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ABSTRACT 

Theoretical Investigation of Bismuth-Based Semiconductors for 

Photocatalytic Applications 

Shaikhah Laradhi 

Converting solar energy to clean fuel has gained remarkable attention as an emerged 

renewable energy resource but optimum efficiency in photocatalytic applications has not yet 

been reached. One of the dominant factors is designing efficient photocatalytic semiconductors. 

The research reveals a theoretical investigation of optoelectronic properties of bismuth-based 

metal oxide and oxysulfide semiconductors using highly accurate first-principles quantum 

method based on density functional theory along with the range-separated hybrid HSE06 

exchange-correlation functional. 

First, bismuth titanate compounds including Bi#$TiO$', Bi(Ti)O#$, and Bi$Ti$O* were 

studied in a combined experimental and theoretical approach to prove its photocatalytic activity 

under UV light.  They have unique bismuth layered structure, tunable electronic properties, high 

dielectric constant and low electron and effective masses in one crystallographic direction 

allowing for good charge separation and carrier diffusion properties.  The accuracy of the 

investigation was determined by the good agreement between experimental and theoretical 

values. 

         Next, BiVO4 with the highest efficiency for oxygen evolution was investigated. A 

discrepancy between the experimental and theoretical bandgap was reported and inspired a 

systematic study of all intrinsic defects of the material and the corresponding effect on the 

optical and transport properties.  A candidate defective structure was proposed for an efficient 
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photocatalytic performance.   To overcome the carrier transport limitation, a mild hydrogen 

treatment was also introduced.  Carrier lifetime was enhanced due to a significant reduction of 

trap-assisted recombination, either via passivation of deep trap states or reduction of trap state 

density.   

                  Finally, an accurate theoretical approach to design a new family of semiconductors 

with enhanced optoelectronic properties for water splitting was proposed. We simulated the solid 

solutions Bi1−xRExCuOS (RE = Y, La, Gd and Lu) from pure BiCuOS to pure RECuOS compositions. 

Starting from the thermodynamic stability of the solid solution, several properties were computed for 

each system including bandgaps, dielectric constants, effective masses and exciton binding energies. 

Several compositions with specific organization and density of Bi and RE atoms, were found to be 

appropriate for water splitting applications.  In General, the presented results give further insights to 

the experimentalists and recommendations for appropriate future application and defect-design 

of each material. 
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Chapter 1 Introduction 

- “It is clear that in the years ahead we must increasingly rely on those sources of power 

which are renewable. The transition to widespread use of solar energy has already 

begun. Our task is to speed it along. True energy security—in both price and supply—can 

come only from the development of solar and renewable technologies. In addition to 

fundamental security, solar and renewable sources of energy provide numerous social 

and environmental benefits “  

 — President Jimmy Carter, 1979  

 

    According to the Department of Economic and Social Affairs of the United Nations, world 

population is expected to reach 9.1 billion by 2040, going up from 7.3 billion today [3].  As the 

human population increases, the consumption of energy sources is expected to increase.  

Currently, the globe depends on fossil fuel such as oil, natural gas and coal which have finite 

reserves and are depleting rapidly as estimated by 2088 [4].  They are the main reasons for the 

current environmental damage including: climate change, ozone layer depletions, acid rains, air 

pollution, and oxygen depletion.  The global energy crisis and environmental pollution motivate 

the search for renewable and clean energy resources as well as the development of eco-friendly 

systems for environmental remediation.   The global renewable energy consumption achieved the 

largest increment on record (53 Mtoe) by 14.1% increase in 2016, which is still below the 10-

year average [4]. Nature grants us with many types of renewable energy sources including but 

not limited to; sun, wind, rain, ocean energy and geothermal.  Among the renewable energy 

sources, solar energy is the most abundant.  The power of the solar radiant energy is what makes 

life on earth possible and generates directly or indirectly most of the other renewable energy 
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resources, e.g. rain and wind.  Thus, efforts to harness it in concentrated form and orient it to 

man’s ends have long been a human pursuit.  

 

Figure 1.1. Total U.S energy consumption. Source: EIA, MER, March 2016 presented by 
Institute for Energy Research [5]. 

       In a clear sun sky, the daily average solar irradiance reaching the Earth surface is 

approximately 250 W/m2 [6]. The amount of the sun's energy that reaches the surface of the 

Earth every hour is greater than the total amount of energy that the world's human population 

uses in a year [7].  The solar energy can be utilized through clean and green conversion in 

different forms: chemical, thermal and electrical. In 1970, advanced countries launched 

economical energy programs and policies for solar and other renewable energy sources.  As the 

quote cited above indicates, United States was one of the pioneering countries to drive this 

motivation.  Today the solar energy is taken 5% of the total U.S energy consumption, compared 

to other resources in Figure 1.1 [5].  

        In Saudi Arabia, less than 1% of the total consumption utilizes solar energy. However, this 

is going to change with the implementation of Vision 2030 initiated by King Salman.  In 2020, 

an acquired 3450 MW of new renewable energy capacity will be expanded to reach 9.5 GW by 
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2030 [8].  The global solar electricity market is around $10 billion/year.  While the production of 

solar photovoltaic solar cells (PV) is growing in a fast rate, at more than 30% per annum, PV 

research is still at maturity stage for commercial deployment. The storage and transport of this 

electrical energy is very expensive property.  A huge capital cost is needed for this technology to 

become scalable and competitive in the energy market.  Besides the installation and maintenance 

cost, the area needed to cover the world energy demand is estimated to be around 1.8×105 km2 at 

current rates of energy consumption [9].  This area is equal to 84% of the size of Saudi Arabia.  

This estimation is based on the standard Air Mass 1.5 Global (AM 1.5G) solar spectrum (ASTM 

G173-03), assuming a 10% efficiency in a practical system [10]. 

         The inspection for clean, cost effective, transportable that needs minimum infrastructure 

lead to a “future fuel” which is hydrogen.  Wind, geothermal and solar PV renewable energies 

can produce hydrogen fuel in a clean process, unlike steam reforming and cracking of fossil fuel 

that emits CO2 [11].  However, they rely on the generated electricity for electrolysis and 

hydrogen production.  Another simple and low cost to directly produce hydrogen are using 

biomass and using solar energy to split water.  A similar process of converting the sun light into 

chemical energy is called photocatalysis (artificial photosynthesis).  The basic idea of utilizing 

solar energy comes from Nature, where photosynthesis in the plants with biological conversion 

of light energy into chemical energy occurs.  This results in oxygen gas using water splitting and 

sugars using carbon dioxide fixation.  In general, photocatalysis has attracted much attention, 

since it provides an environmental strategy for splitting water into hydrogen and oxygen, 

reducing carbon dioxide into useful chemicals and fossil fuels, degrading pollutants, and 

completely eliminating all kinds of contaminants by the sunlight irradiation under ambient 
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conditions [12].  This chapter will introduce basic concepts of photocatalysis and its major 

applications. 

