂). 

 

Functionals based on a homogenous electron gas model employ the Local Density 

Approximation (LDA). 

The Dirac-Slater energies are used for exchange energy calculations [82]: 

𝐸𝑋𝐿𝐿𝐴[𝜌] = −3
2
𝛼(3𝜌

4𝛱
)1/3 ∫ 𝜌4/3 𝑦𝑂 (2.14.) 

where 𝛼 is a fitting parameter (2/3 ≤ 𝛼 ≤ 1). If 𝛼 = 2/3, then (2.14) is called the Dirac functional, 

and if 𝛼 = 1 it is the Slater functional. 

The Generalized Gradient Approximation (GGA), in turn, allows one to consider electronic 

density with a non-homogenous distribution. This non-homogenity is described by the electron 

density gradient ∇𝜌(𝑂) [82]. There are several approaches of GGA functional design. One of them, 

the Perdew approach, relies on the functional's necessity to describe extremes of electron density 

[81,82], while another, semi-empirical approach, introduces one or several empirical coefficients 

which are fitted corresponding to well-studied material properties. 

Finally, hybrid DFT+HF methods also exist. Hybrid functionals incorporate the HF approach to 

the exchange energy. Practical justification for this approach is the fact that errors of HF and GGA 

often have opposite signs. The performance of the best hybrid functionals approaches that of 

highly correlated methods like CISD and CCSD. The exchange functional is then expressed as linear 

combination: 

𝐸𝑋𝐶
𝐻𝐸𝑁𝑁𝑖𝑟[𝜌] = 𝑐𝐻𝐻𝐸𝑋𝐻𝐻[𝜌] + 𝑐𝐿𝐻𝐷𝐸𝑋𝐶𝐿𝐻𝐷[𝜌]. (2.15.) 

where coefficients are called functional parameters. There exist even more sophisticated 

functionals like double hybrid functionals [81,87] where correlation is partially treated by Møller-

Plesset method, but in this work we dispense with detailed discussion. 
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The LCAO approximation 

 
The Linear Combination of Atomic Orbitals approximation is frequently used in modeling of 

molecular and crystalline structures. Its assumption is that atomic wave functions of individual 

atoms can be combined linearly forming molecular orbitals written in form of Bloch functions [85]:  

𝜒𝜇�𝑘�⃗ ; 𝑂� = ∑ 𝜑𝜇�𝑂 − 𝐴𝜇 − �⃗��𝑂𝑖(𝑘�⃗ ,𝐸�⃗ )
𝐸�⃗ ,  (2.17.) 

where the 𝜑𝜇(𝑂 − 𝐴𝜇) term is obtained by centering atomic orbitals φμ(𝑂) at atoms with radius 

vector  𝐴𝜇. This term belongs to the unit cell closest to the origin. Applying of translation symmetry 

operator to this atomic orbital results in 𝜑𝜇(𝑂 − 𝐴𝜇 − �⃗�), where �⃗� stands for a direct lattice vector. 

To avoid divergence of the AO sum, the crystal is divided into 𝑁𝑟 × 𝑁𝑁 × 𝑁𝑟 unit cells with imposed 

boundary conditions. The summation is done taking all included translation symmetry vectors into 

account. One-electron crystal orbitals can be expressed as a linear combination of the Bloch 

functions (2.17) [85]: 

𝜑𝑖�𝑘�⃗ ; 𝑂� = ∑ 𝑂𝑖𝜇(𝜇 𝑘�⃗ )𝜒𝜇�𝑘�⃗ ; 𝑂� (2.18) 

and 𝑂𝑖𝜇  at every fixed 𝑘�⃗  can be calculated from the Hartree-Fock-Roothaan equation by the 

variation method. It can be written in matrix form [85]: 

𝐹�𝑘�⃗ � × 𝐶�𝑘�⃗ � = 𝑆�𝑘�⃗ � × 𝐶�𝑘�⃗ � × 𝐸�𝑘�⃗ � (2.19.) 

Here 𝐹 stands for Fock matrix in reciprocal space: 

𝐹�𝑘�⃗ � = ∑ 𝐹𝐸�⃗𝐸�⃗ 𝑂𝑖(𝑘�⃗ ,𝐸�⃗ ) (2.20.) 

where 𝐶 is the crystal orbital Bloch function expansion matrix, 𝑆 is the Bloch function overlap 

matrix, and 𝐸 is the diagonal energy matrix. 

The direct space Fock matrix 𝐹𝐸�⃗  can be split into two items: one- and two-electron basis set 

contributions. The one-electron term is composed of kinetic energy and nuclear attraction energy 

(if pseudopotentials are applied, the latter includes the atom pseudopotential sum). The two-

electron part consists of nucleus-nucleus, electron-nucleus and electron-electron Coulomb and 

exchange interactions [85]: 

𝐹𝐸�⃗ = �𝜑1𝑜�⃗ �𝑇��𝜑2
𝐸�⃗ � + �𝜑1𝑜�⃗ ��̂��𝜑2

𝐸�⃗ � + 𝐶𝐸�⃗ + 𝑋𝐸�⃗  (2.21.) 

The basis functions 𝜒𝜇 from equation (2.18) can be defined in different ways, the most 

widely used are Slater type (STF) and Gauss type (GTF) functions [81]. The GTF are written: 
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𝜒𝑒𝑒𝑁𝑆𝐷𝐻(𝑂) = 𝑁𝑒𝑒(𝜁)𝑂𝑒−1𝑂𝜁𝑁𝑂𝑒𝑁(𝜃,𝜑) (2.22.) 

where 𝜁 is the orbital exponent and 𝑂𝑒𝑁(𝜃;𝜑)are spherical harmonics. Despite the ability of these 

functions to describe atomic one-electron function behaviour at 𝑂 → 0 and 𝑂 → ∞, they are not 

appropriate for high speed multicenter integral ab initio calculations, and nowadays many 

programs use reduced GTF instead, in the following form [3, 4]: 

𝜒𝑞𝐺𝐷𝐻(𝑂) = � 𝑦𝑝𝑞𝐺𝑝(𝑂)𝐵
𝜌=1  (2.23.) 

where B, the number of primitive Gauss type functions,  

𝐺𝑝(𝑂) = 𝑥𝑒𝑦𝑁𝑧𝑒𝑂−𝛼𝑁2 (2.24.) 

usually lies in the range from 1 to 7 and 𝑦𝑝𝑞 are contraction coefficients. Orbitals of this type are 

used more frequently, because they are more easily adapted for Cartesian coordinates. The 

parameter 𝛼 is called orbital diffusion and it describes the space expansion of orbitals [82]. 

 
Pseudopotentials 

 
The calculations frequently deal with heavy atoms, i.e., atoms with a lot of electrons which 

implies high computational costs. At the same time, chemical properties of atoms are defined only 

by electrons in the outer shell, called valence electrons. The remaining electrons occupying the 

lower levels do not exhibit any essential influence on the chemical properties of the atoms. This 

allows us to use so-called pseudopotentials, which describe all non-valence electrons with one 

effective potential (ECP) as one common field. Relativistic effects for heavy atoms are also included. 

