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Abstract 

Addressing global warming necessitates collective actions such as adopting 

more sustainable lifestyles, transition to renewable energy and support international 

climate policies. In the field of renewable energy, utilizing semiconductor-liquid 

interfaces to produce green energy through artificial photosynthesis holds promising 

potential. Ta3N5 (Eg~2.1eV) is one of the excellent candidates for photochemical water 

splitting. However, to date, it suffers from fast e-/h+ recombination, hole trapping, and 

high temperature nitridation based defects generation. Doping Ta3N5 and loading 

suitable co-catalysts are the key strategies towards improving its electronic and optical 

properties for enhanced photochemical performance. Aiming to address these issues, 

here we studied structural, electronic and optical properties of pure and Mo doped 

Ta3N5 utilizing density functional theory (DFT) and experimental approaches. DFT 

calculations were based on generalized gradient approximation (GGA) and to obtain 

more realistic results GGA+U was also utilized. GGA+U calculated electronic bandgap 

energy was red-shifted from 1.98 to 1.16 eV for Mo-doped Ta3N5. The nature of the 

bandgap was changed from the indirect to direct bandgap semiconductor which might 

help to increase the light absorption coefficient and improve the charge carrier’s 

mobility. The valence band (VB) of pure and Mo doped Ta3N5 was mainly composed 

of N2p orbitals while the conduction band (CB) was composed of Ta4d and Mo3d 

orbitals for Mo doped Ta3N5 as compared to Ta4d of pure one. Due to the smaller 

electronegativity difference between Mo (2.16) and N (3.04) as compared to Ta (1.5) 

and N (3.04), the bond length decreased from 1.97 Å to 1.86 Å for Mo doped Ta3N5 

and the density of states was increased in the CB. Mo doped Ta3N5 maintained n-type 

conductivity of Ta3N5. Utilizing norm-conserving pseudopotential (Fritz Haber 

Institute), the optical properties were studied. The optical bandgap was also red-shifted 

from 1.96 to 1.20 eV for Mo-doped Ta3N5 which is consistent with the electronic 

bandgap energy calculation. In line with the red-shift in the bandgap energy, the 

dielectric constant was also increased from 6 to 8.31 by Mo doping. Reflective index 

was increased from 2.51 to 2.89 and reflectivity was decreased from 35% to 29% which 

suggests a decrease in the electron energy loss and improvement in the light-matter 

interaction for Mo doped Ta3N5. This might also be attributed to changing the nature of 

the bandgap from indirect to direct. To experimentally dope Ta3N5, firstly in this work 

Ta2O5 nanotubes (NTs) have been synthesized by anodization technique. After 
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anodization, the amorphous Ta2O5 NTs were transformed to Ta3N5 by nitridation at 

900°C for 3h. For Mo doping, prior to the nitridation, different amount of Mo (Mo/Ta 

(mol/mol) 0.1, 0.3 and 0.5) were added in Ta2O5 by hydrothermal process. The crystal 

structure was studied by X-ray diffraction and Raman Spectroscopy. The crystallite size 

was increased from 12.5 to ~15 nm by Mo doping. In Raman Spectroscopy, the full 

width half maximum of the Ag mode located at 271cm-1 was decreased and the peak 

position showed a distinct red-shift, indicative of successful Mo doping in Ta3N5. The 

Scanning Electron Microscopy (SEM) technique showed that after nitridation the 

length of the NTs decreased from 2.1 µm to 1.5 µm attributed to the density difference 

between Ta2O5 and Ta3N5. The measured outer diameter of anodized Ta2O5 from TEM 

image was 116 ± 5 nm while that of Ta3N5 was 65 nm ± 5 nm. Energy-Dispersive X-

ray Spectroscopy (EDX) results confirmed the existence of Mo in all doped samples 

which was also complemented by X-ray photoelectron spectroscopy (XPS). The 

photoelectrochemical water oxidation test demonstrated that Mo doping significantly 

enhances the water oxidation performance of Ta3N5. Initially, the calculated current 

density for Ta3N5 stood at 0.78 mA/cm² at 1.23 VRHE, but with the introduction of Mo 

doping and without co-catalyst modification, this value surged to 2 mA/cm². MTN-0.1, 

among the various Mo-doped samples, displayed the highest current density, peaking 

at 3 mA/cm² at 1.54 VRHE. This study underscores that Mo doping not only boosts the 

water oxidation performance of Ta3N5 but also induces a cathodic shift in the onset 

potential toward lower values. Furthermore, when the surface was enhanced with 

Co(OH)x as a co-catalyst, the most effective photoanode achieved remarkable results. 

It yielded a peak current density of 6.1 mA/cm² at 1.54 VRHE while maintaining the 

lowest onset potential at a mere 0.57 VRHE. 

 

 

 

Keywords: Ta3N5, Ta2O5, Photoelectrochemical, artificial photosynthesis, 

Anodization 
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Resumo 

Abordar o aquecimento global requer ações coletivas, como a adoção de estilos 

de vida mais sustentáveis, transição para energia renovável e apoio a políticas 

climáticas internacionais. No campo da energia renovável, a utilização de interfaces 

semicondutores-líquidos para produzir energia verde por meio da fotossíntese artificial 

tem um potencial promissor. Ta3N5 (Eg~2.1eV) é um dos excelentes candidatos para a 

separação fotoquímica da água. No entanto, até o momento, ele sofre de rápida 

recombinação e-/h+, aprisionamento de lacunas e geração de defeitos baseados em 

nitretação de alta temperatura. A dopagem de Ta3N5 e o carregamento de 

cocatalisadores adequados são as principais estratégias para melhorar suas propriedades 

eletrônicas e ópticas para melhorar o desempenho fotoquímico. Com o objetivo de 

abordar essas questões, aqui estudamos as propriedades estruturais, eletrônicas e 

ópticas do Ta3N5 puro e dopado com Mo, utilizando a teoria do funcional da densidade 

(DFT) e abordagens experimentais. Os cálculos DFT foram baseados na aproximação 

de gradiente generalizado (GGA) e para obter resultados mais realistas GGA+U 

também foi utilizado. A energia de banda proibida eletrônica calculada por GGA+U foi 

desviada para o vermelho de 1,98 para 1,16 eV para Ta3N5 dopado com Mo. A natureza 

do bandgap foi alterada do semicondutor bandgap indireto para direto, o que pode 

ajudar a aumentar o coeficiente de absorção de luz e melhorar a mobilidade dos 

portadores de carga. A banda de valência (VB) do Ta3N5 puro e dopado com Mo era 

composta principalmente por orbitais N2p, enquanto a banda de condução (CB) era 

composta pelos orbitais Ta4d e Mo3d para o Ta3N5 dopado com Mo em comparação 

com o Ta4d do puro. Devido à menor diferença de eletronegatividade entre Mo (2,16) 

e N (3,04) em comparação com Ta (1,5) e N (3,04), o comprimento da ligação diminuiu 

de 1,97 Å para 1,86 Å para Ta3N5 dopado com Mo e a densidade de estados foi 

aumentada no CB. Ta3N5 dopado com Mo manteve a condutividade do tipo n de Ta3N5. 

Utilizando pseudopotencial de conservação de norma (Fritz Haber Institute), as 

propriedades ópticas foram estudadas. O bandgap óptico também foi deslocado para o 

vermelho de 1,96 para 1,20 eV para Ta3N5 dopado com Mo, o que é consistente com o 

cálculo eletrônico de energia do bandgap. De acordo com o desvio para o vermelho na 

energia do bandgap, a constante dielétrica também foi aumentada de 6 para 8,31 por 

dopagem com Mo. O índice de reflexão aumentou de 2,51 para 2,89 e a refletividade 

diminuiu de 35% para 29%, o que sugere uma diminuição na perda de energia de 
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elétrons e melhora na interação luz-matéria para Ta3N5 dopado com Mo. Isso também 

pode ser atribuído à mudança da natureza do bandgap de indireto para direto. Para dopar 

experimentalmente o Ta3N5, primeiramente neste trabalho foram sintetizados 

nanotubos (NTs) de Ta2O5 por técnica de anodização. Após a anodização, os NTs Ta2O5 

amorfos foram transformados em Ta3N5 por nitretação a 900°C por 3h. Para a dopagem 

de Mo, antes da nitretação, diferentes quantidades de Mo (Mo/Ta (mol/mol) 0,1, 0,3 e 

0,5) foram adicionadas em Ta2O5 por processo hidrotérmico. A estrutura cristalina foi 

estudada por difração de raios X e espectroscopia Raman. O tamanho do cristalito foi 

aumentado de 12,5 para ~15 nm por dopagem com Mo. Na Espectroscopia Raman, o 

meio máximo da largura total do modo Ag localizado em 271 cm-1 foi diminuído e a 

posição do pico mostrou um desvio para o vermelho distinto, indicativo de doping de 

Mo bem-sucedido em Ta3N5. A técnica de Microscopia Eletrônica de Varredura (MEV) 

mostrou que após a nitretação o comprimento dos NTs diminuiu de 2,1 µm para 1,5 µm 

atribuído à diferença de densidade entre Ta2O5 e Ta3N5. O diâmetro externo medido do 

Ta2O5 anodizado da imagem TEM foi de 116 ± 5 nm, enquanto o do Ta3N5 foi de 65 

nm ± 5 nm. Os resultados da Espectroscopia de Raios X por Dispersão de Energia 

(EDX) confirmaram a existência de Mo em todas as amostras dopadas, o que também 

foi complementado pela espectroscopia de fotoelétrons de raios X (XPS). O teste 

fotoeletroquímico de oxidação da água demonstrou que a dopagem com Mo aumenta 

significativamente o desempenho de oxidação da água do Ta3N5. Inicialmente, a 

densidade de corrente calculada para Ta3N5 era de 0,78 mA/cm² a 1,23 VRHE, mas com 

a introdução da dopagem com Mo e sem modificação do cocatalisador, esse valor subiu 

para 2 mA/cm². MTN-0.1, entre as várias amostras dopadas com Mo, apresentou a 

maior densidade de corrente, atingindo um máximo de 3 mA/cm² a 1,54 VRHE. Este 

estudo ressalta que a dopagem com Mo não apenas aumenta o desempenho de oxidação 

da água do Ta3N5, mas também induz uma mudança catódica no potencial de início 

para valores mais baixos. Além disso, quando a superfície foi melhorada com Co(OH)x 

como co-catalisador, o fotoanodo mais eficaz alcançou resultados notáveis. Ele 

produziu uma densidade de corrente de pico de 6,1 mA/cm² a 1,54 VRHE, mantendo o 

potencial de início mais baixo em apenas 0,57 VRHE. 

Palavras-chave: Ta3N5, Ta2O5, Fotoeletroquímico, fotossíntese artificial, Anodização 
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Overview 

Since the industrial revolution, there has been a significant increase in both the 

global temperature and the concentration of greenhouse gases in the Earth's atmosphere 

[1]. Furthermore, in light of the Paris agreement's goal to limit global warming, 

countries require an accelerated transformation of their industry, transportation, and 

energy sectors towards renewable sources [2]. As the world population and 

industrialization continue to rapidly rise, the demand for energy is increasing every day. 

All the carbon-based fossil fuels currently employed as global energy sources have 

finite lifespans [3]. The most pressing challenge facing today's scientific community is 

the transition from a carbon-based economy to a carbon-free one [4]. Hydrogen 

emerges as a promising candidate for utilization as a sustainable energy source. It is 

also called a clean fuel and an ideal energy carrier. The gravimetric energy density of 

hydrogen is 3 times higher than all other known hydrocarbons-based fuel [5]. 

Furthermore, hydrogen is considered as the most abundant element on earth [6]. To 

split water by using semiconductor and solar energy is one of the attractive fields of 

research after the Fujishima and Honda discovery in 1972 [7]. The solar energy striking 

the earth surface consists of 10% ultra violet (UV), 40% visible and 50% infrared (IR). 

In 2015, the U.S. Department of Energy revealed a remarkable fact: the energy received 

from the sun on Earth's surface in just one hour amounted to 4.3×1020 J, nearly 

equivalent to the total energy consumption of our modern civilization over the course 

of one year, which was 4.1×1020 J. These statistics strongly indicate that by harvesting 

sun energy we may solve the energy crises. There are different mechanisms used to 

produce hydrogen from water by using solar radiation. These methods are 

photoelectrochemical (PEC) water splitting, photocatalytic water splitting, 

thermochemical conversion, photobiological methods, molecular artificial 

photosynthesis, and plasma chemical conversion [7]. In photoelectrochemical 

(PEC) water splitting, a suitable semiconducting material is used to split water into 

hydrogen and oxygen. This method has several advantages. One of the main advantages 

of PEC is that oxygen and hydrogen are produced at different electrodes and thus are 

easily separable. This process can be carried out at room temperature.   

Among the nitride semiconductors, Ta3N5 has emerged as one of the promising 

candidates for overall water splitting as a photocatalyst or photoanode due to its suitable 

bandgap and bands position. Ta3N5 has an experimental bandgap of 2.1 eV while a 
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theoretical bandgap of 2 eV [8]. Although the theoretical solar to hydrogen (STH) 

energy conversion efficiency of Ta3N5 is 15.9%, intensive efforts have been made to 

improve the STH efficiency of Ta3N5 and despite these efforts the highest efficiency 

achieved so far is 2.72%, which is still very low as compared to the theoretical value 

[9]. Additionally, to improve the photocatalytic performance of Ta3N5 several nano-

morphologies like Nanorods (NRs) [10], Nanoparticles, Nanotubes (NTs) [11] have 

been developed and studied. It has been observed that among the aforementioned Nano-

morphologies, the 1D nanotubes (NTs) of Ta3N5 exhibit excellent charge transport 

properties along with a substantial active surface area, rendering them highly suitable 

candidates for photoelectrochemical (PEC) applications. The 1D Ta3N5 NTs was first 

prepared by Feng et al in 2010 by nitridation of amorphous Ta2O5 NTs [11]. In this 

work our goal is to engineer the electronic and optical properties of Ta3N5 and use it in 

PEC water splitting.  

 During my Ph.D., my research extended beyond the exploration of Ta3N5 to 

encompass various projects involving the prediction and investigation of both 2D and 

3D materials. Noteworthy among these materials are CrSSe, TiO2/V2O5, BiVO4, CaO, 

MnO2, C3N4, CuO, WO3, and CdS. Notably, we introduced CrSSe as a 2D material for 

the first time, employing Density Functional Theory (DFT) for its prediction. 

Concurrently, we conducted comprehensive studies on the distinctive properties of the 

remaining materials. 

Our findings and contributions to the field have been disseminated through publications 

in well-established journals. The author has published research on the homogeneous V 

incorporation in TiO2 and the novel 2D material CrSSe, serving as the first author for 

both. Consequently, a brief overview of these two materials is provided below. For 

further details and a comprehensive overview of the published work related to these 

materials, please refer to the appendix of the thesis. 

 Because of interesting and environmental friendly properties like non-toxic, 

cheap, corrosion resistive, TiO2 have attracted a lot of scientific attention [12]. There 

are different pathways by which TiO2 can be prepared like hydro/solvothermal method, 

sol gel method, template-assisted method, and electrochemical means, etc. [13]. The 

electrochemical anodization technique is considered as one of the most promising 

methods to produce TiO2 nanotubes applied in PEC. This method was pioneeringly 

introduced in 1999, enabling the synthesis of 1D nanostructures and self-organized 

TiO2 nanotubes (NTs through a straightforward anodization process applied to a 
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titanium sheet [12], [14]. As compared to the other morphologies of TiO2, better charge 

transportation makes TiO2 nanotubes as an interesting candidate for PEC devices. The 

bottleneck to apply TiO2 as a photocatalyst lies in its bandgap energy as it only absorbs 

light in UV-region. Doping and heterostructure formation are promising routes to 

improve its light absorption. In this work, we prepared TiO2 nanotubes along with the 

uniform V incorporation by single step anodization. Herein, we studied V doping in 

TiO2 NTs or V2O5/TiO2 NTs heterostructure formation via single step anodization. 

Furthermore, the experimental results were strengthened by doing the DFT calculation 

for V2O5/TiO2. I invite the reader to explore the entirety of this work through the 

provided reference [15].  

After the discovery of graphene in 2004, a lot of attention has been attracted by 

2D materials because of their unique electronic, optical, magnetic, transport and 

photocatalytic properties [16]. Because of their remarkable properties, they have the 

potential to substitute noble metals (Pt, IrOx and RuOx), they are extensively studied 

for PEC applications [17]. Because of their surface funcationization [16-17], large 

active surface area [18], and an excellent stackability for heterostructure formation [19]

, the 2D materials are considered as promising candidates in energy storage, harvesting, 

and conversion. Recently, different 2D transition metal dichalcogenides like MoS2 [20]

, PtSe2 [21], WS2 [22], NbS2 [23] WSSe [24] were developed and applied in the context 

of solar water splitting. There is ample room for the exploration of new 2D materials 

and their potential applications in renewable energy devices. In this work, new 2D 

material CrSSe was predicted by DFT calculations. On the bases of theoretical results, 

it was concluded that this material holds a strong potential for applications in the 

renewable energy.  This research was published in the Journal of Crystal Growth & 

Design, with comprehensive details provided in the accompanying reference [25].  

This thesis is divided into four comprehensive chapters. 

 In Chapter 1, we delve into the fundamental characteristics of Ta3N5 and its 

myriad of applications. We provide an introduction to semiconductors, exploring their 

various types, and offer a concise explanation of the semiconductor-electrolyte 

interface. Moreover, we investigate how the Ta3N5 system can contribute to present and 

future advancements in photoelectrochemical (PEC) water splitting. 