 1.1 Photocatalysis 

      The word “photocatalysis” comes from Greek and consists of two parts: the prefix “photo” 

(phos: light) and the word “catalysis” (katalyo: break apart, decompose). In general, the term 

photocatalysis can be described as the process in which photons are used to activate a substance. 

The photocatalyst increases the rate of a chemical reaction without being implicated itself in the 

chemical transformation [13]. Thus, the main difference between a photocatalyst and a 

conventional thermal catalyst is that the first is activated by photons of appropriate energy 

whereas the second is activated by heat. 

Two types of photocatalysis can be defined, the first involves a homogeneous catalyst to 

promote the reaction, the second involves a heterogeneous catalyst. In the last decades, 

heterogeneous photocatalysis is far more intensively studied because of the higher potential for 

large scale applications, connected to use a more easily and often economically convenient 

heterogeneous catalyst. In heterogeneous photocatalysis, the reaction scheme implies the 

formation of an interface between a fluid containing the reactants and products of the reaction 

and a solid photocatalyst (metal or semiconductor). In general, processes containing illuminated 

adsorbate-metal interfaces are categorized in the branch of photochemistry. Therefore, the term 

“heterogeneous photocatalysis” is mainly used when light-absorbing semiconductor 

photocatalyst are utilized, which is in contact with either a gas or a liquid phase.   In our thesis, 

we will mainly focus on the description of semiconductor-mediated photocatalysis. 
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Heterogeneous photocatalysts developed for that purpose have a specific architecture 

composed of a semiconductor particle functionalized by an electrocatalyst deposited on the 

surface. The role of the semiconductor is to absorb sunlight creating charge carriers (electrons 

and holes) and make them diffuse to its surface. If the photogenerated electron–hole pairs’ 

separation is maintained, these charge carriers are then transferred to the electrocatalyst where 

they react with the adsorbed small molecules (dioxygen and water).   The redox foundations of 

active species are generated and lead to water splitting and/or destruction of organic compounds. 

The photogenerated electrons can also recombine with the photogenerated holes to consume the 

input energy in the form of heat or radiated light as shown in Figure 1.2.   

The recombination between the photogenerated electrons and holes should be minimized 

to efficiently help for increasing the solar energy efficiency of a semiconductor photocatalyst.  

Also, minimization of the difference in electric potential between an electrode and the electrolyte 

with which it is in contact is preferred.  So, the development of efficient semiconductors for 

 

Figure 1.2. Schematic illustration of photocatalysis process. Taken From Y. Su [1] 
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sunlight absorption and charge carrier diffusion on one side, and efficient electrocatalysts having 

low overpotential for the water splitting/degradation reactions on the other side are the two 

primary fields of heterogeneous photocatalysts [12, 14-18].  

Probably, the most critical step in photocatalytic processes is the interfacial electron 

transfer, i.e., the migration of an electron to or from a substrate adsorbed onto the light-activated 

semiconductor. The electron transfer reactions efficiency is, in turn, a function of the position of 

semiconductor’s valence and conduction band-edges relative to the redox potentials of the 

adsorbed substrates.  In order to obtain the desired electron transfer reaction, the potential of the 

electron donor species should be located above (more negative than) the valence band of the 

semiconductor, whereas the potential of the electron acceptor species should be located below 

(more positive than) the conduction band of the semiconductor. The overall semiconductor-

mediated reaction of the photocatalytic scheme can generally be described by the following 

reaction: 

Ox# ,-. + Red$ ,-.
.345678-96:7;,			>?@ABC			

Red# + Ox$																									(1.1) 

 

1.2 Semiconductors in Photocatalytic Applications 

          TiO$ is the first semiconductor investigated for generating hydrogen fuel from water in 

1972 [19], and it also is one of the most popular semiconductors utilized in dye sensitized solar 

cells [20].  Since that year, several families of semiconductors were developed for photocatalytic 

applications including sulfides, nitrides, oxynitrides [21], and several reviews have been 

published on that topic [22-24]. 

Semiconductors are mostly useful as photocatalysts due to its many favorable properties 

of light absorption properties, electronic structure, excited-state lifetimes and charge transport 
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characteristics. By definition, the semiconductor is an insulator in its ground state because of an 

energy gap, the bandgap, exists between the top and the bottom of the filled valence band and of 

the vacant conduction band respectively. Conductivity occurs only if an electron can be 

promoted from the valence to the conduction band, and this event occurs if and only if there is 

appreciable energy increase to excite the electron to the conduction band, leaving a hole in the 

valence band. In semiconductor photocatalysis, excitation of an electron from the valence band 

to the conduction band is associated with absorption of a photon of energy equal to or greater 

than the energy gap, bandgap, of the semiconductor. This photon generates an electron-hole pair, 

and this is a prerequisite step in all processes of semiconductor mediated photocatalysis.  

Photogenerated species tend to recombine and dissipate energy as the heat of photons, because 

the kinetic barrier for the electron-hole recombination process is small. However, in the presence 

 

Figure 1.3. Schematic illustration of CO2 reduction by photocatalysis.  Reprinted from S. Kyran 

 et al [2]. 
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of ideal conditions the valence band holes and conduction band electrons can be efficiently 

separated, such as the one formed spontaneously in the space charge layer of interfaces between 

semiconductor/fluid or between semiconductor/metal. Thus, on the photocatalyst surface, the 

lifetimes of photogenerated carriers increase, and the possibility is offered to these species to 

exchange charge with substrates adsorbed and initiate chemical reactions. 

Semiconductor photocatalysis is currently one of the most active interdisciplinary 

research areas and has been investigated from the standpoint of photochemistry, 

electrochemistry, catalysis, physical, organic, inorganic, polymer, environmental and chemistry.  

Due to a large number of investigations in these fields, the fundamental processes of 

photocatalysis are now much better understood.  In laboratory scale, the applicability of 

photocatalysis has been proven with a great number of different functions ranging from 

production of fuels from water and atmospheric gases to selective organic synthesis and metal 

recovery, and from water treatment and air cleaning to disinfection and antitumoral applications. 

Figure 1.3 illustrates an example of the photocatalytic mechanisms to reduce CO2 into 

hydrocarbon fuels.  It couples the reductive half-reaction of CO2 fixation with a matched 

oxidative half-reaction such as water oxidation, to achieve a carbon neutral cycle, which is like 

killing two birds with one stone regarding saving the environment and supplying future energy. 