ECP is used in this work for the Ti atom description. 

 

2.2. Methods of electronic structure calculation and geometry optimization 

 
The initial task to solve is combination of chosen exchange-correlation functional and basis 

wave function set for further calculations. This approach has been developed earlier [8], and is 

used here to provide a better fundament for comparison. The DFT method was employed together 

with the hybrid exchange-correlation functional B3LYP with a modified Hartree-Fock exchange 

contribution. In this section a brief motivation for this decision is given.  

The simulations have been performed using Latvian SuperCluster installed at the Institute of 

Solid State Physics, Latvia. The used software for calculations is the CRYSTAL’09 program. 
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We have considered the following exchange-correlation functionals: PBE0, B3LYP, B3PW and 

SOGGAXC [85]. All of them are GGA functionals. Both B3LYP and B3PW are based on Becke's 3 

parameter functional. It is combined with non-local Lee-Yang-Parr correlation [81,87] in case of 

B3LYP, or with Perdew-Wang Generalized Gradient Approximation (PWGGA) [81,87] in case of 

B3PW. The PBE0 functional consists of the so-called PBE GGA functional with a pre-defined amount 

of exact exchange. The three described functionals possess a default contribution of HF exchange: 

20% in B3LYP and B3PW, 25% in PBE0. The SOGGAXC funcitonal does not have any HF contribution. 

SOGGA stands for Second-Order Generalized Gradient Approximation, and XC for Exchange-

Correlation. This functional does not have any empirical parameters [81,87]. 

For Ti atoms, we have considered two different basis sets: SC_ECP-5s-6sp-5d (below in the 

text it is denoted as BS1) [5] and HAYWSC-411sp- 311d(G) (denoted as BS2) [86]. 

 
Figure 4. Tetragonal structure of TiO2 anatase configuration 

 

The precision of different exchange-correlation functional and basis set combinations has 

been evaluated by the ability to reproduce the band gap of titania in the anatase phase (Figure 4) 

which is 3.18 eV [6]. The results of the calculations are summarized in Table 1. Data on lattice 

constants are also presented, but they play an inferior role with respect to the band structure. 

Functional and basis set a, Å c, Å Eg, eV 
B3PW and BS1 3.79 9.58 3.67 
PBE0 and BS1 3.78 9.55 4.11 
B3LYP and BS1 3.80 9.65 3.64 

SOGGAXC and BS1 4.45 9.54 0.67 
B3PW and BS2 3.77 9.67 3.93 
PBE0 and BS2 3.77 9.64 4.39 
B3LYP and BS2 3.79 9.76 3.90 

SOGGAXC and BS2 4.69 11.10 1.89 
Anatase, exp. data [19] 3.78 9.51 3.18 

 

 
 

Table 1. Precision estimation of 
exchange-correlation functional and 
wave function basis set combination, 
comparing with anatase experimental 
data. 
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The following tendency has been observed – BS1 provides better results with all functionals.  

(see Table 1), but corresponding results with BS2 do not differ significantly. 

The performance of the functionals was judged primarily by their ability to reproduce the 

band gap, since electronic structure is the primary criterion for a catalyst. Among other functionals 

B3LYP is the best – its combination with BS1 gave 3.64 eV, which is 14% larger than the 

experimental band gap. The other functionals performed worse with both basis sets. A similar 

calculation was performed also for TiO2 in rutile bulk form for double-checking. The results (shown 

in Table 2) confirm the conclusion – better results are achieved with the BS1 basis set and B3LYP 

Exchange-correlation functional.  

Functional and basis set a, Å c, Å Eg, eV 
B3PW and BS1 4.60 2.97 3.43 
PBE0 andBS1 4.59 2.96 3.88 

B3LYP and BS1 4.63 2.98 3.41 
SOGGAXC and BS1 5.28 3.33 0.81 

B3PW and BS2 4.60 2.96 3.56 
PBE0 and BS2 4.59 2.95 4.03 
B3LYP and BS2 4.63 2.98 3.51 

SOGGAXC and BS2 5.64 3.60 1.38 
Rutile, exp. data [19] 4.59 2.96 3.03 

 

 
 
Table 2. Estimate of precision for 
different combinations of exchange-
correlation functional and wave 
function basis set, compared to 
experimental data for the rutile 
titania phase. 

 

 

When beginning with the nanotube supercell building, it was discovered that for the BS1 

basis set, an irrationally long time is needed to complete the calculation, due to uncontracted 

functions. This imposed a necessity for re-calculation of already obtained models with the second 

basis set, BS2. A compensation for the decrease in accuracy was optimization of exchange-

correlation functional by tuning Hartree-Fock contribution. The default contribution is 20% for 

B3LYP. It is also known that the HF method overshoots the band gap width, while DFT results in 

underestimation [87]. Therefore, trying different lower HF contributions, the optimal value was 

found to be 14%; at this HF contribution, the BS2 and B3LYP basis set combination have gave a 

band gap of 3,16 eV, which is quite sufficient for theoretical simulations. The c lattice constant also 

was reduced from 9.76 to 9.67 Å, approaching the experimental data. 
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Simulations of 9-layered TiO2 singe-wall nanotubes with (001) configuration with the 

calculation setup discussed above have been performed in a previous work [10]. To provide a solid 

basis for comparison of results in the future, the same approach is used within the present project. 

 

 

2.3. CRYSTAL’09 program 
 

 
CRYSTAL’09 is a quantum chemical program [87], which allows us to perform ab initio 

calculations from first principles for various systems with similar precision: 0D models (molecules, 

clusters), 1D (polymers, nanotubes, nanorods), 2D (films), and 3D (crystals). The code provides a 

possibility to estimate energy differences, for example, between a 3D structure and a molecule 

(lattice energy of a molecular crystal), or between a 3D structure and a 2D structure (surface 

energy), as well as energy differences between crystals with different unit cell dimensions, shape, 

and amount of atoms. 

The program is capable of running calculations using HF, DFT and hybrid HF-DFT methods. All 

the wave functions are expressed as linear combinations of Bloch functions. The latter, in turn, are 

expressed through local AO, which are combined from GTF, and the LCAO approximation is 

employed. 
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Figure 5. Computational scheme of the CRYSTAL’09 code [87]. 

CTRYSTAL’09 possesses a capacity to follow system symmetry automatically. An essential 

amount of time in our project has been saved due to applying this feature to nanotubes with 

rototranslational symmetry. The program consists of three independent parts: overlap integral 

calculations, self-consistency calculations and calculations of properties (Figure 5). 

Input file data are divided into blocks, each describing some parameter group. In general, six 

blocks may be prepared. Geometry input block contains information about system periodicity, 

symmetry and positions of irreducible atoms. In the basis function block basis Bloch wave function 

sets are specified for each atom, these functions may be assigned s-, p-, sp-, d- or f-type symmetry. 