Chapter 2 is dedicated to the intricate details of experimental procedures, 

equipment descriptions, and the fundamental underpinnings of Density Functional 

Theory (DFT) using the Quantum Espresso code. 



8 

In Chapter 3, we embark on a comprehensive study of both theoretical and 

experimental aspects, focusing on bandgap engineering, optical properties and PEC 

application of both pure and Mo doped Ta3N5. 

In Chapter 4, we outlined the overarching conclusions of the thesis, shedding 

light on key insights. Additionally, this chapter delves into prospects for future work 

specifically focused on Ta3N5. 
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Chapter 1 Semiconductor and their Potential Application for 

Photoelectrochemical Water Splitting 

 

1.1 Introduction 

 The global population is rising day by day. According to a recent report by the 

United Nations in 2020, Earth's population exceeded 7 billion, with projections 

indicating that this number will grow to 9 billion by the year 2050 [25]. To provide 

huge amount of energy to our modern society with the steady growth in energy 

consumption is one of the big problems of the world, especially in the developing 

countries. As per the United States Energy Information Agency, the total global power 

consumption, catering to a population of over 7 billion people, currently stands at 15 

terawatts (TW) and is projected to reach 30 TW by the year 2050 [26].  Most part of 

the energy used today comes from fossil fuels. In a short run we will be unable to keep 

up with this increasing demand because it depends on the available reserves [27]. The 

available reserves like coal, oil and gas on our planet are going to decrease very sharply. 

The International Energy Agency noted that oil production reached its peak in 2006  

[25]. Since 2001, the prices of all types of fossil fuels have been on the rise and are not 

expected to return to the lower levels seen before 2001 [26]. 

One of the more serious concerns associated with the use of fossil fuels is its 

effect on our environment. When these fossil fuels like coal, oil and natural gas burn in 

the presence of oxygen greenhouse gases are produced. Among these greenhouse gases 

carbon dioxide (CO2) has high impact on global warming [28]. The current industry 

energy matrix mostly relies on the fossil fuels. Thus, after the industrial revolution the 

CO2 level in our environment was sharply risen from 294 to 394 part per million (ppm) 

and rising by 2ppm/year [29].  If the CO2 level in our environment goes above 450 ppm, 

it will carry a high risk and rising the temperature of our environment by more than 2 

ºC. This high increase in temperature will affect our ecosystem and human society. 

Therefore, if we limit the increase to less than 2 ºC than there is a greater chance for 

our society to adapt with this increase. It is one of the big problems for nowadays 

scientific society to reduce the CO2 emission [30].   

 To reduce the CO2 emission, exploring new sources of energy are highly 

demanding. These should be abundant, cheap, and large scale sustainable. Different 
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forms of sustainable energy sources are wind, hydroelectric, biomass, nuclear and solar. 

Among the various sources of energy mentioned above, solar energy stands out as 

having the potential to meet the entire energy demand of our modern society [31]. The 

amount of energy from sun striking the earth surface in one hour is more than that of 

the energy used by earth in one year [26]. The solar spectrum on the surface of earth is 

about 50% infrared (IR), 40% visible (V) and 10% ultraviolet (UV).  The energy from 

sun is one of the good choices to fill the energy demand of our planet.   

 The above consideration shows that the route of solar energy conversion to 

hydrogen cannot be ignored. As we know, water is one of the abundant and most 

convenient resources of hydrogen. The energy used by the world in one year can be 

obtained from 3.5 × 1013 L of water in the form of hydrogen. This amount of water is 

roughly equal to the 0.01% of annual rain fall or 0.000002% of the water in World 

Ocean [27]. The hydrogen used by nowadays industry is generated by the steam 

methane reforming (SMR) method, which generates 5kg of CO2 /kg of H2. The annual 

discharge of CO2 to the atmosphere is 240 mega ton in SMR method. The significant 

emission of CO2 into the environment renders the SMR method as unsuitable for 

hydrogen production [7].   

To sustain life on our planet smoothly and regularly we need to look for green 

energy sources, like to produce hydrogen from water. There are different mechanisms 

used to produce hydrogen from water by using solar radiation. These methods are 

photoelectrochemical (PEC) and photocatalytic water splitting, thermochemical 

conversion, photobiological methods, molecular artificial photosynthesis, and plasma 

chemical conversion [27]. One of the main advantages of PEC is that oxygen and 

hydrogen are produced at different electrodes. This process can be carried out at room 

temperature. The simple PEC cell is consisting of semiconductor working electrode and 

metal counter electrode [28]. A suitable wavelength excites the electron from the 

valance band (VB) to the conduction band (CB) of the semiconducting photoelectrode 

[29]. In the case of n-type semiconductor the photogenerated electrons go to the back 

of the semiconductor from where it is transferred to the counter electrode by external 

wire. These photogenerated electrons reduce water at counter electrode to produce 

hydrogen. The hole moves toward the  semiconductor electrolyte interface to perform 

water oxidation reaction. There are different types of semiconductors that have been 

studied to split water. The benchmark to classify the photocatalytic devices is solar to 

hydrogen efficiency (STH) and for industrial applications, it should be over 10%.  To 
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achieve STH, the most fundamental requirement for a semiconductor photoelectrode or 

photocatalyst is to absorb wide spectrum of the sun light and convert it into electron-

hole pairs to split water into its constituent. For PEC water splitting, by using sunlight 

the semiconductor needs to fulfil some criterion. (i) The semiconductor ought to exhibit 

absorption within the visible region (ii) charge separation should be efficient (iii) it 

should present active surface area (iv) exhibit long term stability (v) and the valance 

band (VB) and conduction band of the semiconductor should straddle the water redox 

potentials [27]. Several oxides, nitride and 2D materials have been applied for solar 

water splitting, however, research is going on around the world to find out the best 

candidate that can fulfill all above mentioned requirements for overall water splitting.  

1.2 Semiconductors and their properties  

  In solid state physics textbooks, a semiconductor is usually defined as a 

material having electrical resistivity that lies in between 10-2 to 109 Ωcm-1 at room 

temperature. It can also be defined on the base of its bandgap energy, i.e., a material 

whose bandgap energy lies between zero to 4 eV (Figure 1.1) [30].  

 

Figure 1-1 Energy diagram of metal, semiconductor and insulator. The CB, VB and EF 

represent the conduction band, valance band and fermi energy level, respectively [31]. 

The energy band diagram of semiconductor can be drawn if we plot the momentum k 

as a function of energies. This energy band diagram has filled and unfilled energy 

bands. The highest occupied molecular orbital (HOMO) is normally fully filled or 

partially filled with electrons in the semiconductors called the valance band of a 
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semiconductor.  While the lowest unoccupied molecular orbital (LUMO) is called the 

conduction band. The bandgap of a semiconductor can be defined as the difference 

between the valance band and conduction band energies. The important property of a 

semiconductor can be extracted from the bandgap diagram of a semiconductor. The 

relative position of the valance band maximum (VBM) and conduction band minimum 

(CBM) with respect to the wave vector k has an important impact on the electronic 

properties of the semiconductor. If the VBM and CBM lie at same momentum k then 

the semiconductor is said to be direct bandgap semiconductor otherwise it is named as 

the indirect bandgap semiconductor.  The highest occupied energy state of a system at 

absolute zero temperature is called the Fermi energy level. It is known that at absolute 

zero temperature the valance band of semiconductors is fully filled with electrons while 

the conduction band is empty. The probability of electron to jump from valance band 

to conduction band above absolute zero temperature is not likely to be zero. It means 

that the electron has a certain probability to occupy the excited state at room 

temperature. And this probability increases with increasing the temperature of the 

semiconductor [32]. The Fermi-Dirac distribution function can be used to spin half 

particles like electrons to find out how the electrons are distributed over the energy 

levels. According to the Fermi-Dirac distribution function, the probability of electron 

in a certain energy level with energy ‘E’ at some known temperature ‘T’ is given by the 

following equation  

 𝑓(𝐸) =  
1

𝑒
(
𝐸−𝐸𝐹
𝐾𝐵𝑇

)
+1

  (1.1) 

The above Equation 1.1 is called Fermi-Dirac distribution function. Where E is the 

energy of certain energy level, EF is the fermi energy, KB is the Boltzmann constant and 

T is the certain known temperature. If the energy of an electron in an energy level is 

equal to the Fermi energy then the fermi-Dirac distribution function gives the 

probability equal to half. This result is consistent with the definition of fermi energy 

level. The density of states i.e., number of states per unit volume varies with varying 

the energy value. Consider that dE is the energy interval where we are interested to find 

the density of states for conduction band and valance band. The required density of 

states is given below [32]. 

 gc(E) =  
me

∗√2me
∗ (E−EC)

π2ħ3  (1.2) 
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 gV(E) =
 mh

∗ √2mh
∗ (EV−E)

π2ħ3  (1.3) 

           In above Equations 1.2 and 1.3 𝑚ℎ
∗  and 𝑚𝑒

∗  are the effective mass of hole and 

electron, respectively. The constant  ħ =  
ℎ

2𝜋
 ,  𝐸𝐶 and 𝐸𝑉 are the enrgy of the conduction 

band minimum (CBM) and valance band maximum (VBM) respectively. Similerly the 

hole density in valance band and the electron density in conduction band can be 

calculated by the following equations, 

 𝑛ℎ = ∫ 𝑔𝑣(𝐸)(1 − 𝑓(𝐸))𝑑𝐸 
𝐸𝑉

𝐸𝐵𝑜𝑡𝑡𝑜𝑚
 (1.4) 

  𝑛𝑒 = ∫ 𝑔𝐶(𝐸)𝑓(𝐸)𝑑𝐸 
𝐸𝑇𝑜𝑝

𝐸𝐶
 (1.5) 

 In above Equation 1.4, 𝐸𝐵𝑜𝑡𝑡𝑜𝑚 is the energy of the bottom of valance band. 

In Equation 1.5, 𝐸𝑇𝑜𝑝 is the energy of the conduction band top and 𝐸𝐶 representig the 

conduction band minimum energy respectively. For a semiconductor, the room 

temperature thermal excitation is not enough to excite the maximum number of 

electrons. It needs some external source to excite the electrons such as sunlight [33]. 

The populations of thermally excited charge carrier at room temperature is very low in 

most of the semiconductor as compared to the metals. This low populations of charge 

carriers leads to very low conductivity in pure semiconductor. At room temperature, 

the density of thermally excited electrons in metals is approximately 1×1028 electrons, 

whereas in pure semiconductors, the density is significantly lower, around 1.5 × 1013 

electrons. This substantial difference in electron density imposes limitations on the 

practical applications of pure semiconductors [34]. To improve the conductivity of 

semiconductor, the impurity are introduced by doping. The doping process improves 

the conductivity of the semiconductor even if we keep the doping level of impurity very 

low, as 0.0001%.  

1.2.1 p-type and n-type Semiconductor  

 In an intrinsic semiconductor, the number of holes in the valence band and the 

number of free electrons in the conduction band are equal. At above absolute zero 

temperature in an intrinsic semiconductor like silicon, there will be some electrons that 

are excited from valence band to conduction band that leads to charge flowing [35]. 

The doped semiconductor can be given the name extrinsic semiconductor. In an 
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extrinsic semiconductor, the introduction of foreign atoms through doping serves to 

enhance its conductivity across the entire crystal lattice. There are two types of external 

doping used in intrinsic semiconductors and as a result, we get two types of extrinsic 

semiconductors. One is an electron donor (n-type) and the other one is an electron 

acceptor (p-type). The electron donor dopant has a higher valency than the host atom, 

whereas the electron acceptor has a lower valency compared to the host atom. In n-type 

semiconductors the electrons are the majority charge carrier and holes are the 

minority.  Due to the large number of free electrons in conduction band, the Fermi 

energy level in n-type semiconductor is shifted closer to the conduction band. The p-

type semiconductor has holes as the majority charge carrier while electrons are minority 

charge carriers. In contrast to the n-type, the p-type has a lot of holes in the valance 

band, therefore, the Fermi energy level lies near to the valance band [32],[30].  

1.3 Semiconductor electrolyte interface  

 When semiconductor is brought in contact with another semiconductor or metal, 

if both have different Fermi energy levels, then after the contact there is a charge 

transfer between them until the equilibrium is established. After the equilibrium, there 

is no charge transfer. The semiconductor has one of the main features that is the 

presence of space charge or built of electric field within the semiconductor when it is 

brought in contact with another semiconductor, metal, or electrolyte [32]. When n-type 

semiconductor is immersed in an electrolyte the band bending across the semiconductor 

electrolyte interface is caused by this electric field which plays an important role in 

effective charge separation (Figure. 1.2). For an ideal n-type semiconductor which is 

in contact with electrolyte, the electrons are transferred from semiconductor to the 

electrolyte. This phenomenon of charge transfer continues until equilibrium is reached. 

After the equilibrium is achieved the fermi level of semiconductor and redox level of 

electrolyte lie at the same position. As a result, we get the bands bending in an upward 

direction. Near to the semiconductor surface, there is a region where the electrons 

concentration is depleted. This region is given the name space charge region or 

depletion region.   
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Figure 1-2 Semiconductor electrolyte interface for n-type semiconductor [31] . 

 

Figure 1-3 Schematic diagram of the semiconductor/electrolyte interface and the 

Helmholtz layer.  The outer Helmholtz plane (ohp) marks the distance of closest 

approach for ions still in the solution. The inner Helmholtz plane (ihp) consists of H+ 

and OH- ions that are specifically adsorbed at the semiconductor surface [27] . 

 The Helmholtz layer has a thickness of ~2-5 Å. There is some potential drop 

across the Helmholtz layer and this drop is in the order of ~ 0.1→0.5V. The Helmholtz 

capacitance is about 10─20 µFcm-2 [36]. Furthermore, the width of band bending can 

be calculated by using the Poisson equation,  

   
d2φ(x)

dx2 = 
−eND

ε0εr
     (0 ≤ x ≤ w)  (1.6) 
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Where 𝑤, is the width of depletion region is, 𝜀0 is the permittivity in vacuum, 𝜀𝑟 is the 

relative permittivity and 𝑁𝐷 is the donor atom density. The solution of the above 

equation is given below, 

 φ(x) =  
eND

ε0εr
(wx −

1

2
x2) − (VD − VFB)   (1.7) 

       When 𝑥 = 𝑤 

  w = (
2ε0εr

eND
(VD − VFB))

1

2 (1.8) 

In above equation 𝑒 is the elementary charge on electron, 𝑉𝐷 potential drop in the 

depletion region.  VFB is the flat band potential when there is no band bending i.e., band 

becomes flat. The flat band potential is generally used to find the position of the 

conduction band and valance band in semiconductor. It can be measured experimentally 

by applying the Mott-Schottky equation, which is given below, 

 
1

𝑐2 = 
2

𝐴2𝑒𝜀0𝜀𝑟𝑁𝐷
(𝑉𝑎𝑝𝑝 − 𝑉𝐹𝐵 −

𝑘𝑇

𝑒
) (1.9) 

Where, 𝑉𝑎𝑝𝑝 is the applied potential, 𝐴 is the surface area. The flatband potential can be 

found out if the  
1

c2 is ploted against the applied voltage. The intercept on the potential 

axis gives the flatban potentail value [37]. All the above formulas are  valid only for an 

ideal semiconductors. 

1.4 Photoelectrochemical cell  

 The photoelectrochemical (PEC) cell consists of three electrode systems. These 

electrodes are working electrode, reference electrode and counter electrode. The 

working electrode is made of semiconducting material. The main component of PEC 

cell is the working electrode. When the light of suitable wavelength falls on the working 

electrode, the electron hole pairs are generated. These electron hole pairs are separated 

from each other due to the electric field present inside the semiconductor. If the working 

electrode is made from n-type semiconductor, then the photogenerated electron moves 

toward the conducting back of working electrode from where it is transported to the 

counter electrode by external wire. At the surface of counter electrode, it reduces the 

water to produce hydrogen. The photo-generated holes are swiped toward the surface 

of the working electrode to oxidize water to produce the oxygen.   
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Figure 1-4 Schematic diagram of PEC water splitting [38]. 

 

Overall water splitting process is given below, 

 4H2O + 4e−  ⇄ 2H2 + 4OH−      (1.9) 

 4OH− + 4ℎ+ ⇆ 2H2O + 𝑂2       (1.10) 

The whole setup is shown in the above Figure. 1.4. 

The Gibbs free energy for overall water splitting can be found out by the following 

expression. 

 ∆𝐺 = −𝑛𝐹∆𝐸  (1.11) 

          In above expression ∆𝐺 is Gibbs free energy, 𝐹 is the Faraday constant, ∆𝐸 is the 

cell potential which is (∆𝐸 = 𝐸cathode
o − 𝐸anode

o ). At standard temperature 298 K, 

pressure 1bar and ∆𝐸 =  −1.229, the change in the Gibbs free energy is 237 kJ/mol for 

H2. The positive change in Gibbs free energy shows that the water splitting process is 

thermodynamically endothermic process like uphill. 

1.5 Photoelectrochemical water splitting  

Approximately 71% of Earth's surface is covered by water, making it a valid 

assertion that water is indeed life's essential component for all living organisms on our 

planet.  
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“Conserve water even if you were on the banks of a flowing river.”  

                                                                                      (Prophet Muhammad PBUH)  

Photoelectrochemical (PEC) water splitting was first reported by K.  Honda and 

A.  Fujishima by using TiO2 photoanode in 1970s. After A. Fujishima and K. Honda a 

large attention has been attracted to split water by using semiconductor photoanode and 

sunlight. In PEC water splitting, the sunlight is used to split the water into hydrogen 

and oxygen. This method is environmentally friendly because it does not produce 

carbon dioxide [42]. The bandgap of the semiconductor is very important to drive 

efficient water splitting. The water splitting reaction is given below. 