However, industrial applications remain limited as a result of the low photocatalytic efficiency of 

semiconductor photocatalysts and the absence of efficient, large-scale photoreactor 

configurations. Here we briefly describe some of the widely used applications:  

 

 

 

 



 26 

1.2.1 Photocatalytic Water Splitting  

        As mentioned earlier, semiconductors are also used in the fabrication of green and efficient 

energy sources via water splitting technology. It is a challenging technology called the “holy 

grail” in the field of chemistry. This cost-effective method offers a way for a sustainable 

production of H2 from photochemical conversion of water.  In other words, It would permit the 

direct conversion of solar energy to hydrogen chemical fuel using abundant and free energy 

sources [25].  The three essential steps for water splitting reaction by solid photocatalysts are 

displayed in Figure 1.4.  The first is the photoexcitation of electrons from the valence band to the 

conduction band creating electron-hole pairs with sufficient potentials. The second is the transfer 

of the electrons and holes to the surface without recombination.  The third is the surface 

reactions of electrons with H+ and holes with OH− [26]. The general reaction of water splitting 

with its two halves; namely water oxidation (reaction (1.2.1)) and, proton reduction (reaction 

(1.2.2)) , are described as the following: 

𝐻$O	 → 	
1
2O$ 	+	H$							∆G = 	237		kJ	𝑚𝑜𝑙V#																																																																(1.2) 

2𝐻$O	 → 	O$ 	+ 	4HX 	+ 	4𝑒V ∶ 	E	(O$/H$O) 	= 	+1.23	V	vs. RHE																																									(1.2.1) 

2HX 	+ 	2𝑒V → 		H$ 	 ∶ 	E	(HX/H$) 	= 	0	V	vs. RHE																																																																							(1.2.2) 

     These electron-hole pairs play key roles in the redox reactions of water splitting.  Electrons 

are responsible for reducing protons to hydrogen molecules, and oxygen anions will be oxidized 

by the holes. In order to initiate the redox reaction, the highest level of the valence band should 

be more positive than water oxidation level (1.23 V vs RHE), while the lowest level of the 

conduction band should be more negative than the hydrogen evolution potential (0 V vs. RHE). 
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Figure 1.4. Fundamental processes of overall water splitting. 

           The theoretical minimum photon energy required to drive the reaction 

thermodynamically is 1.23 eV, corresponding to a wavelength of around 1000 nm referring to 

the following formula: 

𝐸 = ℎ𝑣 = ℎ𝑐/𝜆	                                                     (1.3) 

where h is Planck’s constant, v is the frequency of the photon, c is the speed of light, and λ is the 

wavelength of the photon.  Driving the overall water splitting reaction at reasonable reaction 

rates needs photon energy greater than the bandgap. This is due to some factors including 

overpotentials, charge separation, mobility, and activation barrier between photocatalysts and 

water molecules.   

        A system in which both water oxidation and proton reduction occurs in the same 

semiconductor particle in the absence of an additional applied electrical field is commonly 

known as a photocatalytic system and I will also employ this terminology throughout this thesis. 

In this system, a semiconductor photocatalyst is usually combined with a cocatalyst.  The role of 

the cocatalyst, e.g. RuO2, is to promote the separation of photoexcited charges and to accelerate 
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the third step of surface reactions while preventing the unfavorable reverse reaction to regenerate 

water. The efficiency of the first and second steps is apparently defined by the lifetime of the 

generated charges, and by prevention of the recombination of electrons and holes. 

      Due to the limited subset of active and efficient materials for both water oxidation and 

reduction under visible light, several approaches are developed with different configurations 

photoelectrochemical (PEC) systems. In a PEC system, the application of an external bias to a 

semiconductor electrode material is required in order to achieve water splitting. The oxygen is 

evolved at the semiconductor photoanode with the hydrogen produced at a separate, typically 

platinum, counter electrode (cathode) [27, 28]. This single PEC setup is different than the dual 

setup where two semiconductors, with different bandgaps, one operating as a photoanode, drives 

water oxidation to form O2(g), while the other, operating as a photocathode, drives water 

reduction to form H2(g). A liquid interface is required between the photoelectrodes, the 

cocatalyst, and water, allowing for optimal charge transfer to the cocatalyst. The potentials at 0 

and +1.23 V vs. RHE indicate the potentials where hydrogen and oxygen are equilibrated with 

the actual electrolyte solution. Electrocatalysts increases the kinetics of the fuel-forming 

reactions.  

        Another approach is developed by connecting an electrolyser to a photovoltaic cell, which is 

limited by the cost of delivery of electricity and environmental concerns [29].  In principle, the 

PEC technology must achieve higher efficiencies of 𝐻$ production, but up to now, the best 

efficiencies are still being obtained by connecting an electrochemical system to a photovoltaic 

cell [24]. For this reason, the development of new photoelectrochemical catalysts remains an 

important field of research to be deeply explored.  Apart from these approaches, the 
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characteristic point of water splitting using photocatalyst (e.g a powdered) is the simplicity and 

potential for scalability of large production.  

The benchmark efficiency of solar hydrogen production via water splitting is quantified 

by solar-to-hydrogen efficiency (STH) that can be calculated from the product of the rate of 

hydrogen production (rH2) and the gain in Gibbs energy (ΔG) of 237 kJ mol−1 . 

𝑆𝑇𝐻 = 	 hijkij	lmlnop	qr		st
Amlnop	hu	vmwvxlmj	rhyqn	yvo>j	

= 	 nzt	×	∆|
}~��	×	�

                             (1.4) 

where Psun is the energy flux of the sunlight and S is the area of the absorber.  A 10% efficiency 

is in a simple photocatalytic system would provide H2 at a cost of 1.63 per kg, which is a cost-

competitive alternative to gasoline [30].  Still the target STH efficiency of > 10% with long-term 

stability (5000 h) is not obtained to satisfy the US Department of Energy’s (DOE) cost of 2$-4 

kg by 2020 [31]. 

Another important quantum efficiency indicator specifically for photoelectrochemical 

cell is (IPCE) incident photon-to-current efficiency. It is defined as the ratio of the number of 

electrons passing through an external circuit as a photocurrent to the number of photons 

irradiating a photoelectrode.  IPCE values are normally obtained from chronoamperometry 

measurements where the current from illuminating the working electrode with monochromatic 

light at different wavelengths is measured while a bias is applied between working and counter 

electrode.  In that case, STH can be applied to define efficiency of a PEC cell exposed to Air 

Mass 1.5 Global (AM 1.5 G) illumination under zero bias conditions. Even though PEC water 

splitting is more complex and is nearly one order of magnitude more expensive than a 

photochemical system at equal efficiency[32], it has achieved remarkable success with STH 

efficiencies from 3 to 22% especially when integrated with photovoltaic (PV) [33, 34] .  The 

theoretical efficiency benchmark, given by the amount of photon collected and considering that 
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each photon generates an electron-hole pair, is further reduced during the process because of the 

engineering of the device.  

      An example of UV and visible light responsive semiconductors is metal/nonmetal- nitrides 

family that has been developed in the last decade for photocatalytic water splitting, including UV 

light sensitive germanium nitride (b-Ge3N4) [35] and GaN [36], and visible light sensitive 

InGaN[37], and carbon nitride (g-C3N4) [38].   Recently, Domen's group reported a promising 

visible light (<590 nm) active transition metal nitride semiconductor, i.e., Ta3N5 [39]; the 

bandgap (2.1 eV) of which is well positioned to straddle the redox potential of water. Since then 

several cocatalysts, sacrificial agents and modified structure of Ta3N5 are adopted for water 

splitting systems. Martin et al, present titanium disilicide (TiSi2) as a prototype for the new class 

of silicide semiconductors, which have not, to date, been used for water splitting. These 

semiconducting materials are inexpensive and abundant, but passivation technique needed to 

enhance its stability [40].  