The calculation method section allows us to specify Hamiltonian type (HF or KS), as well as 

type of the functional. Self-consistency parameters are set in SCF-block, including demanded 

precision of integral calculations, convergence criteria, amount of iterations, etc. Block of 

properties allows us to specify which properties are to be calculated and which are not. The last 
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block is devoted to additional parameters, for example, if a calculation has to be spin-polarized or 

not. 

The Self-Consistency (SCF) cycle, which constitutes the second step of a program run, works 

according to the following principle. It begins with Fock matrix 𝐹𝐸�⃗  construction in the direct space. 

For this reason, one- and two-electron integrals are calculated at first with appropriate 

approximations of the calculation for time minimization without precision loss. Further, the 

obtained Fock matrix in the direct space is translated into reciprocal space through Fourier 

transformation. The obtained 𝐹𝑘�⃗  matrix is diagonalized, eigenvectors and eigenvalues are defined. 

Knowing the latter, the electron density matrix 𝑃𝑘�⃗  can be constructed and the Fermi level defined. 

The cycle is closed with a Fock matrix calculation (in the direct space) from the density matrix. 

After closing the cycle, it is iterated until total energies calculated in two subsequent iterations 

differ less than the threshold specified in the input [87]. 
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3. RESULTS 
 

3.1. Choice of a model for doping of pristine (101) nanotubes. 

 
 

The first stage is dedicated to modeling the two series of 6-layered anatase phase nanotubes 

of different configurations (with chirality indices (n,0), shown in Figure 6, and (0,n), shown in Figure 

7) with gradually increasing diameters. The ultimate goal of this part is to provide a fundament for 

the choice of the specific nanotube model to be used for studies of dopant effects.  

It is typical for the nanotubes with small diameters to possess higher formation and strain 

energies. Fluctuations in band structure are also prominent for smaller nanotubes. Along with 

increasing nanotube diameter, the formation and strain energies converge to some energy level; 

changes in the positions of a VB and a CB become less evident as well. This describes one side of 

the compromise to be solved – from one side, a nanotube of a diameter large enough to provide 

sufficient representation is needed, and on the other hand – in order to finish the computations 

within finite time, models with excessive size should be avoided in favor of moderate-size models 

from the stable diameter region. 

Below the graphs with data on nanotube formation energy given below, strain energy, VB/CB 

positions and band gap width are presented in two versions: in the first, chirality indices are used 

as argument on abscissa axis, in the second the inner diameter is used. The motivation for 

choosing the inner diameter is that the nanotube wall width is noticeably different for 6- and 9-

layered tubes. 

The reason for considering these two versions is the following. Because of the rectangular 

geometry of the unit cell, diameters of 6-layered nanotubes (n,0) and (0,n) with same n value differ 

appreciably. 

Data on 9-layered (0,n) (001) nanotubes (Figure 8), which were used for Fe, S, C, N 

monodopant studies, are taken from [8] and added to the graphs for comparison. The 6-layered 

nanotubes were also studied previously, but large diameters were not considered, the terminal 

indices were (24,0) and (0,10), respectively. All the larger nanotubes, up to (40,0) and (0,40) were 

modeled in the present work. 
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Figure 6. 6-layered anatase (101) configuration NT with chirality indices (20,0), front and side view. 

 
Figure 7. 6-layered anatase (101) configuration NT with chirality indices (0,20), front and side view. 

 
Figure 8. 9-layered anatase (001) configuration NT with chirality indices  (0,36), front and side view. 
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3.1.1. Comparison with respect to nanotube chirality indices 

 

Figure 9. Nanotube Formation Energy. Data on 9-layered (0,n) (001) nanotubes are taken from [8] 
for comparison. 

In Figure 9 it is seen that the curves related to 6-layered nanotubes of both configurations 

look analogous, but with a difference in the slope. The (0,n), curve starts at a lower energy, 0.97 eV 

and is almost flat in comparison to the (n,0) curve, which starts at 1.17 eV, but exhibits a more 

rapid decrease. Both curves converge to approximately the same value (0.95 eV for the (n,0) and 

0.94 eV for the (0,n) configuration), but the (0,n) curve is at all points below the (0,n) curve. 

The curve related to the 9-layered (0,n) nanotube exhibits a principally different behavior. 

Firstly, it is lower in terms of energy, starting at 0.85 eV, and then there is a maximum reaching 

approximately the starting value and then the curve decreases gradually, ending at 0.72 eV for the 

(0,40) nanotube.  This behavior is connected to the nanotube's negative strain energy and will be 

explained in detail in the next section. The appearance of the maximum is explained by surface 

reconstruction happening in the range from the smallest nanotubes to n equal to 24-26. 

Nanotube formation energies are calculated via formula: 

𝐸𝑜𝑜𝑁𝑁 = 𝐸𝑡𝑡𝑡𝑡𝑡
𝑒

− 𝐸𝑁𝑁𝑒𝑘 (3.1) 

where Eform is a formation energy of a nanotube, Etotal is the full energy of the modeled system, n is 

the number of TiO2 units, and Ebulk is the energy of one TiO2 unit in bulk form. 
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Figure 10. Nanotube Strain Energy. Data on 9-layered (0,n) (001) nanotubes are taken from [8] for 
comparison. 

There is no essential qualitative difference in the shape of the curves between the strain 

energy (Figure 10) and the formation energy in Figure 9. The energy scale is, however, different, 

since strain energy is part of the formation energy. The qualitative features are similar: the curve 

for the (n,0) nanotubes is steeper than the one for the (0,n) nanotubes. The (n,0) curve starts at 

0.23 eV, the (0,n) curve begins at 0.04 eV. They also converge, as in the case of formation energies, 

to approximately same value, but here it is appropriate to point out that for (0,n) nanotubes, the 

strain energy reaches 0 eV for the larger diameters, while for the (n,0) nanotubes, the energy stays 

above this level and equals 0.02 eV for the largest nanotube (40,0). 

The nanotube strain energies are calculated via formula: 

𝐸𝑒𝑟𝑁𝑟𝑖𝑒 = 𝐸𝑡𝑡𝑡𝑡𝑡
𝑒

− 𝐸𝑝𝑒𝑟𝑒𝑁 (3.2) 

where Estrain is a strain energy of a nanotube, Etotal is the full energy of the modeled system, n is a 

number of TiO2 units, and Eplane is the energy of one TiO2 unit in the corresponding planar form. 
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Figure 11. Nanotube band gap width. Data on 9-layered (0,n) (001) nanotubes are taken from [8] 
for comparison. 

For the nanotube band gap, the behavior of all three curves is different, even for 6-layered 

(n,0) and (0,n) tubes, as seen in Figure 11. The curve for (n,0) configuration starts at 3.96 eV for 

(8,0), and for (10,0) there is no essential difference (3.97 eV). Then a sudden upward jump is 

observed, to 4.37 eV for the (12,0) nanotube. After this point, there is a gradual decreasing trend. 