 𝐻2𝑂 + 2ℎ𝜈 →
1

2
𝑂2 + 𝐻2  (1.12) 

The change in Gibbs free energy to convert one molecule of water into O2 and H2 at 

standard temperature and pressure is 237 kJ/mol. Hence, the change in free energy is 

positive as we discussed earlier, the water splitting process is uphill. In simple words 

we can say that we need an external source to drive the process. In electrolysis, the 

minimum potential needed to be applied between the two electrodes to drive the water 

splitting process should be 1.23V. This reaction can be driven by using semiconductors 

and sunlight. Therefore, the semiconductor absorbs the photon with energy greater than 

1.23 eV (wavelength equal to 1008 nm).   

The conventional PEC cell is composed of three electrodes (Figure. 1.5). These 

electrodes are reference, working, and counter electrode. In all our experiments we will 

use the Ag/AgCl electrode as a reference electrode.  There are three different scales 

used for water oxidation and reduction. That is Reversible Hydrogen Electrode scale 

(RHE) Normal Hydrogen Electrode (NHE) scale and standard hydrogen electrode scale 

(SHE). According to the RHE scale, the water oxidation and reduction occur at 1.23 V 

and 0 V vs RHE, respectively, which is independent of the pH of the water based 

electrolyte. To convert the potential of Ag/AgCl electrode to RHE, we used the Nernst 

equation, which is given below. 

 𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059 × 𝑝𝐻  (1.13) 

 

 Where 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0  corresponding to standard reference potential of Ag/AgCl electrode at 

25℃ and its value equal to 0.197 V,  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 refers to the applied bias potential and 

pH correspond to the potential hydrogen of the electrolyte. The PEC water splitting has 

an advantage over the pure electrolysis because the PEC use the sunlight as compared 



20 

to electrolysis for water splitting, while in electrolysis the electricity come from another 

source to split water which, may or may not be the green energy. 

 

Figure 1-5 Three electrodes PEC Cell configuration [39]. 

1.6 Photocatalysts for water splitting   

Several metal nitrides and oxynitrides (e.g., Ta3N5, TaON, LaTaON2, LaTiO2N, 

etc.) and oxides (TiO2, WO3, SrTiO3, Fe2O3, and Cu2O) [8]  attracted a lot of attention 

because of their suitable bandgaps and band edge positions to split water [43]. In 

addition, 2D materials like CdS, WSSe, g-C3N4, MoSSe, PtSSe and CrSSe also 

presented a great promise for water splitting [8], [44]. However, there is a lot of room 

available to discover more materials with potential energy applications. Research is 

going on to discover the material of the future that can be utilized for overall water 

splitting. 

1.6.1 Ta3N5 as photocatalyst 

Oxides semiconductor photocatalyst such as, TiO2, Fe2O3, WO3, NaTaO3, 

SrTiO3 and BiVO4 [40] have been applied in PEC devices to split water. All these metal 

oxides are stable in water, and typically earth plentiful compounds. Unfortunately, due 

to wide bandgap the metals oxide such as TiO2 (Eg~3.1 eV), and Ta2O5 (Eg~3.9 eV) etc. 

harvest only a small portion of solar spectrum [41]. The valance band of transition metal 

oxides mainly consists of O 2p orbitals. By nitridation process, the phase change occurs 

from oxide to nitride by changing the VB from O2p to N2p orbitals, thereby, decreasing 
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the bandgap energy. Therefore, opening up the possibility to engineer the oxide 

bandgap to utilize most part of the solar energy [41].   

In nitride semiconductors, Ta3N5 has been emerged as one of the promising candidates 

for overall water splitting as a photocatalyst or photoanode due to its suitable bandgap 

and band position. To synthesize Ta3N5, the oxygen in Ta2O5 is replaced by nitrogen as 

[42], [31].  

 
3

2
Ta2O5 + 5NH3 → Ta3N5 +

15

2
H2O (1.14) 

 Ta3N5 has an experimental bandgap of 2.1 eV while a theoretical band gap of 

2 eV [21]. To improve the photocatalytic performance of Ta3N5 there are several nano-

morphology like Nanorods (NRs) [22], Nanoparticles, Nanotubes (NTs) [23], have 

been developed and studied. Among all these previously stated nano-morphologies, the 

1D NTs of Ta3N5 have a good charge transport property as well as a large surface area, 

which makes it suitable candidate for PEC applications. The 1D Ta3N5 NTs was first 

prepared by Feng et al in 2010 by nitridation of amorphous Ta2O5 NTs [23]. A short 

comparison of the previous literature on Ta3N5 as a photoanode (Table 1.1) and 

suspended particles (Table 1.2) system is presented in the tables below. 

 

Table 1-1 Tantalum nitride photocatalysts for solar water splitting in the PEC system. 

Photoelectrode Preparation Doping Catalyst Electrolyte IPCE Photocurrent 

(mAcm-2) 

Ref 

Ta3N5 Oxidation 

and 

Nitridation 

 

NA 

NA KOH (1M) 4.8% 0.5 at 1.5V 

RHE 

[11] 

Ta3N5 Oxidation 

and 

Nitridation 

NA Co (OH)x NaOH 

(1M) 

50% 5.5 at 1.23V 

RHE 

[11] 

Ta3N5 Oxidation 

and 

Nitridation 

NA NA KOH (1M) 5.3% NA [43] 

 

Ta3N5 

 

Oxidation 

 

NA 

 

Co3O4 

 

Na2SO4 

(PH=11) 

 

9% 

 

1.3 at 0.7 V 

Ag/AgCl 

[44] 
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and 

Nitridation 

Ta3N5 Oxidation 

and 

Nitridation 

Zr Co (OH)x KOH (1M) NA 7.2 at 1.23 V 

RHE 

[45] 

Ta3N5 Oxidation and 

Nitridation 

W Co (OH)x KOH (1M) NA 4 at 

0.5V Ag/AgCl 

[46] 

Ta3N5 Mask 

anodization 

Ba CoPi K2HPO3 55% 6.7 at 

1.23V RHE 

 [47] 

 

 

Table 1-2 Tantalum nitride photocatalysts for solar water splitting. 

Photocatalyst Synthesis Catalyst Light 

Source 

Solution H2              O2 

(μmol h-1 g-1) 

Ref 

Ta3N5 Nitridation None 300 W AgNO3 NA          2100 [48] 

Ta3N5 Templating 

and nitridation 

Pt(0.5Wt %) 450 W Methanol 156           NA [49] 

Ta3N5 Nitridation Pt(3 Wt %) 300 W Methanol 9               NA  [49] 

Ta3N5 Templating 

and nitridation 

Pt(3 Wt %) 300 W Methanol 175            NA  [50] 

Ta3N5 CVD 

and nitridation 

Pt(3 Wt %) 300 W Methanol 17              NA   [51] 

Ta3N5 Homogeneously 

chemical 

reduction 

None 300 W AgNO3 2050          NA    

[52] 

 

Though the theoretical solar to hydrogen (STH) energy conversion efficiency 

of Ta3N5 is 15.9%, and theoretical photocurrent density is 12.9 mAcm-2 yet they 

were not achieved experimentally (Table 1 & 2) [53]. Intensive efforts have been made 

to improve the STH efficiency of Ta3N5 and despite these efforts the highest efficiency 

achieved so far is 2.72%, which is still very low as compared to the theoretical value[11]

. From the bandgap diagram (Figure. 1.6) of Ta3N5 it’s clear that the conduction band 
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is more negative with respect to the water reduction potential while the valance band is 

more positive as compared to the water oxidation potential.   

 

 

Figure 1-6 Bandgap position of Ta3N5 measured at pH=0 [31]. 

The main obstacle in using Ta3N5 for overall water splitting is the apparent 

imbalance in the water reduction and oxidation capacities [47]. Upon comparison we 

can realize that the photocatalytic reduction activity of Ta3N5 is much poorer or in some 

cases even undetectable as compared to water oxidation [54] due to the defects induced 

by the nitridation process which act as electron traps [55], [56]. The main challenges 

related to Ta3N5, which limit its photocatalytic activity are its poor stability in 

electrolyte, low photo voltage, mismatch between hole diffusion length and light 

absorption depth and self-oxidation [9]. To improve the electronic and optical 

properties of Ta3N5, a variety of modification were suggested including, particles size 

reduction, doping of foreign element, heterojunction formation and surface 

modification [57]. These previous studies showed that the doping of foreign element 

and co-catalyst loading are one of the valuable techniques to improve the PEC 

properties of Ta3N5.  

1.6.1.1 Crystal and electronic structure of Ta3N5    

 Ta3N5 was firstly synthesized in 1964, by H. Funk and H. Bohland by heating 

the Ta2O5 powder in ammonia rich atmosphere [58]. Ta3N5 contains different crystal 

structures reported in the literature [59]. The conventional unit cell of Ta3N5 is 
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composed of 32 atoms. The experimentally measured lattice constant is 𝑎 = 3.89 Å, 

𝑏 = 10.22 Å  and 𝑐 = 10.27 Å [31]. The space group of Ta3N5 is cmcm. The density 

of Ta3N5 is about 9.75 gcm-3 with constituent oxidation states are N3- and Ta5+. The 

crystal structure is shown in the Figure. 1.7. Each Ta atom is connected with six N 

atoms while each N atom has 3 or 4 nearest Ta atoms. Furthermore, the theoretical bond 

length between Ta and N is 2.10Å and similarly the bond length between Ta and Ta is 

3Å.    

 

Figure 1-7 (a) Crystal structure of Ta3N5 unit cell, (b) represent the top view of Ta3N5 

unit cell. The crystal structures presented above were generated by using crystalline and 

molecular structure visualization program (XCrySDen) 

The electronic bandgap structure of Ta3N5 was calculated by C. Fang et al, in 

2001 by using the density functional theory. The electronic band gap calculations in 

literature show that the valance band is composed of N 2p orbitals while the conduction 

band is mainly due to the Ta 5d orbitals [29]. The Ta 5d orbitals have non vanishing 

density of states in the valence band which shows us that the interaction between N and 

Ta is covalent. The theoretical calculated indirect and direct band gap are 1.1 eV and 

1.4 eV, respectively. The experimental band gap of Ta3N5 is 2.1 eV [60]. Generally, 

this under estimation in the theoretical bandgap is attributed to the GGA calculation. 
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1.6.1.2 Factors that limit Ta3N5 photocatalytic performance  

Ta3N5 is a promising candidate for PEC water splitting, however, with above all 

these properties, it faces the following two critical issues (i) low photovoltage and (ii) 

poor stability in aqueous electrolyte. The low photovoltage i.e., Vlow, is the lowest 

potential at which nonzero photocurrent is measured also known is onset potential, 

generally ˃ 0.6V [61], [62]. To address this issue, significant efforts have been made. 

Recently, tremendous improvement was achieved by Seo et al, by improving this value 

to 0.55V via doping and surface modification technique [62]. The fact behind the poor 

performance of Ta3N5, in terms of photovoltage, still poorly understood. The 

photocurrent [62] of Ta3N5 abruptly decreases more than 50% within the first few 

minutes of water splitting reaction [57]. Wang et al revealed that the issue of low 

photovoltage and poor stability are caused by growth of a thin oxide layer on the surface 

of Ta3N5. This oxide layer pins the fermi energy level and leads to the complete 

suppression of the photocatalytic activity. Thus, further study is needed to clearly 

investigate it. Similarly, the degradation of Ta3N5 in electrolyte is also unclear [51]. To 

improve the stability, protective layers such as NiFeOOH, Co(OH)x and CoFeOOH 

were utilize [63]. The conduction band of Ta3N5 is mainly composed of Ta 5d states 

and it is known that high temperature nitridation induces electron traps near the 

conduction band due to reduced Ta species [55] . Adding a dopant with unoccupied d 

states may decrease the formation of electron traps. Mo is a transition metal with 

unoccupied 4d states and recently used to improve the electronic structure of other 

semiconductors such as BiVO4 [64], [48]. Due to Mo doping, localized states closed to 

the CB of BiVO4 were identified thus an extension to the CB was achieved which 

improved electronic and optical properties of the material. This also opens up the 

possibility to decrease the electron traps in Ta3N5. However, for efficient doping and 

charge compensation, the oxidation state of the dopant should also be considered [48]. 

The ionic radii of Mo4+ (65 Å) is comparable to Ta5+ (64 Å). Hence, we anticipate that 

Mo4+ could serve as a promising candidate for enhancing the electronic structure and 

optical properties of Ta3N5. In this study, we performed DFT calculations and 

successfully synthesized Mo-doped Ta3N5 using experimental techniques. 
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1.7 Novelty and objective of our work  

This work focuses on the experimental and theoretical investigation of 

semiconducting material Ta3N5. Ta3N5 emerged as a promising photocatalyst due to its 

capacity to absorb a broad spectrum of visible light and its band positions that straddle 

the redox potential of water. However, the high-temperature nitridation process to 

synthesize Ta3N5 results the formation of reduced species (Ta4+/3+) which act as a 

shallow donor states and nitrogen vacancies that act as electron-hole (e-/h+) 

recombination centers. The presence of reduced species and nitrogen vacancies 

significantly impacts the photoelectrochemical (PEC) performance of Ta3N5. Adding 

metal dopants with unoccupied d states in Ta3N5 possess strong potential to extend the 

conduction band that may suppress the shallow donor states, thereby decreasing the e-

/h+ recombination centers and enhancing the PEC activity of Ta3N5. Herein, we 

followed a theoretical and an experimental technique of foreign metals element Mo 

doping in Ta3N5 to enhance its opto-electronic properties for PEC water splitting. The 

electronic and optical properties of pure and Mo doped Ta3N5 were calculated by using 

Density Functional Theory calculations within the generalized gradient approximation 

(GGA-PBE) implemented in Quantum Espresso package. The GGA approximation was 

refined using the GGA+U functional. Subsequently, the material was synthesized 

through experimental means, characterized, and subsequently applied in 

photoelectrochemical (PEC) applications. To the best of our knowledge, Mo doping in 

Ta3N5 nanotubes has not been reported in the previous literature indicating toward 

novelty of this work. 
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Chapter 2 Theoretical and experimental background  

 

Density functional theory (DFT) has been the predominant approach to quantum 

mechanical simulation of periodic systems for the last forty years [26, 27]. Quantum 

chemists have also embraced it in recent years, and it is currently extensively utilized 

for the simulation of energy surfaces in molecules. First-principles methods combined 

with the advancement of computer power over the past decades have provided fast and 

reliable results for a wide range of problems in the materials science, such as 

microelectronics, energy storage or the prediction of new functional materials. First 

principle methods are adopted to solve Schrödinger's equation, which governs the 

behavior of electrons in a system. Density functional theory (DFT) offers an effective 

solution to these issues by providing an approximate description of a system's ground 

state. The computational cost of DFT is very low compared to other techniques like 

quantum Monto Carlo, therefore DFT is one of the useful techniques in recent days to 

solve a lot of problems in material science.  

 This chapter is composed of two parts. (i) Theoretical background related to DFT (ii) 

The experimental procedures used in this project.  

2.1 Theoretical procedures  

2.1.1 Density functional theory   

 

Density functional theory (DFT) is one of the successful theories to predict the 

electronic structure of atoms, molecules, and solids. DFT is not only useful in 

condensed matter physics but also in chemistry and biochemistry. It’s called density 

functional because the function density itself is a function of position. DFT uses the 

electron density to predict the ground state energy of the system instead of the electron 

wave function. The use of the electron density reduces the multidimensional many 

electrons system into three-dimension system; that makes the system easy to be solved. 

So, the DFT is one of the easiest way to approximately solve the many bodies 

Schrödinger wave equation. DFT is computationally feasible even for large systems 

[65] . The DFT was established on Hohenberg–Kohn and Kohn–Sham theorems. These 

theorems will be reviewed in this section.  
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2.1.2 Schrodinger wave equation  

The Schrodinger wave equation is linear second order partial differential equation. It 

describes the wave function of an electron. This equation is one of the key results in the 

field of quantum mechanics. However, it was first derived by Erwin Schrodinger in 

1925 and published in 1926. Based on his work, he was awarded with the Nobel Prize 

in Physics in 1933. The time independent Schrodinger wave equation for a single 

nonrelativistic particle in three dimensions is.  

 [
−ℏ2

2𝑚
 ∇2 + 𝑉(𝑟)]𝜓(𝑟) =  𝐸𝜓(𝑟)     (2.1) 

Here, ℏ =
ℎ

2𝜋
, is the reduced Plank’s constant, m is the mass of electron,  

∇2 is Laplacian, 

V(r) is the potential energy of an electron, 

𝜓(𝑟) is the electron wave function and E is the energy Eigen value of Hamiltonian 

operator. 