 

1.2.2 Pollutants Degradation 

Photocatalysis provides cheap and potential “stand-alone” technique for aqueous and gas 

systems purification and treatment in comparison to reverse osmosis and ultrafiltration. It utilizes 

the sunlight or UV radiation and for that, it is considered inexpensive, environmentally friendly 

and applicable worldwide. This technique expands over wide range of environmental, industrial 

and medical applications; some are listed in Table 1.1.  It needs minimal equipment and suitable 

for developing countries and remote sites with no access to electricity. Photocatalysis is 

successfully used in many developing societies not only to treat water but also to generate fuel 

from biomass and other medical applications [41].  A water splitting system-like configuration 
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can be applied to decompose organic pollutants in the water [42]. It requires either the hydrogen 

evolution reaction (HER) or the oxygen evolution reaction (OER) while the counter reaction is 

chosen to minimize the ∆G needed to drive the reaction [43].  In this technology, the 

photocatalytic process gradually breaks down the contaminant molecules, no residue of the 

original material remains and therefore no sludge requiring disposal to landfill. The catalyst itself 

is unchanged during the process, and no consumable chemicals are needed. This results in 

considerable savings. Since the contaminant is also attracted strongly to the surface of the 

catalyst, the process will continue to work at a very low concentration. All these advantages 

prove the cost-effectiveness of this process in water production and environment cleaning. 

Type Application Field Some Examples 

Air purification Air treatment Air cleaning instruments and 
components etc. 

Water purification Water treatment Disinfection and 
decontamination of water etc. 

Self-cleaning surface Housing and automobile Indoor, outdoor house and 
automobile components etc. 

Self-sterilization Medical/Hospital places Self-cleaning, self-sterilizing 
tools, and uniforms in medical 
research/hospital places etc. 

Table 1.1. Some other environmental applications of photocatalysis process. 

Titanium dioxide (TiO2) is the most common used photocatalyst and most extensively 

investigated [44]. It has been shown to decompose organic contaminants in water efficiently 

because a strong oxidizing ability is generated when the TiO2 is irradiated by appropriate 

bandgap illumination. Taken TiO2 as a photocatalytic semiconductor example, photocatalytic 

reactions are initiated by the absorption of illumination with energy equal to or greater than 

the bandgap of the semiconductor. This produces electron-hole (e−/h+) pairs as in the 

Equation: 
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𝑇𝑖𝑂$ + ℎ𝑣 = 	𝑒V𝑐𝑏	 𝑇𝑖𝑂$ +	ℎX𝑣𝑏	 𝑇𝑖𝑂$ 																																																				(1.5) 
 
if the electron and hole recombine, the absorbed light energy will be released as heat, with no 

chemical reaction taking place. On the other hand, they can participate in redox reactions with 

adsorbed species as the valence band hole is strongly oxidizing while the conduction band 

electron is strongly reducing. On the TiO2 surface, the excited electron and the hole can 

participate in redox reactions with water, hydroxide ion (OH−), organic compounds or oxygen 

leading to mineralization of the pollutant as shown in Figure 1.5. 

 

 
Figure 1.5. Schematic of the interplay of photocatalysis treatment, reactor and material design 
and photocatalytic reaction mechanism.  Reproduced with permission from [41], Copyright © 

2012 American Chemical Society. 

Since water molecules are more abundant than contaminant molecules, oxidation of 

water or OH− by the hole yields the hydroxyl radical (·OH), a powerful oxidant. These 

radicals can immediately attack pollutants on the semiconductor surface. It worth mentioning 

that the redox potential of the H2O/·OH electrode, OH− → ·OH + e−; E0 = −2.8 V, must reside 

within the bandgap of the photocatalyst. Another important process of the conduction band 

electron is a reduction of adsorbed oxygen to oxygen radicals, and this limits the electron/hole 

recombination.  Consequently, accumulated oxygen radicals can also participate in degrading 

contaminants in solution [45]. 
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       Nowadays, many semiconductors are used as photocatalysts because of their narrow 

bandgap between the valence and conduction bands and they need to absorb energy equal to or 

more than this energy gap. For example, Fe2O3 is has a noticeable stability against 

photo/chemical corrosion at neutral or basic pH and has bandgap energy of about 2.0 to 2.2 eV 

corresponding to the absorption of 564 to 620 nm light within visible light [46].  However, many 

studies showed improved performance of UV light photocatalyst by band engineering 

approaches.  Beside the use of cocatalyst, several factors are found to control the photocatalytic 

activity in this kind of  reactions [46].  For instance, to enhance the expected activity, larger 

surface area should be chosen by smaller particle size [47]. This yields to an increase in the 

number of active sites per square meter together with a better absorbance of the pollutant on the 

catalyst surface [48].  Also, several studies investigated the importance of support materials 

whether organic or inorganic.  They are a significant player in immobilizing active catalyst, 

increase the surface area of catalytic material, and improve hydrophobicity, thermal, hydrolytic 

and chemical stability of the catalytic material.  Examples consists of woven fiber cloths, glass 

and carbon fibers [46]. 

        This sustainable technology has been employed majorly in Japan, USA, India, and China 

for the treatment of a host of pollutants in air and water.  With the population increasing growth, 

the demand for clean water is escalated.  Nowadays, 1 billion people lack access to safe water 

supplies and 2.6 billion are without access to basic sanitation [49].  Consequently, there is an 

increasing demand for water treatment products which reached 44.6$ billion and expected to 

raise annually by 5.7% according to Freedonia Group Inc.  Disinfection has a growing market 

with broad applications especially in the leading countries. It utilizes the photocatalytic materials 

to clean water in small-scale systems available in the market.   Different photocatalytic materials 
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are used to decompose humic substances in saline and natural seawater. They also used to 

destroy bacteria and viruses in fresh water supplies [50].  For instance, photodisinfection through 

TiO2 to degrade green algae is used for water treatment in developed and developing nations at 

remote site where potable water or electricity are not accessible [51].   

      There are many other important environmental applications of photocatalysis degradation. It 

is used to remove trace metals such as mercury (Hg) and lead (Pb) that considered as health 

hazardous.  Chlorate, palladium species and ammonia can be decomposed by photochemical 

transformation on the catalyst surfaces.  In addition to inorganic compounds, oil, alcohol, 

carboxylic acids and other organic contaminations can be destructed into harmless products [52]. 

TiO2 fabrics are used in hospital operations to disinfect microbes and bacteria and limit the 

infection rate. All these application of photocatalysis have a great impact on the environment and 

public health.   