At the largest diameters, the curve becomes almost flat and reaches 4.19 eV for the (40,0) 

nanotube. 

For  the (0,n) nanotube, however, the current trend resembles the corresponding trends in 

the previous two graphs: the curve is very flat, the starting point is almost the same as the point of 

the largest nanotube: 4.21 and 4.17 eV, respectively. 

The curve for the 9-layered (0,n) NTs showed two maxima in the initial part, and then a 

decreasing trend with a small jump is observed. After the double hill, two stages of decrease 

follow: the first one is rather steep, while the second shows a more gradual decrease. The latter 

part begins at (0,22) which is approximately at the same point as where strain and formation 

energies begin to fall from the maximum, see Figure 9 and 10. Oscillations in the band gap widths 
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are comparably large for the 9-layered (0,n) nanotubes, the corresponding curve starts at 4.16 eV 

and ends at 3.67 eV, reaching 4.29 eV at an intermediate step, as shown in Figure 11. 

 

 
Figure 12. Positions of CB and VB edges. Data on 9-layered (0,n) (001) nanotubes are taken from 

[8] for comparison. 

The general trends seen in Figure 12 are related to the previous figure. Here it can be pointed 

out than the edge of the CB is highest for the 9-layered (0,n) NTs for all sizes, and the same is true 

for the top of the VB. As was seen in Figure 11, in general the band gap of 9-layered NTs becomes 

narrow with increasing diameter, with some deviations in the smaller diameter region. 

The curves of the 6-layered (n,0) and (0,n) nanotubes are similar. As previously seen, they 

converge to almost the same values, but in the initial stage, the edges of VB and CB for (n,0) are 

higher, with a more prominent difference for the top of the VB, and there is a sudden broadening 

of the band gap for the (12,0) nanotube resulting in rising of the edge of CB and lowering of the 

edge of VB. 
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3.1.2. Comparison with respect to NT diameters 

As has already been emphasized, all three types of nanotubes have different diameters, with 

the difference between the 6-layered (0,n) nanotubes and the other two types being large. Still, it 

is important to compare properties of the nanotubes not only with respect to chirality indices, but 

also with respect to their diameter. Therefore a series of graphs on the recently presented data 

follows below, with the diameter instead of the chirality index on abscissa axis. Due to a much 

larger diameter, the data for the 6-layered nanotubes of (0,n) configuration are shown in a range 

limited to the first six points - from (0,8) to (0,18). 

 
Figure 13. Nanotube Formation Energy. Data on 9-layered (0,n) (001) nanotubes are taken from [8] 

for comparison. 

In general, behavior of the curves in Figure 13 has already been described in the previous 

section. With increasing nanotube diameter on the abscess axis, the curve of the 6-layered (0,n) 

nanotubes is shifted to the right and closely approaching the curve for the (n,0) nanotubes, with a 

natural difference in the starting point. This implies the conclusion that the properties of the 6-

layered (101) nanotubes are related to nanotube size rather than to chirality index. In turn, there is 

no essential change in mutual position of 6- and 9-layered nanotubes. 
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Figure 14. Nanotube Strain Energy. Data on 9-layered (0,n) (001) nanotubes are taken from [8] for 

comparison. 

The same situation is observed in Figure 14: the curve of the 6-layered (0,n) nanotubes is 

shifted to the right and almost overlapping the curve for the (n,0) nanotubes, while there is no 

essential change in mutual position of the 6- and 9-layered  nanotubes, which further confirms the 

conclusion that properties of the 6-layered nanotubes depend on their size rather than chirality 

index. 
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Figure 15. Nanotube band gap width. Data on 9-layered (0,n) (001) nanotubes are taken from [8] 

for comparison. 

The already familiar trend is also observed for the band gap curves shown in Figure 15: the 

two curves of 6-layered nanotubes approach each other, but, while in the cases of nanotube 

formation and strain energy the final position of the curves was almost perfect overlap, in the case 

of band gap width, the mismatch between the initial points of (0,n) nanotube curve and the points 

on the (n,0) curve at the same diameter is more obvious. Still, one can say that at the 4th point the 

(0,n) curve represents a continuation of the (0,n) curve. 
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Figure 16. Positions of the CB and VB edges. Data on 9-layered (0,n) (001) nanotubes are taken 

from [8] for comparison. 

Changing of the argument on the X axis from chirality index to NT diameter does not show 

any significant trend, as seen in Figure 16. The convergence of the two curves, related to both 

variants of the 6-layered nanotubes, becomes more apparent. The initial point of the (0,n) curve is 

higher than the neighboring points of the (n,0) curve, but the (0,n) curve approaches the (n,0) 

curve and nearly becomes a continuation of the former after the terminal point. 
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3.1.3. Selection of a NT model for doping 

The primary criterion for selection of a model for further doping study should be, on one 

hand, realistic properties (formation, strain energy, and band gap structure). There should be a 

high probability that the properties of the chosen model would also be applicable to the nanotubes 

of larger diameters. In other words, in graphs presenting the dependence on the nanotube 

diameter/chirality index for some property (e.g., strain energy) the points corresponding to the 

chosen model should be located within the flat part of the graph. On the other hand, the task 

should be completed within a finite reasonable time, and unnecessary precaution may prolong the 

project time significantly, since the calculation time is proportional to N4 where N is a number of 

electrons in the system. 

Besides, it is beneficial if the amount of unit cells in the model is divisible by 2 and 3. Since in 

this case there would be more flexibility in construction of a large unit cell consisting of several 

smaller unit cells in order to vary the dopant concentration. Possible large unit cell "dimensions" 

could be 1x2, 1x3, 2x2, 2x3, 3x3 and so on. Based on these considerations, the chirality indices of a 

larger nanotube model most convenient for doping would be (0,12) or (0,18), since (0,6) is 

obviously too small and (0,24) would require too much computational power. It was decided to 

continue working with the (0,12) model, as a test run with the (0,18) model took too long time. 

 
Figure 17. (0,12) configuration 6-layered TiO2 nanotube model chosen for further work, front view 

(left) and side view (right). 
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Based on Figures 9-16, I decided that the (0,12) 6-layered nanotube, shown in Figure 17, 

would be suitable as the starting point for the main part of the modeling work. The nanotube's 

corresponding points on the graphs fall in the beginning of the flat sections. This model consists of 

432 atoms in total, 144 Ti atoms and 288 O atoms. 

Since study of dopant effects at two different concentrations was planned, two new, larger 

supercells with one defect atom per supercell were selected. The nanotube wall contains 6 non-

equivalent atom positions, and the smaller unit cell contains twice this amount, so there are 12 

atoms in the smaller unit cell. In the present project we limit our focus to 1x3 and 2x3 because 

these dimensions provide better shape of the large unit cell due to the geometry of the nanotube. 