For a system like hydrogen atom or single ionized helium atom it is easy to solve the 

Schrödinger equation and find out the ground state energy for the system. But in the 

case of many bodies system, where we have more than one electron it is very hard to 

solve the Schrödinger wave equation. The time independent Schrodinger wave equation 

for many bodies system is given below,  

 [−∑
ℏ2

2𝑀𝐼
∇

𝑅
→

𝐼

2𝑁
𝐼 − ∑

ℏ2

2𝑚𝑖
∇

𝑟
→

𝑖

2𝑁
𝑖 + 𝑉(𝑟, 𝑅) ]  𝜓(𝑟, 𝑅; 𝑡) =

𝜄ℏ
𝜕

𝜕𝑡
 𝜓(𝑟, 𝑅; 𝑡) (2.2) 

In above Equation (2.2) 𝑉(𝑟, 𝑅) represent the coulombic interactions between nucleus-

nucleus, electron-electron and nucleus-electron. The mathematical form of this 

interaction is given below, 

 𝑉(𝑟, 𝑅) =  ∑
𝑒2

2

𝑍𝐼𝑍𝐽

|𝑅⃗ 𝐼−𝑅⃗ 𝐽|
 −  ∑ 𝑒2 𝑍𝐽

|𝑟 𝑖−𝑅⃗ 𝐽|
 +  ∑

𝑒2

2

𝑍𝐼𝑍𝐽

|𝑟 𝐼−𝑟 𝑗|
  𝑁

𝑖≠𝑗
𝑁
𝑖,𝐽

𝑁
𝐼≠𝐽  (2.3) 

In above Equation (2.3) ‘r’ represents the positions of electron while the ‘R’ represents 

the position of nuclei.  
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Put the above Equation (2.3) in Equation (2.2) we get, 

 [−∑
ℏ2

2𝑀𝐼
∇

𝑅
→

𝐼

2𝑁
𝐼 − ∑

ℏ2

2𝑚𝑖
∇

𝑟
→

𝑖

2𝑁
𝑖 ]  𝜓(𝑟, 𝑅; 𝑡) + [ ∑

𝑒2

2

𝑍𝐼𝑍𝐽

|𝑅⃗ 𝐼−𝑅⃗ 𝐽|
 −  ∑ 𝑒2 𝑍𝐽

|𝑟 𝑖−𝑅⃗ 𝐽|
 +𝑁

𝑖,𝐽
𝑁
𝐼≠𝐽

  ∑
𝑒2

2

𝑍𝐼𝑍𝐽

|𝑟 𝐼−𝑟 𝑗|
  𝑁

𝑖≠𝑗 ]  𝜓(𝑟, 𝑅; 𝑡) =  𝜄ℏ
𝜕

𝜕𝑡
 𝜓(𝑟, 𝑅; 𝑡)   (2.4) 

Obtaining the exact solution to the aforementioned equation is exceptionally 

challenging. To solve Equation (2.4) for a system involving multiple bodies, the 

application of certain approximations becomes necessary. The Born-Oppenheimer 

approximation is one of the basic approximations in condensed matter physics. This 

approximation is based upon the fact that the electron is lighter as compared to the 

nucleus. Similarly, the proton is 2000 times heavier than electron. Because of this fact 

Max Born and Robert Oppenheimer considered the nucleus to be at rest. So, this 

approximation allowed us to separate the nuclei motion from the motion of electron. 

After the Born-Oppenheimer approximation the kinetic energy of nucleus vanishes and 

the columbic interaction term between nuclei contribute a constant to the ground state 

energy of the system.   

 The time independent Schrödinger wave equation for many electrons system 

interacting with different nuclei is given by; 

[− ∑
ℏ2

2𝑚𝑖
∇

𝑟
→

𝑖

2𝑁
𝑖 − ∑ 𝑒2 𝑍𝐽

|𝑟 𝑖−𝑅⃗ 𝐽|
 + ∑

𝑒2

2

1

|𝑟 𝑖−𝑟 𝑗|
  𝑁

𝑖≠𝑗
𝑁
𝑖,𝐽 ]  𝜓(𝑟, 𝑅; 𝑡) =  𝐸 𝜓(𝑟, 𝑅; 𝑡)    (2.5) 

Here, the first term is the kinetic energy of an electron, 

 While the second term represent the columbic interaction between electron at position 

𝑟 𝑖 and nucleus at position 𝑅⃗ 𝐽. 

The third term is the caulomic interaction between two electrons that are located at 

position 𝑟 𝑖 and 𝑟 𝑗. The factor 
1

2
 in last term comes to avoid the double counting of 

Coulomb interaction. 

2.2 The Hohenberg-Kohn theorems  

As discussed above, the DFT is developed on the basis of two mathematical 

theorems. These theorems are published by Hohenberg–Kohn and Kohn–Sham in 1964 

and known as Hohenberg-Kohn theorems [66] .  
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Theorem I:  According to the first theorem there is one-to-one correspondence between 

the ground state electron density 𝑛0(𝑟) and external potential 𝑉𝑒𝑥𝑡(𝑟), or in simple 

words different ground state electron density must correspond to different external 

potentials. 

Theorem II:  For a given external potential 𝑉𝑒𝑥𝑡(𝑟), we can define an energy functional 

𝐸[𝑛] such that, 

 𝐸[𝑛]  =  ∫ 𝑑𝑟[𝑛[𝑟]𝑉𝑒𝑥𝑡(𝑟)]  +  𝐺[𝑛]  (2.6) 

In above Equation (2.6) the energy functional will take its minimum value at the 

ground state electron density 𝑛0(𝑟) and the value of the functional at that density is 

minimum i.e., ground state energy 𝐸0. For any trial density of electron 𝑛(𝑟), the 

variational principle says that, 

𝐸0 =  𝐸[𝑛0(𝑟)]  = < 𝜓0[𝑛0(𝑟)]|𝐻|𝜓0[𝑛0(𝑟)] > ≤ < 𝜓0[𝑛(𝑟)]|𝐻|𝜓0[𝑛(𝑟)] > (2.7) 

It will be equal if, 𝑛0(𝑟)  =  𝑛(𝑟) 

It means that we can get the ground state energy without the explicit knowledge of the 

many electrons ground state wave function. The exact ground state density of many 

electrons system gives the lowest energy. 

2.3 Kohn-Sham equation 

The Hohenberg-Sham theorem shows that the ground state density can be used to 

predict the properties of solid system. But these theorems do not say anything about 

how to find the ground sate density. After Hohenberg-Sham theorem’s it was an open 

question. In 1965 Kohn-Sham provide a way to find out the ground state density. 

According to Kohn-Sham the ground state density as a functional of charge density and 

is given by [66].  

 𝐸[𝜌(𝑟)]  =  𝑇[𝜌(𝑟)]  + ∫ 𝜌(𝑟)𝑉(𝑟)𝑑𝑟  + 𝐸𝑒𝑒  (2.8) 

The first term in the above equation represents kinetic energy, the second term represent 

the electron nuclei interaction, while the third term represent the electron-electron 

interaction. The third term can be written in new form as; 

 𝐸𝑒𝑒[𝜌(𝑟)]  =  
1

2
∫

𝜌(𝑟)𝜌(𝑟ˊ)

|𝑟−𝑟ˊ|
𝑑𝑟𝑑𝑟ˊ  + 𝐸𝑥𝑐[𝜌(𝑟)] (2.9) 
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Here, the first term on right hand side gives the coulomb interaction between two 

electrons located at position 𝑟 𝑎𝑛𝑑 𝑟ˊ. The second term is the exchange correlation 

energy. 

Adding Equation (2.9) in Equation. (2.8), we get, 

𝐸[𝜌(𝑟)]  =  𝑇[𝜌(𝑟)]  + ∫ 𝜌(𝑟)𝑉(𝑟)𝑑𝑟  + 
1

2
∫

𝜌(𝑟)𝜌(𝑟ˊ)

|𝑟−𝑟ˊ|
𝑑𝑟𝑑𝑟ˊ  +  𝐸𝑥𝑐[𝜌(𝑟)] (2.10) 

The charge density 𝜌(𝑟) can be defined as, 

   𝜌(𝑟)  =  ∑ 𝜓𝑖
∗(𝑟)𝜓𝑖(𝑟)

𝑛
𝑖=1  (2.11) 

Here ‘n’ represents the number of electrons. 

Taking functional derivative 
𝛿𝐸[𝜌(𝑟)]

𝛿𝜓𝑖
∗(𝑟)

 with the constraint that each 𝜓𝑖(𝑟) is normalized 

to unit leads to: 

   (
−ℏ2∇2

2𝑚
 +  𝑉𝐾𝑆)𝜓𝑖(𝑟)  =  𝜖𝑖𝜓𝑖(𝑟) (2.12) 

Here,  

  𝑉𝐾𝑆 = ∫
𝜌(𝑟ˊ)

|𝑟−𝑟ˊ|
𝑑𝑟ˊ  +  𝑉(𝑟)  + 𝑉𝑥𝑐(𝑟)  (2.13) 

The first term in the above Equation. (2.13) is Hartree potential. The second term 

corresponds to the local ionic potential. The third term referred to the exchange 

correlation potential. The exchange correlation potential can be defined as 

 𝑉𝑥𝑐(𝑟)  =  
𝛿𝐸𝑥𝑐[𝜌(𝑟)]

𝛿𝜌(𝑟)
   (2.14) 

The above equation Equations. (2.11-2.14) can be solved self consistently. The 

procedure for self-consistent field method is follows. 

1. The initial trial electron density 𝜌(𝑟) should be defined. 

2. To find out the Kohn-Sham orbitals 𝜓𝑖(𝑟) we should use the initial trial 

density to solve the Kohn-Sham equation. 

3. The Kohn-Sham electron density should be calculated from step II. 

 𝜌𝐾𝑆(𝑟)  =  ∑ 𝜓𝑖
∗(𝑟) 𝜓𝑖(𝑟)𝑖  (2.15) 
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4. The process can be repeated until the convergences are achieved. |𝜌𝐾𝑆(𝑟) −

 𝜌(𝑟)| < 𝐶𝐶 , here CC is the convergence criterion. After the convergence 

is reached, we can calculate the final total energy of the system. 

2.4   Exchange-correlation functional 

The exact form of the exchange correlation functional is still unknown. Different 

approximation has been made to find out the exchange correlation functional. Among 

these different approximations the most widely used in DFT calculation are Local 

Density Approximation (LDA) [66] and Generalized Gradient Approximation (GGA) 

[65]. In the case of LDA, the solid system is taken as uniform electron gas, where the 

density is uniform everywhere in space. The exchange-correlation functional in case of 

LDA is given by, 

 𝐸𝑥𝑐[𝜌]  ≅ 𝐸𝑥𝑐
𝐿𝐷𝐴  =  ∫ 𝑑𝑟  𝜌(𝑟)𝜖𝑥𝑐𝜌(𝑟) (2.16) 

As we discussed above, in LDA the density is the same at every place. Due to this 

approximation the exchange energy is underestimated while the correlation energy is 

overestimated. To overcome on these deficiencies another approximation is used 

known is GGA [67], [65]. In GGA the density is not uniform everywhere in space and 

the electron density is expanded in term of density gradient. The exchange-correlation 

functional in case of GGA [68] is given by, 

                                        𝐸𝑥𝑐[𝜌]  ≅ 𝐸𝑥𝑐
𝐺𝐺𝐴  =  ∫ 𝑑𝑟  𝜌(𝑟)𝜖𝑥𝑐(𝜌(𝑟), ∇𝜌(𝑟)) (2.17) 

Here, ∇𝜌(𝑟) is the density gradient.  

2.5  Bloch theorem and K-space 

It is known that atoms are arranged in crystals in a periodic manner. The infinite 

repetition of a unit cell in three dimensions makes a crystal. The entire crystal can be 

studied by studying the unit cell because crystal is the periodic repetition of unit cell. 

The position vector of atom in Cartesian coordinate system is given by the following 

equation. 

 𝑟  =  𝑛1𝑎1⃗⃗⃗⃗  +  𝑛2𝑎2⃗⃗⃗⃗  + 𝑛3𝑎3⃗⃗⃗⃗   (2.18) 

Where 𝑎1⃗⃗⃗⃗ , 𝑎2⃗⃗⃗⃗  𝑎𝑛𝑑 𝑎3⃗⃗⃗⃗  are lattice vector along X, Y and Z direction respectively and 

𝑛1, 𝑛2 𝑎𝑛𝑑 𝑛3 are integers.  
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The Block theorem can be defined as ‘For periodic potential the solution of the 

Schrodinger wave equation will be the sum of the following terms. 

 𝜓𝑘(𝑟)  =  𝑢𝑘(𝑟)𝑒
𝜄𝑘⃗ .𝑟      (2.19) 

𝑢𝑘(𝑟)  is the periodic potential and can be written as, 

  𝑢𝑘(𝑟) = 𝑢𝑘(𝑟 + 𝑛1𝑎1⃗⃗⃗⃗  +  𝑛2𝑎2⃗⃗⃗⃗  + 𝑛3𝑎3⃗⃗⃗⃗ )  (2.20) 

Here, 𝑢𝑘(𝑟) is periodic. From this we can see that using Bloch theorem; we can solve 

Schrödinger equation for each 𝑘⃗  vectors independently. The space occupied by  𝑘⃗   wave 

vectors is known as k space. It is also known as reciprocal space. 

2.6 Pseudopotentials 

We know that the material bonding properties depend upon the valence electrons not 

on the core electrons.  To solve the Schrodinger wave equation by using the columbic 

potential from core electrons makes the equation very complicated to solve. To 

overcome this difficulty an approximation has been made. According to this 

approximation, the core electrons are treated as an immobile entity stuck to the nucleus. 

This approximation is given the name as frozen core approximation. Even with this 

approximation where we remove the core electrons from computation, the numerical 

calculations that have the contributions of wave function of valance electrons could still 

be very intensive. The reason behind that is this to be orthogonal to core electrons, the 

wave function of valance electrons must have nodes in the core region, which leads to 

the fast oscillations of the wave function in the core region [66]. The core electrons 

have fast oscillation in the core region and therefore requires many planes wave basis 

for representation the core electrons orbitals. This requirement is one of the main 

obstacles in realistic calculations. To overcome this difficulty, it is important to note 

that the most bonding in solid takes place in the interstitial region as compared to the 

core region. If we can construct an artificial potential which represents the wave 

function of the valence electrons in the interstitial region but replace the oscillating part 

of the wave function by smooth one. We can expect after the construction of this 

artificial potential, the chemical properties of solids can be described very well. This 

artificial potential is given the name as pseudopotentials [69]. It has been found that by 

adoption of the pseudopotential in the realistic solid calculation not only reduced the 

computational cost but also will describes the chemical behavior of solids. Different 
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algorithms have been used to design the pseudopotentials for different solid systems, 

which can be found in the literature [70], [71]. Once the pseudopotential is obtained for 

any solid system to implement it in Kohn-Sham equation is straightforward. The local 

ionic potential 𝑉(𝑟) in Equation. (2.13) is replaced by pseudopotential 𝑉𝑝𝑠(𝑟) all other 

parameters in the equation will be the same. 

 

Figure 2-1 comparison between coulomb potential wave function and pseudopotential, 

inside and outside the core region of an atom.  The black line representing the real (also 

called coulomb potential of all electrons) and the red is for pseudo (valance electron) 

wave function. 

Figure. 2.1 shows comparison between ψpseudo verses real wave function 

ψ and pseudo potential Vpseudo  verses real potential V. The all-electronic wave 

function and the pseudo wave function match above a certain radii cut-off. 

Core electrons stay in the core region because they are tightly bound to the 

nuclei with low Eigen-energies and forming a closed shell. In condensed matter systems 

core electrons are usually inert and almost irrelevant in determining physical and 

chemical properties of materials. In contrast, loosely bound valence electrons 

participate in chemical bonding with other atoms and determine the main characteristic 

of materials. So, the pseudopotential enables us to achieve fast convergence of our DFT 

calculations with much lower computational cost. 

2.6.1 Norm-conserving pseudopotential 

One important class of pseudopotentials is known as norm-conserving 

pseudopotentials. In 1979, Hamann et al. showed that the pseudo wave function and all 
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electrons wave function outside the core radius 𝑟𝑐 are equal but inside of the core radius 

𝑟𝑐 it is also a condition that the norm of the pseudo-wave functions and the original 

wave functions should be equal. Norm conservation means that the charge contained 

within the chosen radius  

𝑟𝑐 is the same for the pseudo wave function and the all-electron wave functions. There 

are many types of norm-conserving pseudopotentials from different authors such as 

Hamann Schlüter and Chiang [72], Troullier and Martins [73], Kerker , Vanderbilt [72] 

and Goedecker-Teter-Hutter [74]. 

2.6.2 Ultrasoft pseudopotential  

The ultrasoft pseudopotential was first introduced by D. Vanderbilt in 1990. The main 

aim of the ultrasoft pseudopotential is to do the calculations with the reduced possible 

cutoff energy Ef for the plane-wave basis set. The much softer pseudopotential can be 

generated by using the relaxation of Norm-Conserving constraint, which is the basic 

concept of ultrasoft pseudopotential.  Because of its better transferability property, the 

ultrasoft pseudopotential can be used to get the good accuracy. The transferability of 

pseudopotential means how it works well in different systems. The ultrasoft 

pseudopotential can work very well not only for a system for which it’s designed but 

for other systems also. It means that this type of pseudopotential shows good 

transferability behavior as compared to the Norm-Conservative pseudopotential [69]. 

The example of ultrasoft pseudopotential we used in our theoretical calculations is PBE 

type pseudopotential [65]. The pseudopotential generated within the Perdew-Burke-

Ernzerhof (PBE) framework for density functional theory (DFT) calculations refers to 

the PBE pseudopotential. To reduce the computational cost and complexity of the 

calculations, the pseudopotentials are used in DFT. These pseudopotentials are used to 

replace the core electrons of atoms in a system with an effective potential.  

2.7 Computation codes  

In this section the details of the computational code that has been used in theoretical 

work is described. 

2.7.1 Quantum ESPRESSO code 

Generally, density functional theory calculations are done by using software package 

Quantum ESPRESSO which stands for OpEn-Source Package for Research in 
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Electronic Structure, Simulation, and Optimization. It is freely available to researchers 

worldwide under the terms of the GNU General Public License. The package includes 

automated calculations and functions such as atomic relaxation and self-consistent 

calculations (pw.x), post-processing (pp.x), atomic projection (projwfc.x), phonon 

calculation (ph.x) and Wannier generation (wannier90.x).  