 
 

1.3 Bismuth-Based Semiconductors in Different Environmental Applications 

     Among the various photocatalytic semiconductors, we focus on bismuth-based ones.  

Bismuth-based materials like Bi2O3, Bi2S3, BiVO4, BiPO4, aurivillius-phase of Bi2WO6 and 

Bi2MoO6, BiOX (X=Cl, Br, I), (BiO)2CO3 and others, have lately gained an increase attention in 

the environmental and energy applications due to their controlled-shape and improved activities 

[53-56]. In bismuth-based semiconductors, the Bi 6s orbital in Bi (III) is available to hybridize 

with O 2p orbitals, resulting in the formation of a new preferable hybridized valence band. Thus, 

the bandgap of most bismuth-based materials could be narrowed to harvest visible light and 

present better photocatalytic and electrochemical performances [57, 58].  Furthermore, various 

bismuth-based materials with desirable shapes and alterable bandgap also have been explored for 



 35 

degradation of air/water pollutants. Recently, even the two-dimensional (2D) bismuth-based 

materials, such as BiOX (X=Cl, Br, I) and Bi2O3, have been employed as promising materials in 

photocatalysis, photoelectric and sensors [59, 60].  This is also due to their unique layered 

structure, providing perfect mechanical flexibility and optical transparency, these materials are 

well classified for being used in fabrication of highly flexible and transparent 

electronic/optoelectronic devices. Figure 1.6 illustrates some of these applications.  

 

Figure 1.6. Examples of application of bismuth-based materials.  Reproduced  from Z. Wu [61]. 

 
       One competitive advantage of bismuth- based oxides is the feasibility of synthesis through 

various methods including spray pyrolysis [57], co-precipitation [62], hydrothermal synthesis 

[63, 64], electro-spinning [65] and sol-gel [66]. The spray pyrolysis method is a continuous 

fabrication procedure for ceramic powder and thin films deposition. Powder with high purity and 

regularity of particles is mass-produced with this method. The electrospinning method produces 

nanofibers that have much higher activity than conventional nanoparticles.  In spite of nanofibers 

having a lower energy bandgap, the electron-hole pair has a higher recombination probability 
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that make the photocatalytic efficiency greatly deceased. For high crystalline powders the 

hydrothermal method is used. However, crystal growth monitoring is impossible and the cost of 

production is high. The co-precipitation method is used to produce nanopowders at atmospheric 

pressure.  It is preferred for being a low cost, easy-to-use process. However, their crystalline 

structure is inferior. The sol-gel method is a relatively cheap process to produce thin films with 

stoichiometrically accurate crystalline phases. 

Bi14MoO24 lately has proved an efficient photodegradation of the rhodamine B (RhB) dye 

in phenol solutions with reduced bandgap. Enhanced optical properties and visible-light driven 

photocatalytic activity are encountered for bismuth molybdate oxide (Bi14MoO24) when derived 

from δ-Bi2O3 by incorporating Mo (7Bi2O3:MoO3) in the lattices using co-precipitation [62].  

The layered Bi–O polyhedral structure induces good photo absorption and long exciton lifetime 

that probably were the origin of its high photocatalytic activity in photo-degradation. 

During the last few decades, several materials had been designed and optimized for 

photocatalytic and photovoltaic applications with the aim of efficiently converting light to 

electrical energy and vice versa.  Those materials share major common requirements: absorption 

of the solar radiation, efficient separation of the photoexcited charge carriers, and a low charge 

recombination rate. Thus, bismuth-based photocatalytic semiconductors are utilized in 

photovoltaic solar cells and energy devices.  Most of the commercially available solar cells are 

made of silicon, which has a low defect tolerance, making the production process energy-

intensive.  Lately, researchers found that bismuth-based solar cells could attain a conversion 

efficiency of 22%.  This is comparable to the conversion efficiency of most advanced solar cell 

available in the market.  Bismuth oxyiodide has high defect tolerance as the promising lead 

halide perovskites.  It is non-toxic and stable in air for at least 200 days, which is even better 
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than the lead halide perovskite compounds [67].  In addition, bismuth titanate perovskite 

materials have been used  as the photo absorber in dye-sensitized solar cells, and achieved higher 

efficiency when mixed with TiO2 [68]. 

Bismuth-based photocatalyst materials have broad energy and storage applications 

utilizing the benefits of high activity, low cost, nontoxicity, and superior chemical and physical 

properties. Currently, most products use titanium oxide (TiO2) as photocatalyst, which may be 

limited by the activating wavelength that is below 388 nm.  Thus, for solving the blue light and 

UV-leakage problems of commercial phosphor-based white-light LEDs, titanium oxide is not an 

optimal choice. In contrast, bismuth oxide (Bi2O3) has an activating wavelength above 388 nm. 

The energy bandgap of Bi2O3 is 2.6 to 2.8 eV, which has a broader absorption range in visible 

light. Accordingly, as a photocatalyst material, bismuth oxide successfully achieved a 52.33% 

suppression rate of blue light and UV in white-light LEDs, when it has coated the surface of the 

LED package [69].  

For Lithium (Li) storage devices/materials a particular level of capacity and stability are 

highly required.  For instance, novel assembled Bi2S3/C are fabricated as an efficient Li storage 

material to address the shortage of poor cyclability of the bare constitutents [70].   Additionally, 

a sheet-like hierarchical Bi2O3-Bi2S3 nanostructure is also employed as efficient electrode 

material for Li storage, due to the high surface areas, rich porosity, and unique heterogeneous 

phase [71].  Bi2S3 is also used as a photodetector since it has a good sensitivity in the range of 

visible-near-infrared light and produce excellent photoresponse [72].  After all, the focus of this 

thesis is to investigate promising bismuth based material for photocatalysis solar application.  
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1.4 Thesis Roadmap 

     We have seen the countless important applications and examples of photocatalytic 

semiconductors especially the bismuth-based ones.  However, not all bismuth–based 

semiconductors are fully efficient for all photocatalysis applications.   There are limitations 

forcing the use of sacrificial agent, double-layer semiconductors (heterojunction) or a specific 

photoelectrochemical cell settings (PEC).   Yet, the minimum STH is still not reached to an 

economically viable device for scale up.  To meet our energy demands, the “photocatalyst by 

design” approach needs to be adopted. 

This thesis focuses on designing and investigating bismuth-based semiconductor 

materials as promising photocatalysts. Therefore, fundamental characteristics of optimal 

photocatalytic semiconductors are discussed in details in the second chapter.  Those 

characteristics and optoelectronic properties were investigated using very accurate computational 

methods.  We used Hybrid Density Functional Theory (DFT) methods [73].  The theoretical 

background of DFT is described in the third chapter along with the computational recipe we 

followed throughout the thesis.  