 
Figure 18. Highlighted supercells, 1x3 (left) and 2x3 (right). 

The larger unit cells consist of 1x3 or 2x3 smaller unit cells, as seen in Figure 18. The 1x3 unit 

cell consists of 36 atoms, the 2x3 of 72 atoms, giving a dopant concentration of 2,78% (12 atoms 

per model) and 1.39% (6 defect atoms in the model), respectively. Dopant concentration of 2,78% 

in 9-layered (0,36) TiO2 nanotubes was already studied in [10], which makes future comparison 

convenient. 
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Figure 19. Non-equivalent dopant positions in the wall of the nanotube, applicable to all models 

under consideration. 
 

We consider four different dopant atom positions, same amount as the number of non-

equivalent oxygen atom positions, since in practice, non-metal dopants will exhibit a tendency to 

occupy oxygen positions, see Figure 19. We denote the outermost oxygen position as the first, or 

Position 1, and the innermost the fourth, or the Position 4. The inner atoms follow the sequence, 

see Figure 19. This nomenclature is applicable to all further considered models, regardless of 

defect concentration and monodoping/co-doping. 

For vacancy formation energy calculations, the following formula is used [88]: 

𝐸𝑒𝑟𝑟 = 1
12
∗ (𝐸𝑁𝐷(𝑒𝑟𝑟) + 12𝐸𝑂 −  𝐸𝑁𝐷) (3.1.) 

where 𝐸𝑒𝑟𝑟  is formation energy of one O vacancy, 𝐸𝑁𝐷(𝑒𝑟𝑟) is total energy of a nanotube with 

vacancies, 𝐸𝑂 is O atom energy, 𝐸𝑁𝐷 is total energy of a pristine NT. The value 12 appears due to 

NT chirality index (0,12). 

Dopant formation energies, in turn, are calculated using a modified formula [88]: 

𝐸𝑟𝑜𝑝 = 1
12
∗ (𝐸𝑁𝐷(𝑟𝑜𝑝) −  12 𝐸𝑟𝑟𝑜𝑁 −  𝐸𝑁𝐷(𝑒𝑟𝑟)) + 𝐸𝑒𝑟𝑟 (3.2.) 

which can be written in the following form with an expanded 𝐸𝑒𝑟𝑟  term: 

𝐸𝑟𝑜𝑝 = 1
12
∗ (𝐸𝑁𝐷(𝑟𝑜𝑝) −  12 𝐸𝑟𝑟𝑜𝑁 + 12𝐸𝑂 −  𝐸𝑁𝐷) (3.3.) 

where 𝐸𝑁𝐷(𝑟𝑜𝑝) is total energy of a doped NT and 𝐸𝑟𝑟𝑜𝑁 is energy of a dopant atom. 

In principle, it is not necessary to know vacancy formation energies for calculation of dopant 

formation energies, but it can serve as additional data for observations. 
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3.2. Mono-doped (S and N) 6L (101) TiO2 nanotubes 

 

3.2.1. O-deficient 6L (101) TiO2 nanotubes 

It was first necessary to perform simulations of the nanotube-base with O vacancies at all 

four non-equivalent positions. This is required for further calculations of defect formation energy. 

In addition, it has been reported [90,91] that O-deficient TiO2 structures can exhibit higher optical 

absorption and enhanced photocatalytic activity. 

 

Figure 20. Band gaps of O-deficient (0,12) TiO2 nanotubes at 2.78% defect concentration.  
 

The most important effect is the appearance of a filled state in the upper part of the energy 

interval between the SHE level and -1.23 eV, close to the SHE level, shown in Figure 20. This implies 

an inability of all sorts of considered O-deficient nanotubes to enhance the photocatalytic process 

of interest. The solid black lines in Figure 20 denote the highest occupied induced level, here and in 

the following figures. The edges of the VB and CB do not exhibit essential alterations: Position 1 

shows the highest shift upwards, and this shift gradually decreases in the order Position 1-2-3-4, 

until no visible difference can be found between the pristine structure and the nanotube with O4 

vacancies. The band gap itself is somewhat broader for structures with an inner defect positioning 

and in all cases slightly broader than that of the pristine nanotube. 
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Figure 21. Band gaps of O-deficient  (0,12) TiO2 nanotubes at 1.39% defect concentration. Position 
0 refers to undoped nanotube.  

 
There is no essential difference between the data from Figure 20 and the data for the 2.78% 

concentration, shown in Figure 21: almost the same shifts of the top of VB and bottom of CB. Still, 

the relative shift of the band edge is smaller in the latter case, which could be explained by lower 

defect concentration. The induced occupied states hold the same positions in relation to Figure 20. 

The band gaps are slightly narrower than the corresponding band gaps in the case of 2.78% defect 

concentration, and still slightly larger than the gap of the non-defective structure. 

Position 2.78% def.conc. 1.39% def. conc. 
O1 8.70 8.70 
O2 9.15 9.11 
O3 8.86 8.88 
O4 8.42 8.40 

Table 3. Formation energy per O vacancy at 2.78% and 1.39% defect concentration, eV. 
 

The vacancy formation energies, shown in Table 3, are also almost the same, ranging from 8.4 eV 

to 9.1 eV, with a minimum at the inner surface Position 4 and maximum at Position 2, for both 

concentrations. This trend should be ascribed to a structure relaxation taking place when one O 

atom is removed from inner NT surface where O atoms are packed more densely than on the outer 

surface. 
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Figure 22. DOS of O-deficient (0,12) TiO2 nanotubes, defect position 1 (top-left), 2 (top-right) 3 
(bottom-left) and 4 (bottom-right), at 2.78% defect concentration (the arrows indicate the highest 

occupied induced level). 
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Figure 23. DOS of O-deficient (0,12) TiO2 nanotubes, defect position 1 (top-left), 2 (top-right) 3 
(bottom-left) and 4 (bottom-right), at 1.39% defect concentration (the arrows indicate the highest 

occupied induced level).  
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In the figures showing the density of states, Figure 22 and Figure 23, the valence bands, the 

conduction band and the induced level are displayed. It can be seen that O-vacancy-induced states 

are mixed with intrinsic states. There is, however, one exception (O3 case in 1.39% concentration 

section) where the new peak is solely derived from intrinsic electrons and there is no contribution 

from O vacancies. The induced peaks are also lower for the case of 1.39% defect concentration. 

 
Optimized structures of O-deficient nanotubes 

In this section, we present fragments of optimized structures (Figures 24-27) focusing on one 

of the defects. O vacancies are shown as pink balls. 

 
Figure 24. Optimized geometry for nanotubes with O vacancies, positions 1 (left) and 2 (right). 

 
Figure 25. Optimized geometry for nanotubes with O vacancies, positions 3 (left) and 4 (right). 
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Figure 26. Optimized geometry for nanotubes with O vacancies, positions 1 (left) and 2 (right). 