Quantum ESPRESSO is an initiative of the DEMOCRITOS National Simulation 

Centre (Trieste) and SISSA (Trieste), in collaboration with CINECA National 

Supercomputing centre in Bologna, Massachusetts Institute of Technology, University 

Pierre et Marie Curie, Princeton University, and Oxford University, Ecole 

Polytechnique Fdrale de Lausanne. Courses on modern electronic-structure theory with 

hands-on tutorials on the Quantum ESPRESSO codes are offered on a regular basis in 

developed as well as in developing countries, in collaboration with the Abdu’s Salam 

International Centre for Theoretical Physics in Trieste.  

2.8 Computational study of Ta3N5 

Computational studies of Ta3N5 was done by using the Quantum ESPRESSO code.  In 

this work various aspects of Ta3N5 have been studied. The DFT calculations were 

performed with the plane wave basis pseudopotential method implemented in Quantum 

Espresso code. The exchange and correlation energy and potential were calculated with 

GGA and GGA+U [75], [76]. First, we take the orthorhombic unit cell of Ta3N5 with 

space group CmCm. The orthorhombic unit cell of Ta3N5 is composed of 32 atoms. In 

unit cell, the numbers of tantalum atoms are 12 while the nitrogen atoms are 20. The 

crystal structure optimization has been done by means of DFT by using Quantum 

Espresso code. The PBE type pseudopotential, which is ultrasoft pseudopotential was 

used in the crystal structure and in all other types of calculations. Their Brillouin zones 

were sampled with 10×10×6 Monkhorst–Pack k-point grids. We did the relaxation 

calculations for the unit cell to fully optimize the cell parameters and ionic coordinates. 

The residual force criterion applied in this calculation is below 0.001 eV/Å, ensuring a 

high degree of precision and accuracy. The convergence criterion for Self-Consistent 

Field (SCF) calculation is 10−6 𝑒𝑉. The k-space band structure and electron density of 

states calculation were performed by DFT and DFT+U by using the Quantum Espresso 

package. The valence electrons atomic configuration which are used in the calculations 

are 5𝑑36𝑠2 for Ta atom while 2𝑠22𝑝3  for N atom respectively. The formation energy 

(Ef) is defined as, 
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 𝐸𝑓 = 𝐸𝑡𝑜𝑡[𝑇𝑎3𝑁5−𝑋]  −  𝐸𝑡𝑜𝑡[𝑇𝑎3𝑁5]  +  𝜇ℎ𝑜𝑠𝑡  −  𝜇𝑥  (2.21) 

Where, 𝐸𝑡𝑜𝑡[𝑇𝑎3𝑁5
−𝑋] is the total energy of defective system including the dopant x. 

𝐸𝑡𝑜𝑡[𝑇𝑎3𝑁5] is the total energy of pure Ta3N5. The 𝜇ℎ𝑜𝑠𝑡 is the chemical potential of the 

substituted atom while 𝜇𝑥  is the chemical potential of the dopant atom. The more 

negative the formation energy means much favorable be the doping site. The PBE GGA 

functional underestimate the band gap energy, to avoid this the PBE functional is 

corrected by Hubbard parameters (PBE+U) [76] The norm-conserving pseudopotential 

developed by Fritz Haber Institute (FHI), was used for the optical properties’ 

calculations. The number of valance electrons used in the pseudo-atomic calculations 

by FHI was 5 for Ta: [Xe]4f145d36s2, 5 for N: [He]2s22p3, and 4 for Mo: [Kr]4d55s1. 

The charge density and wave-function cutoff used in the calculations are selected to be 

280 Ry and 70 Ry, respectively to lower the computational cost and improve the 

accuracy. Furthermore, the value for energy convergence was 10−6 𝑅𝑦 and for the force 

convergence the value was set to 10−3 
𝑅𝑦

Å
 [77]. 

2.9 Experimental procedures  

All the experimental procedures are included in this part.  

2.9.1 Chemical reagents   

The Ta sheet for anodization was purchased from PRO-ANALISE QUIMICA E 

DIAGNOSTICA LTD, (having purity 99.5%) with dimension 20 𝑐𝑚 × 20 𝑐𝑚 ×

0.025 𝑐𝑚. The sheet was cut into small pieces. The chemicals used for the cleaning of 

these samples are acetone, methanol, isopropanol and deionized (DI) water. The 

chemicals used to prepare the electrolyte solution for anodization are HF (38-42%), 

H2SO4 (95-98%) and DI water. These chemicals were purchased from the Modern 

Chemical Industry and Trade LTD. For Photoelectrochemical (PEC) measurement, 

KOH (98%) was purchased from Sigma Aldrich. All these chemicals were used as 

received, without further purification. 

2.9.2 Ta sheet anodization 

Initially, sheets of tantalum (Ta) were precision-cut into discs measuring 1 cm × 1 cm 

× 0.025 cm in dimensions. Ta discs were made flat by rubber hammer and were polished 

to mirror like finishing with different grids of sandpapers; 400, 600, 1200 and 2000 
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successively. The flat Ta discs were soaked in HF (40%) for 1 min and rinsed with DI 

water. Ta discs were cleaned in acetone, methanol, isopropanol and DI water 

successively by sonication for 30 min each. When the ultra-sonication was finished the 

Ta discs were dried by nitrogen flow. The electrolyte used for anodization was 

composed of H2SO4 + 1 Vol% HF + 4 Vol% H2O [78]. The anodization was carried out 

in two cell configuration system. This cell was composed of two Teflon reactors. The 

anodization was carried out at constant temperature of 10 °𝐶 which was kept constant 

by the water circulating system around it using Thermo Neslab-RTE7 circulating 

system. However, constant voltage of 50V for 20 min at 10 °𝐶 temperature was used to 

carry out the anodization.  The working electrode which consisted of Ta sheet was used 

as an anode while the polished Cu disc was used as a cathode. Meanwhile, the distance 

between two electrodes i.e., cathode and anode were kept 1 cm. The electrodes were 

connected to the DC power supply. During anodization, the current vs voltage curve 

was monitored by Dalton Vidor software. When the anodization time was finished, the 

sample was removed from the Teflon reactor and washed several times with DI water 

to remove the extra residual acid from the sample. The whole setup of anodization 

which consisted of ultrasound, Teflon cup, Teflon reactors, power supply and digital 

software are shown in the Figure. 2.2. 

 

Figure 2-2 Anodization system used for the anodization of Ta sheet. 
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2.9.3 Doping of foreign metal element in Ta2O5  

Prior to nitridation we doped foreign metal element Mo in Ta2O5 by hydrothermal 

method. We prepared three different molar solutions of Mo like 0.1M Mo, 0.3M Mo 

and 0.5M Mo. We put the molar solution in 25mL autoclave reactor in which the 

anodized Ta discs were suspended. 75% of the total volume of the reactor was occupied 

by the solution. Furthermore, reactor was sealed and put in the oven for 12 h at 180 °𝐶. 

After 12 h the system was cooled to the room temperature. To dry the samples, they 

were put in oven again at 80 °𝐶 for 6h. 

2.9.4 Nitridation of Ta2O5  

The nitridation process was carried out in a home-made quartz tube furnace. The clean 

and dried samples were put on aluminum boat and then it was put at the middle of quartz 

tube furnace. For nitridation we used the argon and ammonia gas mixture. The mixture 

of gas was composed of 95 Vol% of argon and 5 Vol% of ammonia. Nitridation was 

carried out at temperature of  900 °𝐶 for 3h. For all samples the ramping rate of the 

furnace in heating and in cooling was 10 °𝐶 𝑚𝑖𝑛−1 under ammonia flow. The flux of 

the gas inside the tube was adjusted to 100 𝑚𝐿 𝑚𝑖𝑛−1 by gass flow meter and this flux 

was kept constant during the whole period of the experiment. Mixture of gas was 

allowed to enter the tube on one side and after passing through the tube it was bubbled 

into the aqueous HCl solution to neutralize the gas. After neutralization, the gas was 

exhausted to the environment. The samples were cooled to room temperature in the 

presence of ammonia. After nitridation the samples were rinsed with DI water a few 

times and dried in an open atmosphere. The nitridation setup we used in our 

experiments is shown below. 
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Figure 2-3 Home-made nitridation setup consist of horizontal quartz tube furnace and 

glas flow meter. 

2.9.5 Co-catalyst modification  

The surface of bare and doped Ta3N5 was modified by co-catalyst. We used the Co 

(OH)x as an oxygen evolution co-catalyst to promote the hole transfer. The co-catalyst 

solution contained 0.1M Co (NO3)2 and 0.1M NaOH and it was stirred for 1h to get 

homogeneous solution. The doped and bare Ta3N5 was immersed in the solution for 1h 

and then washed with DI water and dried in air before PEC test. The sample with co-

catalyst modification was given the name as Ta3N5-Co while with Mo doped Ta3N5 

samples with the co-catalyst modification were named as MTN-x-Co (x = 0.1,0.3 and 

0.5). 

2.9.6 Photoelectrochemical measurement of doped Ta3N5    

We prepared different metals doped Ta3N5 on Ta substrate. These samples were named 

MTN-0.1-Co, MTN-0.3-Co, MTN-0.5-Co and bare Ta3N5. The bare sample was 

prepared in the same way except for soaking it in the molar solution of sodium 

molybdate dihydrate. The back of these electrodes was polished with sandpaper to make 

it conductive and cleaned with DI water. After drying, the silver wires were connected 

with the back of the electrodes by silver colloidal solution. The exposed conductive part 

of the electrodes was sealed by adhesive epoxy. The PEC performances of bare and 

doped Ta3N5 were measured in three electrodes configuration cell. Ta3N5 was used as 

a working electrode, Ag/AgCl as reference electrode and Pt wire is a counter electrode. 
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1 mol L-1 KOH (𝑝𝐻 =  13.6) solution was used as a testing electrolyte. The potential 

of the working electrode was controlled by Gamry Interface 1000 potentiostat. 300 W 

Xenon lamp was used as a light source. The intensity of light was calibrated to 1 Sun 

i.e., 100 mWcm-2 by using AM 1.5 filter. The calibration of light intensity was done by 

silicon photodiode with a known responsivity. The measured potential versus Ag/AgCl 

reference electrode was converted to the reversible hydrogen electrode (RHE) by the 

following equation. 

 VRHE = VAg/AgCl
0  +  VAg/AgCl  +  0.0592 × pH (2.22) 

Where VAg/AgCl
0  correspond to the standard reference potential of Ag/AgCl electrode at 

25 °𝐶. 𝑉𝐴𝑔/𝐴𝑔𝐶𝑙 is the applied biasing potential in PEC cell applied through potentiostat 

and pH is the potential of hydrogen of the electrolyte. The linear sweep voltammetry 

(LSV) curves were obtained at applied biasing voltages of -0.9 to 0.6 with a scan rate 

of 10 mV/s. The voltage range was found from the above Equation. (2.22). 

2.10 Characterization techniques  

2.10.1 X-ray diffraction spectroscopy (XRD)  

The grazing angle XRD characterizations were performed to investigate the crystal 

structure of all synthesized samples. The XRD diffractograms were obtained by using 

the Bruker D8 Advance X-rays diffractometer with Cu 𝐾𝛼 radiation (𝜆 = 1.54Å ) at 40 

kV and 40 mA. In grazing angle XRD analysis, the grazing angle was 0.3°, at a 2𝜃 

range 10° to 70°, with 0.02°, degree step size and measuring time per step was 3 

second. The XRD pattern of all samples were obtained by grazing incidence method. 

The XRD data of all samples were analyzed by using the Origin software. 

2.10.2 UV-visible spectroscopy   

To determine the bandgap of all samples UV-Vis spectroscopy was performed by using 

the CARY 5000 spectrophotometer at Centro de Espectroscopia Óptica de Materiais 

(CEOMat) . We got the reflectance spectra of all samples by diffuse reflectance 

spectroscopy and the reflectance was converted to Kubelka-Munk function by the 

following formula, 

 𝐾𝑢𝑏𝑒𝑙𝑘𝑎 − 𝑀𝑢𝑛𝑘 =  
𝐾

𝑆
=  

(1−𝑅∞)2

2𝑅∞
 (2.23) 



42 

Where K and S are the absorption and scattering coefficients respectively while R∞ = 

𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 is the reflectance of infinitely tick sample. The Equation 2.23 provides the 

correct definition of the Kubelka-Munk function (F(R) = K/S) [98]. 

2.10.3 Scanning electron microscopy  

To reveal the morphology and surface structure of Ta₂O₅, Ta₃N₅, and Mo-doped Ta₃N₅ 

nanotubes, scanning electron microscopy (SEM) was conducted using the Zeiss EVO 

50 scanning electron microscope, operating at 10 kV. The SEM measurements took 

place at the Center for Microscopy and Microanalysis (CMM) at UFRGS. Prior to SEM 

analysis, the samples underwent ultrasonic cleaning using solvents such as isopropanol, 

methanol, and acetone, followed by drying. Side view images were obtained by 

scratching the samples. The lengths and widths of Ta₂O₅, Ta₃N₅ and Mo doped Ta3N5 

nanotubes were estimated using ImageJ software.   

2.10.4 Raman spectroscopy 

The vibrational and rotational modes of materials are studied by using the Raman 

spectroscopy analysis. The excitation source used by the Raman spectroscopy is mostly 

laser light. The choice of the wavelength of laser light mostly depends on the properties 

of the materials. The wavelengths of laser light that are commonly used are 532 nm, 

785 nm and 1064 nm. To achieve the good signal to noise ratio, the laser power should 

be optimized.  The Raman scatter light has useful information about the chemical 

structure of the sample. In Raman spectroscopy, along y-axis is the intensity of Raman 

scattering while along x-axis is the frequency.  To investigate the chemical fingerprint 

of our samples the Raman spectroscopy was performed by using HORIBA Confocal 

Raman Microscope at Centro de Espectroscopia Óptica de Materiais 

(CEOMat) Institute of Physics UFRGS. The measured data for all samples were 

analyzed using Origin software. 

2.10.5 X-rays photoelectron spectroscopy (XPS)  

To investigate the surface compositions and chemical environment of Ta₃N₅ and Mo-

doped Ta₃N₅ nanotubes, X-ray photoelectron spectroscopy (XPS) measurements were 

conducted at Laboratório Multiusuário de Análise de Superfície (LAMAS-UFRGS) 

using an Al Kα X-ray source (hv = 1486.6 eV, 225W, 15keV, 15mA). Data collection 
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employed the Omicron SPHERE analyzer, with a pass energy of 50 eV for long scans 

and a step size of 1 eV for an acquisition time of 0.2s. High-resolution spectra of Ta 4f, 

Mo 3d, O 1s, and C 1s were obtained using a step size of 0.2 eV and a time per step set 

to 0.2s. Analysis of the XPS spectra for all samples was performed using CasaXPS 

software, with correction for charging effects accomplished by referencing to the 

adventitious carbon component (284.5 eV) in the C 1s region. The Relative Sensitivity 

Factor (RSF) method was applied to calculate the surface compositions and N/Ta ratios 

for all samples, as described below 

𝑁

𝑇𝑎
=  

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑁 1𝑠

𝑅𝑆𝐹
 ÷ 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡𝑎 4𝑓

𝑅𝑆𝐹
 

The O/Ta and Mo/Ta ratios were determined using a comparable procedure. 
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Chapter 3 Enhancement of electronic, optical, and 

Photocatalytic activity of Mo doped Ta3N5 photoanode 

Overview  

In nitride semiconductors, Ta3N5 has emerged as one of the promising 

photocatalyst for overall water splitting due to its suitable bandgap (experimental value 

of 2.1 eV and theoretical of 2.0 eV) and band positions [8]. To improve the 

photocatalytic performance, several morphologies like Nanorods (NRs) [10], 

Nanoparticles (NPs), and Nanotubes (NTs) [11], [47] have been applied. Among them, 

Ta3N5 NTs having a 1D nature with good charge transport property as well as an active 

surface area are suitable for PEC applications [11]. The NTs are generally prepared by 

anodization process and Ta3N5 can be prepared by nitridation of Ta2O5 NTs. Allam et 

al. for the first time reported the Ta2O5 NTs by using one step anodization in electrolyte 

containing HF and H2SO4 [79]. The anodization of  Ta sheet can be carried out Galvano 

statically or potentiostatically [42]. 

To control the structural defects generated by the nitridation process and 

improve the charge transportation, herein the combined theoretical and experimental 

studies of Pure and Mo doped Ta3N5 were performed. The theoretical calculations were 

performed by using the Quantum Espresso package. In the first step the crystal structure 

was relaxed to find out the equilibrium lattice constant for pure and Mo doped Ta3N5 

system. The bandgap energy for pure and Mo doped Ta3N5 were calculated and 

compared with the experiments. Furthermore, the electronic and optical properties of 

pure and Mo doped Ta3N5 were studied by using Density function theory (DFT). In 

experimental work, a constant voltage anodization was carried out in the electrolyte 

containing H2SO4 + 1 vol% HF and 4 vol% H2O [80]. Different molar solutions of 

sodium molybdate as a source of Mo for doping in Ta2O5 were prepared.  For doping, 

the hydrothermal method was followed. Afterwards the thermal nitridation of doped 

Ta2O5 was carried out to obtain the Mo doped Ta3N5 NTs. For bare Ta3N5 NTs, the 

nitridation condition was the same. The samples were characterized comprehensively.  
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3.1 DFT study of pristine and Mo-doped Ta3N5    

3.1.1 DFT-GGA calculations  

The conventional unit cell of Ta3N5 has an orthorhombic crystal structure, with 32 

atoms per unit cell (Figure 3.1). The number of Ta atoms per unit cell is 12 while N is 

20 and the unit cell is characterized by lattice parameters a, b/a ratio, c/a ratio and 

mutual angles α, β, and γ. In the crystal structure of Ta3N5, each Ta atom is coordinated 

with five N atoms while each N atom has three or four Ta nearest neighbors. The Ta─N 

bond length along x, y and z directions are 2.95 Å, 1.97 Å and 2.04 Å, respectively. 