The first bismuth-based material studied here is of the bismuth titanate family, as it is 

reported to evolve hydrogen and oxygen under UV light [74, 75].  It has a unique bismuth 

layered structure, enhanced piezoelectric behavior and tunable electronic properties.  Ti4+ is the 

most abundant and cost effective in comparison to other d0 transition metal configuration. As 

bismuth-titanate semiconductors like Bi#$TiO$', Bi(Ti)O#$, and Bi$Ti$O* mixed with TiO$, are 

used in photocatalysis to degrade organic pollutants [76-79], they are also used in optoelectronic 

devices due to their photorefractive properties, and their high electro-optical coefficients, which 

make them applicable in the field of holographic interferometry [80]. Moreover, perovskite-like 
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Bi(Ti)O#$ has been used as a promising material for nonvolatile ferroelectric random access 

memories (FRAMs) due to its excellent fatigue resistance during repeated polarization reversals 

in the presence of an electric field [81].   

Chapter four presents a combination of experimental and computational investigation of 

the mentioned bismuth titanate structures; the pyrochlore, sillenite, and perovskite-like 

structures.  A good agreement between the calculated and experimental values is obtained on the 

bandgap (3.1 eV for Bi#$TiO$' , 3.6 eV for Bi(Ti)O#$) and the absorption coefficient under UV 

range.  For the pyrochlore structure, the stoichiometric form has a wide bandgap 

computationally, as it was difficult to synthesize.  A stable form of non-stoichiometric structure 

of Bi1.75Ti2O6.62, is reported with narrower bandgap of 3.3 eV proven experimentally via 

ellipsometry. 

All bismuth titanate structures maintain a high dielectric constant revealing excellent 

charge separation.  Despite the relatively high electron and hole masses of Bi1.75Ti2O6.62 in 

specific directions, both sillenite, and perovskite-like structures exhibit lower masses, even lower 

than those reported for TiO2.  Besides, flat band potential of the three structures is negatively 

higher than that of the TiO2, which opens the door for potential applications when mixed with 

TiO2.  Examples include dye-sensitized solar cells and photocatalytic applications.  

         Among the bismuth-based visible light-responsive photocatalysts, BiVO4 achieved the 

highest efficiency for oxygen evolution. It is a material that combines all the green photocatalytic 

applications; it used in the degradation of the Methomyl, Methylene Blue, and Cationic dyes 

[82].  Despite the fact that, it is a well-studied, cheap material for water splitting photoanode, its 

conduction band position is not suitable for hydrogen evolution.  As a metal oxide, this material 

has been reported to have intrinsic defects, like oxygen vacancy.  Nevertheless, no hybrid 
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functional investigation has been conducted on the defective structure of this material. The fifth 

chapter presents a systematic study of all intrinsic defects of the material and the corresponding 

effect on the optical and transport properties.   A candidate defective structure is proposed for an 

efficient photocatalytic performance.   As a way to overcome the carrier transport limitation, a 

mild hydrogen treatment is introduced to bismuth vanadate.  Carrier lifetime is enhanced due to a 

significant reduction of trap-assisted recombination, either via passivation of deep trap states or 

reduction of trap state density.  Density functional theory calculations prove the association to 

vanadium anti-site on bismuth or vanadium interstitials [83]. 

                  The sixth chapter demonstrates that an accurate theoretical study allows designing a 

new family of semiconductors with enhanced optoelectronic properties.  The investigation of the 

ternary BiCuOCh (Ch = S, Se and Te) semiconductor family for thermoelectric or photovoltaic 

materials is a topic of increasing research interest [84, 85]. These materials can also be considered for 

photochemical water splitting when developed with a bandgap, Eg, at around 2 eV.  A way to engineer 

the bandgap is through the formation of solid solutions from semiconductors with similar crystal 

structure.  With this aim, we simulated the solid solutions Bi1−xRExCuOS (RE = Y, La, Gd and Lu) 

from pure BiCuOS (Eg ∼ 1.1 eV) to pure RECuOS compositions (Eg ∼ 2.9 eV). Starting from the 

thermodynamic stability of the solid solution, several properties were computed for each system 

including bandgaps, dielectric constants, effective masses and exciton binding energies. We discussed 

the effect on these properties based on the relative organization and density of Bi and RE atoms in 

their common sublattice to offer a physical understanding of the influence of the RE doping of 

BiCuOS. Some compositions were found to give appropriate properties for water splitting 

applications.  Additionally, we found that at low RE fractions the transport properties of BiCuOS are 

improved that can find applications beyond water splitting [86].   
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Chapter 2 Characteristics of Efficient Photocatalytic Semiconductors 

 
- “The future will either be green or not at all “  

Senator Bob Brown, 1996  

Semiconductors are the fundamental building blocks of solar and other optoelectronic 

devices [1, 2], functioning as charge carrier transporters and photon absorbers.  Their capability 

to be used as efficient solar cells is mainly due to a series of outstanding properties of the 

component materials, such as bandgap, dielectric constant, optical absorption coefficient, and 

effective mass of the charge carriers  [3, 4].  Each of these properties is controlling the efficiency 

of a particular photocatalytic process as indicated in Figure 2.1.   Besides, optoelectronic 

properties of semiconductors alone are not enough to achieve a sufficiently efficient 

photocatalytic reaction.  Several factors like interface development and electrocatalytic 

properties are involved, which are resulting from the photophysical, photochemical and 

electrochemical stages of the photocatalytic reaction described in chapter one.  Figure 2.1 shows 

the properties that control the efficiencies of each of the photocatalytic reaction processes for 

overall water splitting on different time scales.  This can be generalized for other photocatalytic 

applications as well.  Some of these properties can be theoretically computed with very high 

accuracy, which might help avoiding the impractical screening process for suitable 

semiconductors [5].  Thus, we focused on applying DFT to calculate them as they are the main 

scope of this thesis.  A description of the calculated properties is presented throughout this 

chapter. 
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Figure 2.1. Important parameters for efficient overall water splitting. High efficiencies are 
required at all the six processes depicted in the scheme. Different time scales of the processes 

are also displayed as reported in the literature [6]. 

 

Considerable efforts have been made in last decades for the development of 

photocatalysts with high efficiency, characterized by improved response to the visible spectral 

region, and increased quantum efficiency. Although co-catalyst design has enabled 

photocatalysis towards the visible light, the efficiency has to be significantly enhanced.  

Developing green energy resources (as quoted above by Mr. Bob Brown) is the driving force for 

these efforts.  Promising results have been obtained in this direction with the use of several 

methods aims at the modification of optical and electronic properties of semiconductors, 

including dye sensitization, metal deposition, use of composite semiconductor photocatalysts, 

doping with transition non-metallic or metal elements, etc. [7-12].  From a computational aspect, 

there are several design techniques for tuning the optoelectronic properties of semiconductors, 

which are described at the end of this chapter. The other sections of this chapter are instead 
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focused to describe the most important properties that are used to characterize the potential 

performance of a semiconductor in photocatalysis. 