 

Figure 27. Optimized geometry for nanotubes with O vacancies, positions 3 (left) and 4 (right). 

 
It is difficult to speculate about the optimized geometries of O-deficient nanotubes since the 

vacancy is represented by just electron orbitals and not by the atom itself. Further observations 

will, however, be made below, when considering both mono- and co-doped TiO2 nanotubes. 
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3.2.2. S-monodoped 6L (101) TiO2 nanotubes 

 
Figure 28. Band gaps of S-doped (0,12) TiO2 nanotubes at 2.78% defect concentration.  

 
In general, creating a S defect in any of the positions produces a positive effect, though not 

as essential as desired, see Figure 28. It should be kept in mind that the pristine nanotubular 

structure possesses a broader band gap than the bulk, approximately 1 eV larger. Doping at 

Position 1 and 4 promotes the highest enhancement, reducing the gap between the lowest empty 

state and the highest occupied state, from 4.19 eV to 3.12 eV and 3.07 eV, respectively, which is 

very close to the bulk. It means that for the model used in our simulation, the S atoms themselves 

do not provide sufficient increase in photocatalytic activity. 

At the same time, the data for Position 1 are the most important, since this doping position is 

the most energetically favorable - it requires the least formation energy per unit cell/dopant, 2.47 

eV. 

There is no clear trend in terms of changes in band edge positions. For the two positions lying 

closer to the outer surface, Positions 1 and 2, there is a negative shift in energy both for the 

bottom of CB and top of VB. In turn, there is no visible difference between CB/VB positions of the 

pristine structure and the NTs with S dopants at the positions 3 and 4. 
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Figure 29. Band gaps of S-doped (0,12) TiO2 nanotubes at 1.39% defect concentration. 
 

` There is also no essential difference between the data related to different defect 

concentrations in case of S dopants  (cf. Figure 28 and Figure 29). The band gap widths and the 

positions of the top of the CB and the bottom of the VB are almost the same as in the case of a 

higher defect concentration, while the negative shift in position of band edges at dopant positions 

1 and 2 is less prominent in the latter case due to lower defect concentration. At the same time, 

the S-induced occupied levels are lower at the 1.39% impurity concentration. 

Position 2.78% def.conc. 1.39% def. conc. 
S1 2.47 2.47 
S2 2.90 2.89 
S3 3.47 3.43 
S4 2.62 2.62 

Table 4. Formation energy per S dopant at 2.78% and 1.39% defect concentration, eV. 

The formation energies are equal in the two cases of dopants on the outer and the inner NT 

surface, and almost equal for the dopants located in the middle of the nanotube wall, see in Table 

4. Position 1 is the most favorable, and the difficulty to introduce a dopant atom grows in a row 

"Position 1 - 4 - 2 - 3". It is, thus, somewhat easier to locate a defect on the outer surface than in 

the middle of a nanotube, which should be ascribed to the relatively large size of an S atom. 
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Figure 30. DOS of S-doped (0,12) TiO2 nanotubes, defect position 1 (top-left), 2 (top-right) 3 
(bottom-left) and 4 (bottom-right), at 2.78% defect concentration (the arrows indicate the highest 

occupied induced level). 
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Figure 31. DOS of S-doped (0,12) TiO2 nanotubes, defect position 1 (top-left), 2 (top-right) 3 
(bottom-left) and 4 (bottom-right), at 1.39% defect concentration (the arrows indicate the highest 

occupied induced level). 



55 
 

In the figures showing the density of states, Figures 30 and 31, S peaks are distinguishable 

slightly above the top of the VB. As was mentioned in the Section 1, the most important 

contribution of S atoms is based on the appearance of the locally induced states, and not on the 

shifting of band edges. Three peaks are observed for the surface dopant positions, and two peaks 

are present in cases of in-wall dopant positions. Peaks related to 1.39% defect concentration are 

also 2 times lower than the peaks at 2.78% case figures. 

 

Figure 32. Optimized geometry for nanotubes with S dopants, positions 1 (left) and 2 (right). 

 

 

Figure 33. Optimized geometry for nanotubes with S dopants, positions 3 (left) and 4 (right). 
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Figure 34. Optimized geometry for nanotubes with S dopants, positions 1 (left) and 2 (right). 

 

Figure 35. Optimized geometry for nanotubes with S dopants, positions 3 (left) and 4 (right). 

 

It is visible in all cases (Figures 32-35) that the sulfur atom exhibits a tendency to be displaced 

from its initial position. The displacement direction is orthogonal to the tangent plane going 

through the initial S atom position, and the S atom is protruding out of the NT wall. Obviously it is 

easier to follow such a displacement from initial positions 1 and 4, which explains that the dopant 

formation energies are lower for these cases. 
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3.2.3. N-monodoped 6L (101) TiO2 nanotubes 

 

Figure 36. Band gaps of N-doped (0,12) TiO2 nanotubes at 2.78% defect concentration. 

 
Nitrogen dopants do not induce any visible shift in positions of VB top and CB bottom, levels 

are almost the same as in the case of the pristine structure, as seen in Figure 36. The only slight 

difference is between the bottom of the CB of the pristine NT and the N1 structure. 

A new observation is, however, that N dopants induce empty states into the electronic 

structure, shown by dashed black lines. These empty states are not always higher than the highest 

occupied state. As we see in the N2 case, the empty state is below an occupied state and very close 

to the VB top, which means that in reality, it will be easily occupied by electrons with similar 

energies. In case of the N3 structure, the highest occupied and the lowest empty levels are located 

at the same energy level, which means that the empty level will also be occupied. The N3 case 

exhibits the most appropriate structure, but it is still not very promising. In the N2 cases, the 

efficiency would be even lower, and in N1 and N4 cases there is an empty level in the target energy 

interval between 0 and -1,23 eV, which disrupts the whole photocatalytic process. In addition, 

positions 2 and 3 exhibit a much higher defect formation energy, see Table 5. 
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Figure 37. Band gaps of N-doped (0,12) TiO2 nanotubes at 1.39% defect concentration.  

 
When the concentration of N dopant atoms is lowered from 2.78% to 1.39%, a visible 

difference appears (cf. Figure 36 and Figure 37). At first, the favorable dopant position 1 and 4 

disappears and at the lowered defect concentrations, the dopants do not exhibit affinity to any 

specific position, see Table 5. 

In addition, the lowest induced empty state in the N2 and N3 cases is much higher in energy 

and is slightly above the -1.23 eV level. Keeping in mind the possible calculation inaccuracies, it 

might be not detrimental for the photocatalytic process. In the N1 and N4 cases the corresponding 

level is still approximately 0.5 eV higher than -1.23 eV level. The changes in VB and CB edge 

positions are, however, still minor. 

 
Position  2.78% def.conc. 1.39% def. conc. 