The Ta─Ta bond length is 2.95 Å. All these bond lengths are calculated after relaxing 

the crystal structure. The Mo is doped at Ta site where the x-coordinate was maximum 

(Figure 3.2). The choice of this site corresponds to more negative formation energy 

that results in the highest stability. Compared to pure Ta3N5, the Ta (Mo) ─N bond 

length along x, y and z directions decreased to 2.03 Å, 1.86 Å and 2.01 Å, respectively 

and Ta (Mo) ─Ta bond length slightly increased to 2.97 Å. These changes are attributed 

to the electronegativity difference between Ta (1.5) and Mo (2.16). After doping, the 

crystal structure was relaxed, and the lattice constants are compared in Figure 3.2 (a) 

and Figure 3.2 (b) showing that the very small change in the lattice constants was 

observed after Mo doping (Table 3.1). All of the theoretically calculated lattice 

parameters show good agreement with previous literature (Table 3.1). 

 

Figure 3-1 Crystal structure of pristine Ta3N5. (a) Top view of unit cell (b) side view 

and (c) bottom view. 
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Figure 3-2 Theoretical model of Mo- doped Ta3N5. (a) Top view of Mo doped Ta3N5 

unit cell (b) side view and (c) bottom view. 

Due to the lower U value and the approximate similarity in ionic radii of Ta (64 Å) and 

Mo (65 Å), a small change in the lattice constant is observed [24], as depicted in Figure 

3.3 (A),  3.3 (B) and Table 3.1.  
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Figure 3-3 (A) (a) Theoretical lattice constant a (b) b/a ratio and (c) represent the c/a 

ratio of pure Ta3N5 unit cell. (B) (a) Lattice constant a, (b) b/a ratio and (c) C/a ratio of 

Mo doped Ta3N5. 

Table 3-1 Lattice parameters of pure and Mo doped Ta3N5 calculated with GGA and 

GGA+U methods. 

Lattice 

parameters 

This work 

Pure Ta3N5 

GGA             GGA+U 

This work 

(Mo doped Ta3N5) 

GGA             GGA+U 

Previous 

work 

(Pure 

Ta3N5) 

Ref 

     

a (Å) 3.88           3.88 3.89                  3.89 3.89 [81] 

b (Å) 10.26         10.27 10.27                10.28 10.26 [82] 

c (Å) 10.30         10.31 10.31                10.31 10.31 [83],[77] 

α (°) 90.0           90.0 90.0                  90.0 90.0 [84] 

β (°) 90.0           90.0 90.0                  90.0 90.0 [41] 

γ (°) 90.0          90.0 90.0                  90.0 90.0 [41],[77] 

 

The first principle calculated band gap energy of pristine and Mo-doped Ta3N5 are 

shown in Figure. 3.4 and Figure 3.5, respectively based on GGA calculation. The 

calculated bandgap energy for pristine Ta3N5 is 1.39 eV. 
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Figure 3-4 Band structure, TDOS and PDOS of pure Ta3N5 calculated with GGA 

approximation. 

 From the band structure diagram, it can be inferred that pure Ta3N5 exhibits indirect 

bandgap because the top of the VB or valance band maximum (VBM) and conduction 

band minimum (CBM) lies at the different k-point of the Brillouin zone (BZ) [41]. 

However, it is published in the previous literature that Ta3N5 is an indirect band 

semiconductor with bandgap energy of 2.1, while in some cases it is direct bandgap 

semiconductor [55]. The inconsistency between these results is related to GGA which 

always underestimates the bandgap energy. Based on total density of states (TDOS) 

and partial density of states (PDOS) (Figure 3.4), the VB of pure Ta3N5 is mostly 

composed of N 2p orbitals, while the CB is mainly composed of Ta 5d orbitals. 

However, the Ta 5d states have some non-vanishing values in VB of Ta3N5 which 

indicates the bond between Ta and N atoms is strongly covalent. We calculated the 

formation energy for the doped system, and it was -9.10 eV/unit cell. This formation 

energy shows Mo-doped Ta3N5 is thermodynamically stable.  
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Figure 3-5 Band structure, TDOS and PDOS of Mo-doped Ta3N5, calculated with GGA 

approximation. 

 

After thermodynamic stability, we performed the electronic bandgap calculations for 

Mo doped Ta3N5 (Figure. 3.5). Mo-doped Ta3N5 has a direct bandgap of 0.94 eV 

calculated with GGA. The VB of Mo-doped Ta3N5 is mainly composed of N 2p orbitals 

hybridized with the Mo 4d and Ta 5d orbitals. The N 2p orbitals are more dominant 

throughout the VB. The CB is mainly composed of Ta 5d and Mo 4d orbitals. Because 

of the dominant contribution of Mo 4d states in the CB and also non-vanishing values 

of Mo in all PDOS in the VB (Figure 3.5), the bandgap is decreased in case of Mo 

doping. Similar bandgap engineering was achieved in previous literature by doping V 

atom in Ta3N5  [96]. The bandgap value obtained by H. Jouypazadeh et al by doping V 

atom in Ta3N5 was 1.06 eV. In addition to decrease in the bandgap energy Mo doping 

in Ta3N5 shows a formation of an additional density of states in the CB as indicated by 

the PDOS (Figure. 3.5) that improves its n-type conductivity; indicating a great 

promise to use Mo-doped Ta3N5 in solar energy harvesting.  

Above results show a mismatch between theoretical and experimental values of the 

bandgap energy caused by GGA approximation. The underestimation is due to the 

strong hybridization between d and p-states electrons. Thus, a strong p-d coupling 

changes the bandgap to a smaller value as compared to the experimental results. 

Different bandgap values were calculated in the literature by using different 

computational codes based on DFT as shown in the Table. 3.3 Which indicates a 
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diversity in the values of the bandgap energy calculated by GGA. Therefore, concerted 

efforts must be made to effectively address and overcome these inconsistencies 

Table 3-2 The calculated band gap energy of pristine and Mo-doped Ta3N5. 

Sample Computer code Method Band gap 

(eV) 

Ref 

Ta3N5 Quantum Espresso 

(QE) 

GGA-PBE 1.39 Present work 

Ta3N5 WIEN2K GGA-PBE 1.1 [29] 

Ta3N5 VASP GGA-PBE 1.2 [29] 

Ta3N5 VASP GGA-PBE 1.4 [29] 

Ta3N5 Experiment UV-vis 

spectroscopy 

2.1 [84] 

Mo- Ta3N5 QE GGA-PBE 0.96 Present work 

V- Ta3N5 

(sheet) 

QE GGA-PBE 1.06 [77] 

 

 

3.1.2 Determination of Hubbard parameters U 

In the literature, to overcome the shortcoming of GGA, different methods are available 

such as PBEO, HSE and GGA+U to simulate the bandgap of the semiconductors close 

to their experimental value. Using the hybrid functional like PBEO or HSE for band 

structure calculations is time consuming and it also overestimates the bandgap energies 

[85]. Compared to these functional, GGA+U has proven to be a highly effective method 

[86].  In GGA+U method, a one site coulomb energy is added to the chosen orbitals. 

Due to the addition of this columbic energy, the upshift in CB is observed while the 

energies of the occupied orbitals i.e., VB remain the same as compared to GGA. 

Because of the upshift of the CB band, the bandgap increases [87]. The main 

significance of adding the one site coulomb interaction to the selected orbitals is to 

correctly describe the electronic structures of pure and Mo doped Ta3N5. The addition 

of a precise U value to the DFT calculations provides a better understanding of the 

system and the obtained results that match well with the experimental results [83]. To 

overcome these difficulties, the GGA method was corrected with the Hubbard coulomb 

interaction parameters [85]. The Hubbard parameter U can be defined as 
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 𝑈 =  𝑢𝑈𝑖𝑜𝑛  (3.1) 

Where, u is constant (0 < u < 1) whose values are estimated by comparing the calculated 

bandgap value with the experimental bandgap value for a given system [96],[105]. The 

Uion values for Ta5+, N3- and Mo4+ are given in Table. 3.3.  

Table 3-3 The calculated values for Ta5+, N3- and M4+. 

Ion Uion Ref 

Ta5+ 14.05 [83] 

N3- 9.33 [83] 

M4+ 6.45 [88] 

 

The choice of U value is critical to calculate the exact geometry and band structures as 

compared to experimental values. Some previous work also shows that high U values 

exaggerates the band gap energy as compared to experimental values. For this reason, 

we keep the U value very low in our calculation [112]. We calculated the band gap 

energy and lattice parameter for two different values of U. The U value for all three 

elements Ta, N and Mo are given in the Table. 3. 4.   

Table 3-4 Hubbard parameter values for Ta, N and Mo that are used in our DFT 

calculations. 

u U (eV) = uUion 
 

Ta               N               Mo 

0.1 

0.2 

1.41          0.93             0.65 

2.82          1.86             1.29 

 

The band structure, TDOS and PDOS of pure Ta3N5 calculated from GGA+U is shown 

in Figure. 3.6 and Figure. 3.7. The bandgap energy calculated with GGA+U 

approximation (with u = 0.1 and 0.2) showing that pure Ta3N5 is an indirect bandgap 

semiconductor as the CBM and VBM are located at R and Γ point of the Brillouin zone. 

This result matches well with the experimental results where pure Ta3N5 is an indirect 

bandgap semiconductor [53]. The increase in the bandgap energy value as compared to 

GGA is due to the change in potential profile of the unit cell caused by the U.  The 

calculated indirect bandgap energies with GGA+U were 1.87 eV (u =0.1) and 1.98 eV 
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(u =0.2). In line with GGA, the VB of pure Ta3N5 is mostly composed of N 2p orbitals 

while the CB is dominated by Ta 5d orbitals. The increase in the bandgap energy with 

increasing u agrees with the previously reported work, where H. Julazadeh et al 

observed a similar trend [77] related to the Coulomb interaction which is kept among 

the localized orbitals’ electrons (d and f states). In the bandgap, these localized orbitals 

are close to the fermi energy and the higher U value pushes away these states from the 

fermi energy [95]. 

 

Figure 3-6 Band structure, TDOS and PDOS bare Ta3N5, calculated with GGA+U 

approximation (u = 0.1). 

 

Figure 3-7 Band structure, TDOS and PDOS bare Ta3N5, calculated with GGA+U 

approximation (u = 0.2) 
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Figure 3.8 and 3.9 show the band structure, TDOS and PDOS of Mo doped Ta3N5 

calculated with GGA+U approximations for u = 0.1 and 0.2. The formation energy Mo 

doped Ta3N5 increased as compared to pure Ta3N5 (Table 3.5) indicating that the 

replacement of Ta atom with Mo atom decreases the stability of Ta3N5. As compared 

to pure Ta3N5, the bandgap energy of Mo doped Ta3N5 decreased to 1.06 eV (u = 0.1) 

and 1.16 eV (u = 0.2).  

 

Figure 3-8.Band structure, TDOS and PDOS of Mo-doped Ta3N5, calculated with 

GGA+U approximation (u = 0.1). 
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Figure 3-9 Band structure, TDOS and PDOS of Mo-doped Ta3N5, calculated with 

GGA+U approximation (u = 0.2). 

 

This significant change in the bandgap energy of Mo doped Ta3N5 can be attributed to 

the presence of unoccupied 4d orbital of Mo. This unoccupied 4d orbital of Mo creates 

some extra states due to which the conduction band is shifted down as shown in Figure 

3.8 and 3.9.  Similar to pure Ta3N5, the VB of Mo doped Ta3N5 is mostly composed of 

N 2p orbitals while the CB is dominated by Ta 5d and Mo 4d orbitals. Interestingly, the 

nature of the bandgap calculated with GGA+U changes from indirect bandgap to direct 

bandgap semiconductor with Mo doping i.e., VBM and CBM lay at the same symmetry 

point Γ of the BZ. Thus, in addition to decreasing the bandgap energy, the nature of the 

bandgap can also be changed from indirect to direct by doping Mo in Ta3N5. [89]. The 

main drawback of the indirect bandgap semiconductor is its low efficiency in light 

absorption and emission as compared to the direct bandgap semiconductor. It is because 

the electronic transition for indirect bandgap semiconductors requires three 

simultaneous interactions that involve a photon, an electron and a phonon. Due to 

multiple particles interaction in the process, the electronic transition from VB to CB 

occurs at lower rate, thus absorption length decreases. In contrast, for direct bandgap 

semiconductors, there is no involvement of phonon due to which the light absorption 

and the electron excitation from VB to CB band is much higher. Direct bandgap 

semiconductors can be utilized in light emitting diodes, solar cells, photodetectors and 
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PEC water splitting [90]. Moreover, VB of Ta3N5 remained unchanged as it is mainly 

composed of N 2p orbitals with negligible contribution of the p orbitals of Mo and Ta, 

while the unoccupied 4d orbitals of Mo play a significant role in contributing to the CB 

of Mo-doped Ta3N5. The CB of Mo doped system is dominated by the unoccupied Mo 

4d and Ta 5d orbitals. PDOS plots also show that the intensity of Mo 4d orbitals is very 

high in the CB as compared to the Ta 5d orbitals that pulls the CB toward VB and hence 

a decrease of bandgap is observed.   

 

Table 3-5 The calculated bandgap and lattice constants of pure and Mo-doped Ta3N5 

calculated with GGA+U. 

u Lattice constant 

(a, b, c)Å 

Sample Band gap Eform (eV/Unit cell) 

0.1 3.88, 10.27, 10.31 Ta3N5 1.87 -9.90 

0.1 3.89, 10.28, 10.31 Mo- Ta3N5 1.06 -8.96 

0.2 3.88, 10.27, 10.31 Ta3N5 1.98 -9.30 

0.2 3.89, 10.28, 1.31 Mo- Ta3N5 1.16 -8.86 

 

3.2  Optical Properties  

The interaction between electromagnetic radiation and materials gives rise to a range 

of observable phenomena, owing to the intriguing interplay light matter interaction [91]

. To gain a comprehensive understanding of the optical properties of a material, the 

dielectric constant stands out as a pivotal parameter. It plays an important role in many 

processes, especially in the case of light matter interaction i.e., the material response to 

electromagnetic radiation. The dielectric constant ε(ω) can be divided into its real and 

imaginary parts by the following relation [92], 

 `𝜀(𝜔)  =  𝜀1(𝜔)  + 𝜄𝜀2(𝜔) (3.2) 

In the above Equation 3.2, 𝜀1(𝜔)  and 𝜀2(𝜔) represent the real and imaginary part of 

dielectric constant. The imaginary part of the dielectric constant gives the information 

about the total energy absorbed by the material. Random phase approximation can be 

used to calculate the 𝜀2(𝜔); 
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 𝜀2(𝜔)  =  
4𝜋𝑒2

𝑚2𝜔2
∑ ∫⟨𝑖|𝑀|𝑗⟩2𝑓𝑖  (1 − 𝑓𝑖)  ×  𝛿(𝐸𝑗.𝑘  −  𝐸𝑖.𝑘  −𝑖,𝑗

𝜔)𝑑3𝑘 (3.3) 

Where i and j represent the initial and final states, M is the dipole matrix element while 

Ei and fi represent the energy level of electron and Fermi-Dirac distribution function of 

the (ith) state. The real part of the dielectric function can be calculated from the 

imaginary part of dielectric function by using the Kramers-Kronig relation [93], [94] 

such as; 

 𝜀1(𝜔)  =  1 + 
2

𝜋
 𝐶 ∫

(𝜔′𝜀2(𝜔
′)

(𝜔′2−𝜔2)
𝑑𝜔′∞

0
 (3.4) 

In Equation 3.4 ‘C’ represents the Cauchy principal value. The imaginary and real part 

of dielectric function can be used to calculate the other optical properties of material. 

The refractive index which is the linear combination of refractive index (real part) and 

extinction coefficient [95] (imaginary part) as given below.  

 𝑛̅(𝜔)  =  𝑛(𝜔)  + 𝜄𝐾(𝜔)  (3.5) 

The refractive index n(ω) [96] and extinction k(ω) are represented as follows, 

 𝑛(𝜔)  =  
1

√2
[√𝜀1

2(𝜔) + 𝜀2
2(𝜔) + 𝜀1(𝜔)]

1

2
 (3.6) 

And 

 𝑘(𝜔)  =  
1

√2
[√𝜀1

2(𝜔) + 𝜀2
2(𝜔) − 𝜀1(𝜔)]

1

2
 (3.7) 

Similarly, the reflectivity which is represented by R (ω) [97] are given in term of 

extinction coefficient and refractive index as shown below, 

 𝑅(𝜔) =  
(1−𝑛)2+𝑘2

(1+𝑛)2+𝑘2 (3.8) 

Furthermore, the electron energy loss (EEL), L (ω)  [96] is represented by the following 

relation,  

 𝐿(𝜔)  =  
𝜀2(𝜔)

𝜀1
2(𝜔) +𝜀2

2(𝜔)
  (3.9) 

The imaginary part of dielectric function can be split into three tensor components 

exx(ω), eyy(ω) and ezz(ω). The average of all these three tensor components was taken 
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in calculating the optical properties. All the optical properties are calculated by using 

the GGA and GGA+U approximation (u = 0.2). The choice of u value is based on the 

maximum bandgap that we obtained for both pristine and Mo doped Ta3N5 (Table 

3.5).   