2.1 Optoelectronic Properties of Photon Absorption 

2.1.1 Band Model of Semiconductors 

The band theory can describe the electronic characteristics of insulators, semiconductors, 

and conductors.  A solid material has a very large number of atoms interacting, and their 

corresponding energy levels are so closely spaced in such a way that they form bands. Each band 

corresponds to a different quantity of energy, and the electrons fill these bands in ascending 

order, from the lowest energy to the highest, similar to the way that electrons occupy the orbitals 

in a single atom. The highest energy filled band, which is analogous to the highest occupied 

molecular orbital (HOMO) in a molecule, is called the valence band (VB). The next higher band, 

which is analogous to the lowest unoccupied molecular orbital (LUMO) in a molecule, is called 

the conduction band (CB). The energy gap, the bandgap (𝐸�o) separates the VB and the CB.  

The filling of bands in a solid and the size of the bandgap determine whether a material is 

an insulator, a semiconductor, or a conductor Fig. 2.2. For electrons to flow in a solid under the 

application of an electric field, they must be in a partially filled band or have access to a nearby 

empty band. In an electrical insulator, there is no possibility for electron flow, because the 

valence band is completely filled with electrons, and the conduction band’s energy level is too 

far away to be accessed by these electrons. In conductors like metals, the valence band overlaps 

the conduction band. Thus, the electrons can access empty states within the valence band and 

move freely across all atoms that make up the solid. Finally, a semiconductor is a special case in 
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which the bandgap is small enough (<4 eV) that it can be bridged by either heat or light because 

these stimuli promote electrons from the valence band to the conduction band. 

 

Figure 2.2. Energy bands in solids. 

Semiconductors are mainly classified into two types: intrinsic semiconductors and 

extrinsic semiconductors. An intrinsic semiconductor has high purity and impurities have 

negligible affect on its electrical behavior. Elemental (e.g. Ge, Si) and compound (e.g. SiC, InSb, 

GaAs) semiconductors can be conventional intrinsic semiconductors and have very low 

conductivity. At a temperature of absolute zero (0 K) there are no free charge carriers and 

therefore the material act as an insulator. In energy band terms, there are no electrons in the 

conduction band, and the valence electrons fully occupy the VB. At temperature more than 

absolute zero, a valence band electron (𝑒V) gained thermal energy and excited into the 

conduction band, leaving behind an unoccupied state in the valence band. This unoccupied state, 

which can be thought of as a second carrier of positive charge, is called a hole (ℎX). Electrons 

and holes flow in opposite directions in the presence of an electric field but contribute to the 

En
er
gy

Conduction	band

Valence	band

InsulatorsSemiconductorsMetals

Band	Gap

Fermi	Energy
∆"	 ≤ %. '	()



 53 

current in the same direction since they are oppositely charged Fig. (2.3). Holes and electrons 

created in this way are known as intrinsic charge carriers. In intrinsic semiconductors, for every 

electron in CB, there exists a corresponding hole (the empty state) in VB. Therefore, the electron 

concentration is equal to the hole concentration and this concentration is called the intrinsic 

carrier concentration, denoted as 𝑛v. 

 
Figure 2.3. The diffusion of electrons and holes in the presence of an electric field. 

 

An extrinsic semiconductor can be formed by the addition of impurity atoms into the 

crystal of an intrinsic semiconductor, in a process known as doping. More details about the 

doping types are discussed in the last section of this chapter.  

 Most of the semiconductor band properties are analyzed through the density of state 

(DOS). It is the electron occupation probability distributed over the energy levels. It can be 

described by the Fermi–Dirac function 𝑓(𝐸) [13]: 

𝑓 𝐸 = 	
1

1 + exp(𝐸 − 𝐸�𝑘�𝑇
)
																																														(2.1) 

where 𝐸� is the Fermi energy. It can be derived that the occupation probability falls 

rapidly towards zero over an energy range of a few 𝑘�𝑇 when E > EF, while for E < EF it rises 
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rapidly to 1. For E = EF, the occupation probability is 0.5. The density of state distributions over 

the bands is complicated function of energy (as seen in Figure 2.4.a). However, it takes a smooth 

parabolic form when it reaches the CB and VB band edges (as seen in Figure 2.4.b). Effective 

densities of states in the conduction and valence band 𝑁�  and 𝑁� are correlated to the 

equilibrium concentrations of electrons and holes by the mass balance equation: 

𝑛𝑝 = 	𝑁�𝑁� exp −	
𝐸oqk
𝑘�𝑇

																																															(2.2) 

 

Figure 2.4.  (a) Density of states (DOS) for a typical semiconductor; (b) parabolic approximation 
near band edges. 

The density of states in the conduction band (𝑁�) can also be calculated using equation 

𝑁� =
2
ℎ) 2𝜋𝑚l

∗𝑘𝑇
)
$																																					(2.3) 

where ℎ is Planck’s constant and 𝑚l
∗  is the effective electron mass. By replacing the electron 

mass by hole mass, one can calculate the density of state in the valence band (𝑁�). We could also 

deduce the difference between the bottom of the conduction band (𝐸�) and the flatband potential 

𝐸�� using equation 
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𝐸� − 𝐸�� = −𝑘𝑇 ln
𝑁�
𝑁�

																														(2.4) 

The flat band potential 𝐸�� can be deduced from the intercept of the plot as a function of the 

applied potential E, yielding an 𝐸�� of certain potential vs. reversible hydrogen electrode. 

Experimentally, several techniques are used to measure the bandgap.  For semiconductors 

in solar applications, UV-visible and diffuse reflectance spectroscopy are the most widely used.  

UV/Vis spectroscopy (absorption coefficient) measures the relative change of transmittance 

of light as it passes through a solution or thin film, whereas diffuse reflectance (Kubelka-

Munk) measures the relative change in the amount of reflected light off of a surface or 

powders [14]. So, the wavelength where the light absorbed can be determined, and then 𝐸 =

ℎ𝑣 = ℎ𝑐/𝜆 can be used to deduce the bandgap , where h is Planck’s constant, ν is the frequency 

of the photon, c is the speed of light and l is the wavelength of the absorbed photon [15].  

Taking into account the wavelength of visible light spectra (400 nm ≤ l £ 800 nm) , it is 

preferable to have a semiconductor with a bandgap in the range of (1.6 eV – 2.6 eV) [16].  In 

latter sections, more about absorption coefficient to confirm the result of the bandgap will be 

discussed.   

2.1.2 Band Structure 

When electrons are excited across the gap, the top of the valence band (VB) populated by 

holes and the bottom of the conduction band (CB) is populated by electrons. As a result, both 

bands are now only partially full, and if an electric field (ξ) were applied, they would carry a 

current. The conductivity of the semiconductor is small with that of conductors having small 

number of holes and electrons involved, but this conductivity is nonetheless sufficiently large for 

practical purposes. 
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Only the VB and CB are of interest to us here, because these two bands only contribute 

the current. Bands higher than the CB empty, and those lower than the VB are full, so that 

neither of these groups of bands contributes to the current; Hence they may be ignored so far as 

semiconducting properties are concerned. In characterizing a semiconductor, therefore, we need 

to describe only the VB and CB. 