N1 3.39 3.39 
N2 4.10 3.49 
N3 4.15 3.51 
N4 3.39 3.51 

Table 5. Formation energy per N dopant at 2.78% and 1.39% defect concentration, eV. 
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Figure 38. DOS of N-doped (0,12) TiO2 nanotubes, defect position 1 (top-left), 2 (top-right) 3 
(bottom-left) and 4 (bottom-right), at 2.78% defect concentration (the arrows indicate the highest 

occupied induced level). 
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Figure 39. DOS of N-doped (0,12) TiO2 nanotubes, defect position 1 (top-left), 2 (top-right) 3 
(bottom-left) and 4 (bottom-right), at 1.39% defect concentration (the arrows indicate the highest 

occupied induced level). 
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The most important contribution of N atoms is also based on the appearance of locally 

induced states, and not on the shifting of band edges, which is negligible. Since the calculations of 

N-doped structures are spin-polarized, both α and β electrons are assigned positive and negative 

values, respectively. This is the reason for the mirror-reflection appearance of the graphs seen in 

Figures 38 and 39, but a closer investigation shows that the parts are not exactly identical. In 

addition, N-induced states are also usually induced by either α or β electrons, with the exception of 

the N3 case at 2.78% concentration. Another interesting exception is the N3 case at 1.39% 

concentration, where the induced levels have contribution only from intrinsic electrons. 

 

Figure 40. Optimized geometry for nanotubes with Т dopants, positions 1 (left) and 2 (right). 

 

Figure 41. Optimized geometry for nanotubes with Т dopants, positions 3 (left) and 4 (right). 
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Figure 42. Optimized geometry for nanotubes with N dopants, positions 1 (left) and 2 (right). 

 
Figure 43. Optimized geometry for nanotubes with N dopants, positions 3 (left) and 4 (right). 

After geometry optimization (Figures 40-43) it becomes obvious that introduction of N 

dopants does not cause any significant alterations in the structure geometry. The most probable 

reason for this is the similarity of O and N atom sizes. 
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3.3. Co-doped (S and N) 6L (101) TiO2 nanotubes 

There are many possible combinations of different S and N dopant positions. While studying 

monodoping, there exist only 4 non-equivalent dopant positions. On the other hand, when one 

dopant has already been introduced, more options appear. For example, the second dopant can be 

positioned between two dopants of the first kind in the NT cross-section plane containing all these 

atoms, or it can be located in a plane parallel to the cross-section. 

In this situation, there is a conflict between all possible combinations and limited 

computational power. It was decided to focus on two possible dopant positions in each layer, with 

the exception of just one dopant position in Layer 2. It should give a good insight of possible 

opportunities and leave a field for more detailed investigations. 

Possible positions are assigned additional indices for identification, see Figure 44. "FR" stands 

for "Front", "B" for "Between", "N" for "Near ", "UND" for "Under". 

Since a trend has been observed that a S dopant at both defect concentrations exhibits a 

clear tendency to occupy a position on the outer NT surface (Position 1), it was furthermore 

decided to use this as a starting point for further co-doped structure simulations. In every modeled 

co-doped structure, there is a S atom at position 1, and N dopants are placed in different positions. 

 

Figure 44. Possible indices of N dopant positions. 
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Figure 45. Band gaps of S and N co-doped  (0,12) TiO2 (101) nanotubes at 2.78% defect 
concentration.  

 
Six different co-doped structures were modeled, and the results are shown in Figure 45. Note 

that N3(S1)B and N3(S1)N are identical in the supercell corresponding to 2.78% concentration. 

The general observation is that an improvement in photocatalytic activity for the structures 

under consideration may be expected, but it is difficult to make quantitative and optimistic 

predictions. In four cases out of six, the lowest empty state is formed slightly under the -1.23 eV 

level, and the highest occupied state in between the empty state and the VB top. In two cases, the 

distance between the empty and the occupied induced state is not large (N1(S1)B and N4(S1)B), 

which means that it would be relatively easy for electrons to be transferred to the empty state and 

consequently to overcome the energy interval between the SHE and -1.23 eV level. This would be 

more difficult in case of N2(S1)N and N4(S1)UND, where the gap between the highest occupied 

and lowest empty states is lower. Further, in the N3(S1)B case, a mixing of the highest occupied 

and lowest induced states is observed at the -2.39 eV level which implies a gap between the CB 

bottom and the highest occupied state of around 3 eV. Finally, in the case of N1(S1)FR, the lowest 

empty state is formed in the interval between the SHE and -1.23 eV level, making the 

photocatalytic process unrealistic. Edges of bands do not change their positions significantly in the 

N2(S1)N, N3(S1)B and N4(S1)UND cases, and there is a slight negative shift for the remaining ones. 
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Figure 46. Band gaps of S and N co-doped  (0,12) TiO2 (101) nanotubes at 1.39% defect 
concentration. 

 
In this section an additional structure with N3(S1)N dopant configuration is added, so the 

total number of models under consideration will be 7, see Figure 46. 

The observation above refers to higher positions of induced levels as compared to 

corresponding models with 2.78% concentration. In the N1(S1)B and N4(S1)B cases, the lowest 

empty induced state is now above the -1.23 eV level. In the N2(S1)N case, this level coincides 

exactly with the -1.23 eV level. In the N3(S1)B model, the lowest empty state does not mix with the 

highest occupied state, being 0.17 eV higher. The N3(S1)N and N4(S1)UND models hold the most 

promising electronic structure. A comparison of the band edge positions between the 2.78% and 

1.39% defect concentrations shows again that a lower dopant concentration produces less 

prominent alterations in positions of VB top and CB bottom. 

These observations allow us to speculate about possible improvement through modifying the 

ratio of S and N dopants. If the S/N ratio is larger than one and a proper defect concentration is 

reached, it might be possible to drive the empty level induced by N dopants above the SHE level 

and relocate the highest occupied level induced by S dopants closer to the -1.23 eV level. If this is 

possible, a fundamental raise of photocatalytic efficiency for water splitting processes can be 

expected. 



66 
 

 

 
N1(S1)FR N1(S1)B N2(S1) N3(S1)B N3(S1)N N4(S1)B N4(S1)UND 

2.78% -6365.5562 -6365.5445 -6365.5639 -6365.5262 x -6365.5432 -6365.5188 

1.39% -6022.8118 -6022.8090 -6022.8140 -6022.7973 -6022.8148 -6022.8092 -6022.8138 

Table 6. Total energies of co-doped NTs, eV. 

In Table 6, the total energies of all co-doped structures are presented. No major variation of 

values is observed, the difference is in the second or third digit after the decimal point. Still, in 

relation to our simulation, this difference is essential for the distribution of configurations. 

In the case of 2.78% defect concentration, the most probable configuration is N2(S1), the 

neighboring value belongs to N1(S1)FR. The N4(S1)UND configuration, on the other hand, is the 

least likely to appear. For the 1.39% defect concentration case, the most probable configuration is 

N3(S1)N, the neighboring values belong to N2(S1) and N4(S1)UND. The N3(S1)B configuration is the 

least likely. The general observation is that in most cases S and N atoms have a tendency to be 

found closer to each other. 