The GGA and GGA+U calculated imaginary part of pristine and Mo doped Ta3N5 as a 

function of energy of photon are shown in Figures 3.10 (a) and (b). The information 

about the absorption behavior of a material and its optical bandgap can be extracted 

from the imaginary part of dielectric function (ɛ2 (𝜔)) [98]. The imaginary part of the 

dielectric function ɛ2 (𝜔) increases suddenly after approaching the value of the bandgap 

followed by a maximum value with increasing photon energy (Figure 3.10a and 

3.10b). Both GGA and GGA+U calculations yielded an optical bandgap that matches 

the electronic bandgap (Table 3.5). By GGA, the maximum of ɛ2 (𝜔) was located at 

~2.0 eV and ~1 eV for pure and Mo doped Ta3N5, respectively. On the other hand, after 

U correction, these transitions were observed at 1.47 eV and 2.50 eV, respectively. 

These excitations are related to the electronic transitions from N 2p states to Ta 5d states 

(pure) and Ta5d + Mo4d (doped). Our results align with the findings of A. H. Reshak 

et al, who similarly observed a maximum in the imaginary part of the dielectric 

functions at approximately 2.9 eV and 2.6 eV. Similarly, the imaginary part of dielectric 

function calculated through GGA+U functional of pristine and Mo doped Ta3N5 as a 

function of energy of photon as shown in Figure. 3.10 (b). The threshold energies of 

pure and Mo doped Ta3N5 are compared with the electronic bandgap value (see Table 

3.5). After comparison, it is concluded that the electronic and optical bands gap of pure 

and doped samples matched very well. The maximum of imaginary part of dielectric 

function peak lies at 2.50 eV for pure Ta3N5 as shown by red dotted line while for Mo 

doped Ta3N5 is at 1.47 eV as shown by blue dotted line in Figure 3.10 (b). This is a 

clear indication that the absorption is shifted toward lower energy in case of Mo doped 

Ta3N5, and hence the absorption of photon is enhanced with Mo doping. These results 

matched with the previous reported work by A. H. Reshak et al and [99] whose 

observed the maximum of imaginary part of dielectric function at around 2.9 eV and 

2.6 eV respectively. The observed two cleared absorption peaks below 3 eV, is shown 

in Figures. 3.10 (a) and Figure. 3.10 (b). In addition to these peaks, the appearance of 

the other peaks at higher photon energy shows that Ta3N5 is optically anisotropic [53]. 
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Figure 3-10 The GGA and GGA+U calculated optical spectra of pristine and Mo doped 

Ta3N5 (a) the imaginary part of dielectric function using GGA approximation and (b) 

imaginary part of dielectric function using GGA+U functional (u = 0.2). The dotted 

lines represents the optical bandgap. 

Figure 3.11 shows the GGA and GGA+U calculated absorption spectra of pure and Mo 

doped Ta3N5. The optical bandgaps are listed in Table. 3.6. 

 

Table 3-6 Optical bandgap of pure and Mo doped Ta3N5 calculated from absorption 

spectra. 

Simple Optical 

bandgap with 

GGA 

Optical bandgap 

with GGA+U 
𝜀1

𝐴𝑣𝑒𝑟𝑎𝑔𝑒
(0) 

With GGA 

𝜀1
𝐴𝑣𝑒𝑟𝑎𝑔𝑒

(0) 

With 

GGA+U 

Ta3N5 1.40 eV 2 eV 8.9 6 

Mo- Ta3N5 0.98 eV 1.20 eV 11.58 8.31 

 

The decrease in the optical bandgap of Mo doped Ta3N5 is related to the presence of 

unoccupied 4d orbital of Mo, as shown in all-band structure diagrams (Figures 3.8, 

3.9). The absorption spectrum increases up to 30% at low energy range with Mo doping 

which is slightly higher than pure Ta3N5 that is consistent with the spectra of the 

imaginary part of dielectric function (Figure 3.10).  For the electronic band structure 

calculations, the GGA+U functional resulted in more accurate results as compared to 
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GGA (Figure 3.7 and Figure 3.4). The optical properties obtained by GGA+U 

functional exhibited a similar trend.  

 

Figure 3-11 The GGA and GGA+U calculated absorption spectra of pristine and Mo 

doped Ta3N5 (a) the absorption spectra by using GGA approximation and (b) absorption 

spectra using GGA+U  (u = 0.2). 

Figure 3.12 (a) and (b) compare the real part of dielectric function of pure and Mo 

doped Ta3N5 versus the energy of photon calculated through GGA and GGA+U 

functional. The real part of dielectric function provides information about how much 

the material is polarized with the applied electromagnetic radiation. By using the real 

part, we can calculate the static dielectric constant which corresponds to zero frequency 

(ω →0). The values of static dielectric constant are listed in Table 3.6. These values 

show that smaller dielectric constants yield a larger energy gap [41]. This statement 

could be explained with the help of Penn model [100], [101]. The Penn model is given 

below.  

 ε(0)  =  1 + (
hωp

Eg
)
2

 (3.10) 

Where, Eg is the average energy gap. 
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Figure 3-12 real part of dielectric function of pure and Mo doped Ta3N5 versus energy 

(u = 0.2). 

For GGA and GGA+U, we clearly observed the inverse relation between ε (0) and Eg. 

Hence a larger ε (0) yields a smaller Eg as shown in  Figure 3.12. The real part of 

dielectric constant for pure Ta3N5 calculated with GGA+U in the present work matched 

very well with the previous literature [89]. For Mo doped Ta3N5, we cannot find any 

related work in the previous literature, but our electronic and optical bandgap matched 

very well. This matching supports the present work that Mo is one of the best candidates 

for Ta3N5 to change its absorption and nature of the bandgap. Different polarization 

peaks in Figure 3.12 show high anisotropy of pure and Mo doped Ta3N5. In the energy 

range for GGA based calculation (Figure 3.12a) where the real part of the dielectric 

constant is negative indicates that at that energy the material shows metallic behavior 

which is contrary to the experimental behavior [102]. Our GGA+U calculations 

confirmed that the metallic behavior is almost negligible.   

Figure 3.13 (a) and (b) shows the GGA and GGA+U calculated reflectivity of pure and 

Mo doped Ta3N5 versus the energy of photon. The zero-frequency reflectivity of pure 

and Mo doped Ta3N5 calculated with GGA approximation are 27% and 21%, 

respectively. Similarly, the maximum reflectivity calculated with GGA for pure Ta3N5 

is 60% at 4 eV while in case of Mo doped Ta3N5 it is 37% at 1.02 eV. These values are 

very high as compared to previous literature because of the GGA approximation which 
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overestimates the optical properties.  The GGA+U calculated zero frequency 

reflectivity values for pure and Mo doped Ta3N5 are 21% and 16%, respectively. 

 

 

Figure 3-13 . Reflectivity of pure and Mo doped Ta3N5 calculated with GGA and 

GGA+U functional (u = 0.2). 

Furthermore, we calculated the reflectivity at optical bandgap for pure and Mo doped 

system which is 35% for pure Ta3N5. This value matches very well with previously 

reported work  [89]. However, for Mo doped Ta3N5 the reflectivity at optical band gap 

is 29%. The decrease in reflectivity observed when Mo is doped into Ta3N5 provides 

evidence of increased absorption in the visible region.  

The refractive indices of pure and Mo doped Ta3N5 calculated through GGA and 

GGA+U calculations as a function of photon energy are shown in Figure 3.14. The 

refractive index of a material is proportional to the density of electron in the material. 

Therefore, higher the density of electron in the material, the higher will be the 

probability of photon to interact with electron. The GGA calculated value of the average 

refractive index at static limit η (0) for pure Ta3N5 is 3.41, while its value reported in 

previous work is 3.23. Similarly, the GGA static refractive index for Mo doped Ta3N5 

is 3.75 and there is no literature available related to Mo doped Ta3N5 [89]. The 

increasing value of the static refractive index with Mo doping is due to the donor 

behavior of Mo. Furthermore, the GGA+U calculated static refractive index of pure and 

Mo doped Ta3N5 are 2.51 and 2.89, respectively. The static refractive index for Ta3N5 

in previously reported work is 2.65 with GGA+U calculations [89], [99]. The refractive 



62 

index increases with increasing energy; reaches its maximum value followed by a 

decrease. This trend is in line to the calculated optical properties mentioned above.  

 

Figure 3-14 GGA and GGA+U calculated refractive index of pure and Mo doped Ta3N5 

(u = 0.2). 

The EEL spectrum of pure and Mo doped Ta3N5 is shown in Figure. 3.15. At the 

bandgap energy the EEL is larger for Mo doped Ta3N5 compared to pure Ta3N5 and it 

increases with the photon energy. As a result, the probability of interaction of electrons 

within the Mo doped Ta3N5 increases for GGA and GGA+U . The calculated EEL 

spectrum in the present work coincides very well with the previous work where A.H. 

Reshak calculated the EEL spectrum for pure Ta3N5 which also presented an increase 

in EEL for increasing photon energy above the bandgap [92], [89].   
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Figure 3-15 The GGA and GGA+U calculated electron energy loss spectrum of pure 

and Mo doped Ta3N5 (u = 0.2). 

The GGA and GGA+U calculated extinction coefficient of pure and Mo doped Ta3N5 

versus the energy of photon are shown in Figure 3.16 (a) and (b). The extinction 

coefficient is related to the imaginary part of the dielectric function [103], [92]. The 

extinction coefficient follows the same pattern as that of the imaginary part of the 

dielectric function (Figure 3.10). The electronic and optical properties of pure and Mo 

doped Ta3N5 matched very well in both calculations as GGA and GGA+U. 

 

Figure 3-16 Extinction coefficient of pure and Mo doped Ta3N5 calculated with GGA 

and GGA+U functional (u = 0.2). 
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In summary, the optical properties of pure and Mo-doped Ta3N5 were investigated using 

GGA and GGA+U approximations. Various optical parameters were evaluated, 

including the real and imaginary parts of the dielectric constant, absorption, refractive 

index, reflectivity, EEL spectrum, and extinction coefficient. The calculated optical 

bandgap for pure Ta3N5 was found to be 1.40 eV using the GGA approximation. 

However, this value was underestimated, and the introduction of the GGA+U functional 

corrected the estimation, resulting in a calculated bandgap of 2.0 eV. For Mo-doped 

Ta3N5, the calculated optical bandgap was 0.98 eV with GGA and 1.20 eV with 

GGA+U. Regarding the static dielectric constant, the GGA approximation yielded 

values of 8.9 for pure and 11.58 for Mo-doped Ta3N5. With the GGA+U approximation, 

the static dielectric constant values were 6 for pure and 8.31 for Mo-doped Ta3N5. These 

values obeyed the Penn model. The absorption spectrum, as calculated using both GGA 

and GGA+U approximations, reveals a noticeable shift towards lower energy with the 

introduction of Mo doping. This shift indicates a change in the optical properties of the 

material due to the presence of Mo. In terms of reflectivity, the zero-frequency 

reflectivity calculated using GGA was found to be 27% for pure and 21% for Mo-doped 

Ta3N5, respectively. However, with GGA+U functional, the reflectivity values were 

21% for pure Ta3N5 and 16% for Mo-doped Ta3N5. The calculated refractive indices, 

determined using the GGA approximation, were found to be 3.41 for pure and 3.75 for 

Mo-doped Ta3N5. However, these values were corrected using the GGA+U functional. 

As a result, the refractive index values for pure Ta3N5 was 2.51, while for Mo-doped 

Ta3N5, the corresponding value was 2.89. The EEL spectrum show that the matter 

energy interaction increases above the bandgap energy. The extinction coefficient 

calculated with GGA and GGA+U functional followed the same trend as that of 

imaginary part of dielectric constant.  

3.3 Experimental results and discussions    

3.3.1 Surface and structural characterization of Mo-doped Ta3N5   

Figure. 3.17 (a) and Figure. 3.17 (b) show the surfaces and cross-sectional scanning 

electron microscopy (SEM) images of as-anodized Ta2O5 nanotubes. Anodization 

resulted in the formation of Ta2O5 nanotubes. The growth of the nanotubes can be 

controlled by controlling the temperature and the electrolyte composition [80]. Due to 

lower temperature of the electrolyte that we used here, the Ta2O5 nanotubes were 
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strongly adhered to the substrate. In addition, the HF concentration was kept lower i.e., 

1 Vol % to form mechanically stable nanotubes. The average length of the nanotubes 

was 2.1 μm and the external diameter was 160 nm. These results are in good agreement 

with the previous literature [80]. Figure. 3.18 (a) illustrates the cross-section SEM 

image of as prepared Ta3N5 nanotubes by nitration of Ta2O5 at 900 ̊C for 3h. After 

nitration, a shrinkage in the nanotubes was experienced as the measured average length 

of the nanotubes was decreased to ~1.5 μm. This shrinkage in the nanotube’s is because 

of the replacement of N in place of O to maintain the charge conservation [104].  It can 

also be understood from the valence electrons differences between O-2 and N-3, that 

changed the coordination number. The decrease in the coordination number led to 

change the crystal structure and shrinkage of nanotubes [104]. Figure 3.18 (b) displays 

the cross-sectional image of Mo doped Ta3N5. The measured average length of the 

nanotubes remained ~1.5 μm for Mo doped Ta3N5 same as of pure Ta3N5.  

      

Figure 3-17 (a) Top view SEM image of Ta2O5 nanotubes, while (b) is the cross sections 

views of Ta2O5 nanotubes obtained in the electrolyte containing H2SO4 +1Vol% HF + 

4 Vol% H2O. 
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Figure 3-18 Cross-section SEM images of pure and Mo doped Ta3N5. (a) Pure Ta3N5 

(b) Mo doped Ta3N5. 

To reveal the Mo doping effect on the morphology of Ta3N5 nanotubes, the top views 

SEM images of pure Ta3N5, MTN-O.1, MTN-O.3 and MTN-0.5 were obtained and 

compared as shown in Figure. 3.19 (a-d). Pure and doped samples have irregular 

surfaces revealing that there is no notable change in the morphology of pure and doped 

samples. 

 

Figure 3-19 (a) SEM top view image of Ta3N5 nanotubes, (b) MTN-O.1, (c) MTN-0.3 

and (d) MTN-0.5. The scale bar in the inserted images is 5μm. 
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Figure. 3.20 (a and b) shows the transmission electron microscopy (TEM) images of 

anodized Ta2O5 and Ta3N5 synthesized by nitridation at 900 ºC for 3h, respectively. 

Clearly a remarkable shrinkage was observed after 900°C nitridation. The measured 

outer diameter of anodized Ta2O5 from TEM image is 116 ± 5 nm while that of Ta3N5 

is 65 nm ± 5 nm. These results matched very well with the SEM results discussed earlier 

where the same shrinkage was observed in the length of the nanotubes (Figure 3.18).  

 

Figure 3-20 TEM images of (a) as-anodized Ta2O5 and (b) Ta3N5 prepared at 900 °C 

for 3h. 

To confirm the uniform distribution and the presence of O and Ta, the energy dispersive 

X-Ray (EDX) mapping images of anodized Ta2O5 films were obtained Figure. 3.21 (a-

d). These maps show the uniform distribution of Ta and O elements on the surface of 

the film. 
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Figure 3-21 (a, b) EDS elemental mapping images of Ta2O5 and (C)  SEM image and 

(d) EDS line profile of Ta2O5. 

Figure 3.22 (a-d) indicate a uniform distribution of Ta, O, N, and Mo elements 

throughout the film. Upon increasing the dopant (Mo) concentration, the weight% of 

Mo in the EDX also increases as shown (Table. 3.7).  

 

Figure 3-22 (a, d) EDS elemental mapping images of Mo doped Ta3N5. 
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Table 3-7 EDX table of all samples with wt.% of each element. 

Elemental analysis (Wt%)  

Sample O N Ta S Mo 

Ta2O5 60.02 0 36.66 3.32 0 

Ta3N5 5.35 57.44 37.21 0 0 

MTN-0.1 6.37 54.99 38.22 0 0.42 

MTN-0.3 8 55.60 35.35 0 1.05 

MTN-0.5 9 51.68 36.53 0 2.75 

 

To investigate the crystal structure of as-synthesized nanotubes, grazing angle XRD 

was performed that helped decrease the signal contribution from the underlying 

substrate. XRD patterns of Ta2O5 (heated at 500°C in air), Ta3N5 and Mo doped Ta3N5 

are shown in Figure. 3.23. From XRD, it is confirmed that the nitridation of Ta2O5 at 

900°C completely changes the crystal structure from orthorhombic Ta2O5 to 

orthorhombic Ta3N5  [104]. For nitride samples, 2θ~ 24.5º, 35º and 36º, correspond to 

miller indices [110], [130] and [113] for Ta3N5, respectively Though we used grazing 

angle XRD, we observed substrate contribution in the XRD diffractograms, particularly 

the signals from  Ta2N at 2θ ~ that form at the interface of Ta substrate and the bottom 

of Ta2O5 nanotubes during nitridation [55], [104]. This metallic phase was designated 

as a good electron transfer facilitator in the literature. After adding Mo in Ta3N5, no 

extra peaks appeared in the diffractogram, showing no extra phase was formed due to 

the addition of Mo. The experimental lattice constants measured form the XRD 

analyses match well with their theoretical values (Table 3.8).  
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Figure 3-23 XRD patterns of pure and Mo-doped Ta3N5. 

Table 3-8 Experimental and theoretical lattice parameters of Mo-doped Ta3N5.  

Lattice 

Parameters 
A (Å) B (Å) C (Å) 𝛼 (°) 𝛽 (°) 𝛾 (°) 

 

Ref 

Experimental 3.88 10.21 10.26 90 90 90 

 

Present 

Work 

Theoretical 3.88 10.24 10.28 90 90 90 

 

Present 

Work 

Theoretical 3.87 10.23 10.29 90 90 90 

 

[96] 

 

Figure. 3.24 (a) represents the absorption spectra of pure and Mo doped Ta3N5. The 

absorption edges (bandgap) of all samples are given in Table. 3.9. These absorption 

edges correspond to the excitation of electron from N 2p orbitals to Ta 5d empty 

orbitals. Although the observed bandgap change was not that significant compared to 
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theoretically calculated bandgap (Figure 3.8), it is worth noting that the absorption tail 

for Mo-doped samples at higher wavelengths above the bandgap demonstrated a 

decrease. This decrease suggests the inhibition of reduced Ta species, a phenomenon 

often reported in the literature [105], [45]. Furthermore, experimentally transforming 

Ta2O5 into Ta3N5 by nitridation does not completely remove the 3-coordenated lattice 

O which has a profound effect on the crystal structure and the optical properties of 

experimentally synthesized Ta3N5 [53], [55]. However. the DFT calculations did not 

account for this particular effect. 

 

Figure 3-24 a) UV-visible absorption spectra and (b) Tauc plots of pure and Mo doped 

Ta3N5 samples. 

 

Table 3-9 Experimental bandgap and absorption edge of pure and Mo doped Ta3N5. 

Sample Bang gap (eV) Absorption edge (nm) 

Pure Ta3N5 2.10 613 

MTN-0.1 2.05 617 

MTN-0.3 2.04 640 

MTN-0.5 2.05 634 

 

Furthermore, X. Zou et al reported Zr doping in Ta3N5 which exhibited similar trend 

for the bandgap [45]. The phase composition and microstructure of the pure and doped 

Ta3N5 was investigated by Raman spectroscopy shown in Figure. 3.25 (a). The 
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characteristics of Raman spectra of all samples are almost similar, as no extra peaks 

were observed. The frequencies in characteristics Raman spectra at 270 cm-1 ± 3 cm -1 

, 404 cm-1 ± 3 cm-1 , 527 cm-1 ± 3 cm-1 and 598 cm-1  ± 3 cm-1  can be assigned to Ag 

vibration modes, while around 495 ± 3 cm-1 , 749 cm-1  ± 3 cm-1 , 823 cm-1  ± 3 cm-

1   correspond to Bg vibration modes [128]. These results matched with previously 

reported work for Ta3N5  [61] . The Raman bands observed at 270 cm-1 ± 3 cm-1 404 

cm-1 ± 3 cm-1 correspond to the bending vibration of the Ta–N–Ta. This is the clear 

identification of orthorhombic crystal structure of Ta3N5 [61]. Interestingly, a shift in 

the Ag mode peak was observed attributed to Mo doping of Ta3N5 (Figure 3.25b).  For 

the sample MTN-O.1 the full width half maximum of the Ag mode located at 271cm-1 

is reduced and the peak position shows a distinct red shift, the similar behavior is also 

observed for MTN-0.3 sample. But upon further increasing the Mo concentration the 

order of the change in the prominent Ag mode was reversed. These changes may be due 

to the additional disorder created by a very high amount of Mo in the crystal lattice of 

Ta3N5.  

 

Figure 3-25 Raman Scattering spectrum of pure and Mo doped samples. (b) 

Representing the main Ag mode peak of pure and Mo doped Ta3N5. 

To elucidate the surface elemental composition and chemical states of the prepared pure 

and doped Ta3N5, the X-rays photoelectron spectroscopy (XPS) was conducted. The 

survey scan XPS spectra of pure and doped Ta3N5 are displayed in Figure. 3.26. In 

which the characteristics binding energy peaks of Ta 4f, O 1s, and N 1s are clearly 

observed. The Mo 3d peak is observed in the doped Ta3N5 and this is the clear indication 

of Mo presence. The appearance of O peaks was not completely inhibited in XPS 



73 

spectra after the nitridation. Henderson et al. demonstrated that oxygen residuals in 

Ta3N5 cannot be fully removed after nitridation. 

 
Figure 3-26 Survey scan XPS spectra from 0 to 900 eV of pure and doped Ta3N5. 

Two doublets of Ta 4f7/2 (24.72 eV, 26.61 eV) and Ta 4f5/2 (25.61 eV, 27.50 eV) were 

clearly appeared in all samples whether it’s pure or doped one where the lower energy 

doublet corresponds to Ta3N5 and the higher one corresponds TaOxNx [53], [106]. Mo 

3d overlaps with Ta 4d (Figure 3.27), therefore, Ta4d/Mo3d region was carefully de-

convoluted. An increase in the Mo content was observed due to increasing amount of 

Mo in the hydrothermal reaction (Table 3.10).  
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Figure 3-27 XPS core level spectra of Ta and Mo, (a) representing the Ta 4f while (b) 

is Ta 4d and Mo 3d. 

 

Figure 3.28 (a) represents high resolution N 1s, Ta 4p3/2 and Mo 3p3/2 peaks for pure 

and doped samples located at the binding energy of 396.34 eV, 407.67 eV and 394.19 

eV, respectively. Because of the similar binding energy range of Mo 3p and N 1s due 

to overlapping peaks, the Mo 3p peak was not clearly distinguished from N 1s. The N 

1s peak of all samples was observed at a binding energy of 396.4 eV (Figure. 3.28). 

There is no clear change in the binding energy of N 1s peak. Figure 3.28 b represents 

the de-convoluted O 1s peak. The O 1s state can be de-convoluted into three 

overlapping peaks (Figure. 3.28 b). The peak located at 530 eV corresponds to O-Ta 

and the O1s peaks at higher bonding energies (~531.83 and ~533.28 eV) are attributed 

to the hydroxyl groups [53], [104]. After Mo doping O/Ta increases attributed to the 

charge accommodation when Ta5+ is replaced by Mo4+. 
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Figure 3-28 XPS spectra of N 1s and O 1s orbitals of pure and Mo doped Ta3N5, (a) 

representing N 1s, Ta 4p3/2 and Mo 3p3/2 while (b) representing the O 1s state of all 

samples. 

 

Table 3-10 Summarize results of XPS of pure and doped Ta3N5. 

Samples N/Ta O/Ta Mo/Ta Ref 

Ta2O5 --- 1.70 ---- Present Work 

Ta3N5 1.50 0.20 --- Present Work 

Ta3N5 1.59 0.22 ----- [79] 

MTN-0.1 1.45 0.30 0.10 Present Work 

MTN-0.3 1.49 0.50 0.15 Present Work 

MTN-0.5 1.58 1.13 0.17 Present Work 

 

3.4 Water Oxidation performance of pure Ta3N5 and MTN-x (x = 0.1, 

0.3 and 0.5 M) photoanode with and without co-catalyst  

Figure 3.29 illustrates the results of linear sweep voltammetry (LSV) of pure 

and Mo doped Ta3N5 with and without the Co(OH)x co-catalyst. All LSV 

measurements were conducted in an alkaline electrolyte 1M KOH with a pH of 13.6 

using a three-electrode photoelectrochemical (PEC) cell under chopped on/off light 
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illumination at a constant time interval (AM 1.5G simulated sun light). During chopped 

illumination, transient photocurrent spikes were observed, primarily attributed to the 

accumulation of holes at the electrode-electrolyte interface. Both pure and Mo-doped 

Ta3N5 exhibit significantly low current densities without co-catalyst decoration due to 

their high electron-hole recombination rates and limited stability under illumination. 

The reported current densities for Ta3N5, MTN-0.1, MTN-0.3, and MTN-0.5 were 0.78 

mA/cm², 2 mA/cm², 1 mA/cm², and 0.8 mA/cm², respectively, at 1.23 VRHE, as 

illustrated in Figure 3.29 (a). When the voltage exceeds 1.2 VRHE and the light is 

switched on, we observed anodic spikes that rapidly decay, which can be attributed to 

the recombination of electron-hole pairs. When the surfaces of both the pure and Mo-

doped samples were modified with the application of a co-catalyst (Co(OH)x), an 

apparent increase in the current density was observed for all samples, as illustrated in 

Figure 3.29 (b). The current density for pure Ta3N5, with co-catalyst modification, 

reached 0.86 mA/cm² at 1.23 VRHE, whereas MTN-0.1-Co exhibited the highest current 

density, reaching 3.7 mA/cm² at 1.23 VRHE. These results clearly indicate a substantial 

increase in current when Mo is introduced into Ta3N5. This increase can be attributed 

to several factors associated with Mo doping in Ta3N5, including an expanded light 

absorption range, enhanced charge separation, improved charge transfer, and faster 

reaction kinetics. When the Mo doping exceeded 0.1M, a decrease in current density 

was observed as compared to MTN-0.1-Co, likely attributed to scattering caused by 

impurities or the formation of defects resulting from excessively high Mo 

concentrations. The summary of all the photoelectrochemical (PEC) results is presented 

in the following Tables (3.11 and 3.12). 



77 

 

Figure 3-29 Current-potential curves under dark and chopped conditions. (a) 

Representing the pure and Mo doped Ta3N5 without co-catalyst while (b) is the current 

density with co-catalyst. 

Table 3-11. Water oxidation activity of pure Ta3N5 and MTN-x (x = 0.1, 0.3 and 0.5) 

without co-catalyst. 

 Ta3N5 MTN-0.1 MTN-0.3 MTN-0.5 

J at 1.23 VRHE (mAcm-2) 0.78 2 1 0.8 

J at 1.54 VRHE (mAcm2) 1.16 3 1.78 1.43 

Onset potential (VRHE) 0.94 0.73 0.83 0.86 

 

Table 3-12 Water oxidation activity of pure Ta3N5 and MTN-x (x = 0.1, 0.3 and 0.5) 

with co-catalyst. 

 Ta3N5-

Co 

MTN-0.1-

Co 

MTN-0.3-Co MTN-0.5-Co 

J at 1.23 VRHE (mAcm-2) 0.86 3.7 1.30 1 

J at 1.54 VRHE (mAcm-2) 1.56 6.1 3.8 2.9 

Onset potential (VRHE) 0.72 0.57 0.62 0.66 

 

The onset potential for all samples, whether pure Ta3N5 or MTN-X, was determined 

with and without co-catalyst modification. In this context, onset potentials were defined 
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as the potentials at which the photocurrent reached 0.2 mA/cm², as illustrated in Figure 

3.30. Details regarding the onset potential can be found in Tables (3.11 and 3.12). The 

calculated onset potential for pure Ta3N5 was 0.94 VRHE (Figure 3.30 (a)), whereas for 

MTN-0.1, MTN-0.3, and MTN-0.5, it measured values were 0.73 VRHE, 0.83 VRHE, and 

0.86 VRHE, respectively. These results clearly indicate that Mo doping caused a cathodic 

shift in the onset potentials, reducing them as compared to pure Ta3N5. These results 

are consistent with the current density findings, showing that MTN-0.1 achieved the 

highest current density. With co-catalyst modification, the lowest onset potential was 

calculated for MTN-0.1-Co, was 0.57 VRHE Figure 3.30 (b). From this comparison, it 

was evident that when the concentration of Mo is 0.3M, the most prominent outcomes 

were observed: the lowest onset potential and the highest photocurrent. These results 

are consistent with previous literature, which demonstrated a cathodic shift in the onset 

potential when Zr doping was introduced into Ta3N5 [45]. This study provides clear 

evidence that the introduction of Mo into Ta3N5 can effectively tune surface defects and 

mitigate electron-hole recombination. 

 

Figure 3-30 Current vs potential curves under AM 1.5G-simulated sun light of pure 

Ta3N5 and MTN-x (a) without co-catalyst (b) with co-catalyst. 

 

3.5 Partial conclusions  

In this work, experimental and theoretical (first principle DFT based 

calculations) studies of pure and Mo doped Ta3N5 have been conducted.  The electronic 

and optical properties of pure and Mo doped Ta3N5 were calculated by GGA and 

GGA+U functional. GGA underestimated the bandgap energy which was corrected by 
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adding Hubbard parameter U. The calculated formation energy showed that the Mo 

doped at high x-coordinates value is thermodynamically stable. The elemental Mo 

doping changes the nature of the electronic bandgap from indirect semiconductor to 

direct semiconductor. Meanwhile with Mo doping the bandgap decreased. This 

decrease in the bandgap value can be attributed to the unoccupied Mo4d states. The 

total density of states showed that the conduction band of Mo doped is composed of 

Mo 4d and Ta5d states. The optical properties of Mo doped Ta3N5 matched very well 

with the electronic properties and show the enhancement of absorption toward lower 

spectrum of electromagnetic radiation. This study shows that the bandgap can be 

engineered with Mo doping. The optical functions of pure and Mo doped Ta3N5 show 

that there is high optical anisotropy that exists in both pure and Mo doped Ta3N5. The 

dielectric constant of Ta3N5 increased with Mo from 6 to 8.31. The reflectivity at optical 

bandgap value decreased from 35% to 29% with Mo doping in Ta3N5. Mo doping in 

Ta3N5 led to a noticeable enhancement in the static refractive index, increasing from 

2.51 for pure Ta3N5 to 2.89 when Mo was incorporated. This increase indicates a 

significant modification in the optical properties within the material. The EEL spectrum 

analysis revealed an increase in the light-matter interaction following the determination 

of the optical bandgap values for both pure and Mo-doped Ta3N5. The extinction 

coefficient followed the same trend that of the imaginary part of dielectric constant. 

Attempts were made to experimentally synthesize Mo doped Ta3N5 which were 

prepared by the nitridation of Ta2O5 nanotubes. The average length of as anodized 

nanotubes was 2.1 µm which decreased to 1.5 µm after nitridation related to the density 

difference of Ta2O5 to Ta3N5. The experimental bandgap was slightly redshifted by Mo 

doping and band transitions for higher wavelengths above the bandgap decreased in UV 

Vis spectroscopy which indicate inhibition of the reduced Ta species. The XRD data 

confirmed the presence of the orthorhombic phase in Ta3N5, providing structural 

information about the material. The characteristic diffraction peaks and their positions 

in the XRD pattern verified the crystalline nature and specific crystal structure of Ta3N5. 

Furthermore, the Raman and X-ray photoelectron spectroscopy (XPS) spectra provided 

additional evidence of Mo doping in Ta3N5. Additionally, the energy-dispersive X-ray 

spectroscopy (EDX) spectrum further supported the existence of Mo in Ta3N5. The 

photoelectrochemical water oxidation test demonstrated that Mo doping can enhance 

the water oxidation performance of Ta3N5. The calculated current density for Ta3N5 was 

0.78 mA/cm² at 1.23 VRHE, and this value increased to 2 mA/cm² with the introduction 
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of Mo doping, without co-catalyst modification. MTN-0.1 exhibited the highest current 

density, reaching 3 mA/cm² at 1.54 VRHE. This study reveals that Mo doping not only 

enhances the water oxidation performance of Ta3N5 but also shifts the onset potential 

towards lower values. When the surface is modified with Co(OH)x as a co-catalyst, the 

photoanode reaches its peak performance, achieving a remarkable maximum current 

density of 6.1 mA/cm² at 1.54 VRHE, accompanied by a notable reduction in the onset 

potential to just 0.57 VRHE. 
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Chapter 4 General Conclusions and Future Work 

In this comprehensive study, we conducted both experimental and theoretical 

investigations on pure and Mo-doped Ta3N5. Utilizing first-principle DFT-based 

calculations, we delved into the electronic and optical properties of pure and Mo doped 

Ta3N5, employing GGA and GGA+U functional to correct the bandgap energy 

underestimation. Our results revealed that Mo doping, particularly at higher x-

coordinates, is thermodynamically stable and leads to a transition of Ta3N5 from an 

indirect to a direct bandgap semiconductor, along with a reduction in the bandgap 

energy. This change can be attributed to the presence of unoccupied Mo4d states. 

Furthermore, Mo-doped Ta3N5 exhibited enhanced absorption in the lower 

electromagnetic radiation spectrum, showcasing the tunability of the bandgap through 

Mo doping. We also observed significant optical anisotropy, an increase in the 

dielectric constant from 6 to 8.31 with Mo doping, and decrease in reflectivity at the 

optical bandgap value from 35% to 29%. Additionally, a noticeable enhancement in the 

static refractive index from 2.51 to 2.89 with Mo incorporation. EEL spectrum analysis 

indicated increased light-matter interaction in doped system as compared pure Ta3N5. 

In our experimental efforts, we synthesized Mo-doped Ta3N5 via the nitridation 

of Mo-Ta2O5 nanotubes, observing a slight redshift in the bandgap and reduced band 

transitions in UV Vis spectroscopy, signifying inhibition of the reduced Ta species. 

XRD, Raman, XPS and EDX, techniques confirmed the successful Mo doping in 

Ta3N5. Furthermore, our photoelectrochemical water oxidation tests showcased the 

remarkable enhancement in water oxidation performance with Mo doping. Specifically, 

the current density increased from 0.78 mA/cm² at 1.23 VRHE to 2 mA/cm² at 1.23 VRHE 

with Mo doping, and MTN-0.1 exhibited the highest current density 3 mA/cm² at 1.54 

VRHE. This study highlights the multifaceted benefits of Mo doping, including improved 

water oxidation performance and shifted onset potentials. When the surface is modified 

with Co(OH)x as a co-catalyst, the photoanode reaches its peak performance, achieving 

a remarkable peak current density of 6.1 mA/cm² at 1.54 VRHE, accompanied by a 

notable reduction in the onset potential to just 0.57 VRH VRHE. 
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In the future, I aspire to synthesize photanodes doped with Ti, V, and Cr in 

Ta3N5 and apply them to the field of water oxidation. The theoretical calculations for 

these materials have laid the foundation for this endeavor. The synthesis, 

characterization and application of these advanced materials in photoelectrochemical 

water splitting is in process. 

The CrSSe is new 2D material predicated by the author research group. The 

predicted electronic properties make Janus CrSSe as a promising candidate for 

applications in photocatalysis, solar cells, supercapacitors, and spintronic devices, 

showcasing its potential for a wide range of technological advancements 
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