In Figure 47, the density of states is shown and its description is presented. Figures of 

optimized geometries are moved to the appendix since no essential observations can be done from 

them. 
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Figure 47. N1(S1)FR DOS, 2.78% def. conc. (left) and 1.39% (right). The arrows indicate the highest 

occupied induced level. 

 

In Figure 47, a group of peaks near the top of VB on the left image referring to 2.78% defect 

concentration, are seen. A mixing of states belonging to different kinds of atoms is observed, which 

is shown as the presence of different colors for individual peaks. In some cases there is a mixing of 

states from two kinds of atoms, in other peaks three kinds of atoms make their contribution. The 

rightmost peak in the group stands for the highest occupied level. The separate peak in the middle 

of the band gap stands for the lowest unoccupied level, and its position is similar in both graphs. 

The same description can be applied to the right graph. Due to a lower concentration of defects, 

the peaks are lower in the case of 1.39% defect concentration, this fact will be omitted in the 

descriptions of the following DOS figures. 
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Figure 48. N1(S1)B DOS, 2.78% def. conc. (left) and 1.39% (right). The arrows indicate the highest 
occupied induced level. 

 
In the DOS graphs, shown in Figure 48, in the N1(S1)B case one can observe a dominating 

contribution of one specific type of atoms to formation of individual peaks, especially in S-related 

peaks. While the positions of the peaks near the top of the VB are similar for the cases of 2.78% 

and 1.39% defect concentration, there is a visible difference in position of the lowest unoccupied 

state peak, induced by N dopants. Its position is shifted to more positive values in the 1.39% case, 

and there is also a difference in spin. 
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Figure 49. N2(S1)N DOS, 2.78% def. conc. (left) and 1.39% (right). The arrows indicate the highest 

occupied induced level. 
 

In case of N2(S1)N, the relative positioning is similar for both defect concentrations, see 

Figure 49. A peculiar observation is that the lowest unoccupied state peak has some contribution 

not only from N atoms, but also from S dopants which, while being monodopants, are capable of 

inducing only occupied states, but in the co-doping scenario participate also in empty level 

formation. 
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Figure 50. N3(S1)B DOS, 2.78% def. conc. (left) and 1.39% (right). Note that N3(S1)B and N3(S1)N 
configurations at 2.78% concentration are the same. The arrows indicate the highest occupied 

induced level. 
 

In case of a N3(S1)B dopant, new observations can be made, as seen in Figure 50. At the 

2.78% defect concentration, there are only occupied level peaks, most of them densely positioned 

right at the edge of VB, and two peaks (which are indeed α spin and β spin parts of one peak) are 

located more separately to the right. When the concentration of dopants is lowered, the distance 

between the peaks grows, the contribution of S dopants increases and, moreover, a peak of 

unoccupied state appears close to the highest occupied state. 
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Figure 51. N3(S1)N DOS, 2.78% def. conc. (left) and 1.39% (right). Note that N3(S1)B and N3(S1)N 

configurations at 2.78% concentration are the same. The arrows indicate the highest occupied 
induced level. 

 
For the N3(S1)N case, one can also observe a dependence of the peak nature and positioning 

on defect concentrations, see Figure 51. In case of 2.78% dopant concentration, all the peaks have 

duplicates for the opposite spin, and their height gradually diminishes in a direction from the top of 

VB to the CB. At the 1.39% defect concentration, in turn, all α-peaks are of almost equal height, 

and the two β-peaks are approximately two times lower. In addition, a peak corresponding to an 

unoccupied state appears at the lower dopant concentration. 
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Figure 52. N4(S1)B DOS, 2.78% def. conc. (left) and 1.39% (right). The arrows indicate the highest 

occupied induced level. 
 

At the N4(S1)B configuration (see Figure 52), the following observations can be made. There 

is an essential difference in position of the lowest unoccupied state peak. The group of peaks close 

to the top of the VB changes its configuration along with the dopant concentration, but the highest 

occupied state does not shift significantly. 
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Figure 53. N4(S1)UND DOS, 2.78% defect concentration (left) and 1.39% (right). The arrows 
indicate the highest occupied induced level. 

 
Finally, for the N4(S1)UND configuration, there is no essential change along with the defect 

concentration, see Figure 53. The peaks change their signs, thus, keeping their relative positions 

and contribution from various kinds of atoms. 
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CONCLUSIONS 
 

1) The most suitable model, a compromise between authenticity and affordability, for simulations 

of electronic structure of 6-layered TiO2 (101) nanotubes is found. This is a nanotube with chirality 

indices (0,12). In general, nanotubes of (0,n) configuration are found to be more stable than (n,0) 

structures. Strain and total formation energies have been used as the key factors. The pristine 

model is available and should save time in further investigations of this kind of nanotubes. 

2) The effects of S and N monodoping on electronic structure and ability to promote solar-driven 

water splitting have been studied. It was found that S monodopants, when being introduced into 

the model of interest, are incapable to produce a significant raise in photocatalytic efficiency. The 

same is true for N monodopants. The other aspect of conclusion regarding N defects is that in 

specific cases the induced empty states can disrupt the photocatalytic process.  

3) The effects of S and N co-doping on electronic structure and ability to promote solar-driven 

water splitting have also been studied. It has been found that this combination of defects in 

models with various relative positioning can produce enhanced photocatalytic efficiency, but 

quantitative evaluation of improvement is complicated since a more detailed study of induced 

empty states is needed. One should be moderate in optimistic predictions of high efficiency of the 

studied models. 

4) A proposal on directions of further research may be the investigation of materials with non-

equal S/N dopant ratio, primarily larger than 1, which, as has been discussed, could lead to major 

improvement. Another route can be the study of nanotubes with different relative distribution of S 

and N dopants. By using higher computational power and larger time resources, the larger doped 

NT models could be investigated. Advances in synthesis practice are also expected for better 

correlation of simulation and experimental research.  
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APPENDIX 

 
Optimized geometries (fragments) of the considered co-doped structures 

 
Figure 54. N1(S1)FR optimized geometry (fragment), at 2.78% def. conc. (left) and 1.39% (right). 

 
Figure 55. N1(S1)S optimized geometry (fragment), at 2.78% def. conc. (left) and 1.39% (right). 

 

 
Figure 56. N2(S1)S optimized geometry (fragment), at 2.78% def. conc. (left) and 1.39% (right). 
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Figure 57. N3(S1)B optimized geometry (fragment), at 2.78% def. conc. (left) and 1.39% (right).

 
Figure 58. N3(S1)N optimized geometry (fragment), at 2.78% def. conc. (left) and 1.39% (right). 

 
Figure 59. N4(S1)B optimized geometry (fragment), at 2.78% def. conc. (left) and 1.39% (right). 
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Figure 60. N4(S1)UND optimized geometry (fragment), at 2.78% def. conc. (left) and 1.39% (right). 