A band structure is a 2D representation of the energies of the crystal orbitals in a 

crystalline material. The energies of the bands are calculated in “k-space” or sometimes called 

“momentum space in relation to a wavevector, k. This is an abstract space intimately related to 

real space.  Fig 2.3 indicates the simplest band structure of a semiconductor, the energy of the 

CB has the form [17] : 

𝐸w 𝒌 = 𝐸o +
ℏ$𝑘$

2𝑚l
∗ 																																											(2.5) 

where 𝒌 is the wave vector and 𝑚l
∗  the effective mass of the electron. The energy 𝐸o represents 

the energy gap. The top of the VB is chosen to be the zero-energy level. 

We have used the standard band form to describe the CB, since we are primarily 

interested in the energy range close to the bottom of the band which contains most of the 

electrons. It was known that the standard-band form holds true near the bottom of the band. 
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Figure 2.5. Band structure in a semiconductor. 

The energy of the VB (Fig. 2.5) may be written as 

𝐸� 𝒌 = −
ℏ$𝑘$

2𝑚>
∗ 																																													(2.6) 

where 𝑚>
∗  is the effective mass of the hole. It was known that due to the VB having an inverted 

shape, the mass of a hole is positive, but the mass of an electron at the top of the VB is negative, 

equal to −𝑚>
∗  . The VB is again represented by the standard inverted form because we are 

interested only in the region close to the top of the band, where most of the holes lie.  

Group Crystal 𝑬𝒈, eV Effective mass, m/𝒎𝒐 
Electrons Holes 

IV Si 1.1 0.19 0.16 
Ge 0.7 0.08 0.04 

III-V GaAs 1.4 0.07 0.09 
GaP 2.3 0.12 0.5 
GaSb 0.7 0.20 0.39 
InAs 0.4 0.03 0.02 
InP 1.3 0.07 0.69 
InSb 0.2 0.01 0.18 

II-VI CdS 2.6 0.21 0.80 
CdSe 1.7 0.13 0.45 

!" E=0 0
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CdTe 1.5 0.14 0.37 
ZnS 3.6 0.40 5.41 
ZnSe 2.7 0.10 0.60 
ZnTe 2.3 0.10 0.60 

IV-VI PbS 0.4 0.25 0.25 
PbSe 0.3 0.33 0.34 
PbTe 0.3 0.22 0.29 

Table 2.1. Parameters for Band Structure of Semiconductors at Room Temperature. 

 

The primary band-structure parameters are thus the hole and electron masses 𝑚> and 𝑚l 

(the asterisks have been dropped for convenience), and the bandgap 𝐸o.  Table 2.1 shows various 

semiconductors with these parameters. Note that the masses differ considerably and are often 

much smaller than the free electron mass, and that the energy gaps range from 0.18 eV in InSb to 

3.7 eV in ZnS [18]. The table also shows that the wider the gap, the greater the effective mass of 

the electron and hole.  

The energy gap of a semiconductor varies with temperature which is usually very less. 

The variation becomes noticeable when the crystal gains thermal energy, it experiences a volume 

expansion, thereby lattice constant alters. As a result of the changing of the lattice constants, the 

band structure will be affected. 

2.1.3 Band Structure of Real Semiconductors 

The first Brillouin zone is a geometrical construction to the Wigner–Seitz primitive cell 

in the k-space, which corresponds to lattice vectors in reciprocal space. The Brillouin zones are 

used to describe and analyze the electron energy in the band energy structure of crystals [17].  

One of the material that has a band structure close to the ideal structure is GaAs (Fig. 2.4). 

Consider the CB. At the origin 𝒌 = 0, it has a minimum, and the region close to the origin is 
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well represented by a quadratic energy dependence, 𝐸 = ℏ$𝑘$/2𝑚l. Since the electrons are 

most likely to populate this region, this band can be represented by a single effective mass [19].  

Note, however, when 𝑘 increases, those states may no longer be represented by a single 

and unique effective mass.  Also, the energy 𝐸(𝑘) is no longer quadratic in 𝒌. Note in particular 

that the next-higher energy minimum occurs along the [100] direction. The dependence of 

energy on 𝑘 in the neighborhood of this secondary minimum is quadratic, and hence an effective 

mass may be defined locally, but its value is much greater than that of the primary minimum (at 

the center). 

There are other secondary minima equivalent to the one just described. One of these 

occurs along the [100] direction. This follows from the inverse symmetry of 𝐸(𝒌) in 𝒌 -space. 

There are similarly two minima along the 𝑘p-axis, and two more along the 𝑘�-axis. These follow 

from the fact that, since the crystal has cubic symmetry, the energy band must also have a 

rotational cubic symmetry. Thus the band along the 𝑘p and 𝑘�-axes must have the same form as 

along the 𝑘 -axis. There are therefore six equivalent secondary minima, or valleys, in all along 

the 100  directions. 
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Figure 2.6. Band structure of GaAs plotted along the [100] and [111] directions. Redrawn in a 
simplified plot from [19]. 

 

It is true that under most circumstances these secondary valleys do not play any role since 

the electrons usually occupy only the central, or primary, valley. In such situations, these 

secondary valleys may be disregarded altogether. There are cases, however, in which many 

electrons transfer from the central to the secondary valleys, and in those situations, these valleys 

have to be taken into account. 

(In the 111  directions there are also other secondary valleys, as shown in Fig. (2.6). 

These are higher than the 100  valleys, and hence are even less likely to be populated by 

electrons.)  The VB is also shown in Fig. (2.6). Here it is composed of three closely spaced 

subbands. Because the curvature of the bands are different, so are the effective masses of the 

corresponding holes. One demonstrates of heavy holes and light holes. Other III-V 

semiconductors have band structures quite similar to that of GaAs. 
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Electronic band structure of the semiconductor not only decides the bandgap and bands 

positions but also gives insight into the nature of the light absorbed; a direct or an indirect gap. 

Direct bandgap materials are the one having VB maximum and CB minimum at the same wave 

vector k, whereas the indirect bandgap occurs when the CB minimum relies on a different k 

value.  The indirect bandgap requires at minimum an energy transition with emission or 

absorption of a phonon to conserve momentum.  For that, it is a less probable process than the 

direct transition one.  One can conclude that direct bandgaps are favorable since they lead to high 

absorption coefficients, whereas indirect bandgaps give low absorption coefficients [20]. 

2.1.4 Optical Properties 

First, we may divide the optical properties into the lattice and electronic properties. As 

the name implies, lattice properties involve the vibration of the lattice (creation and absorption of 

phonons), while, electronic properties concern processes involving the electronic states of a 

solid. Lattice properties are of considerable current interest, but it is electronic properties which 

receive the most attention in semiconductors, particularly so far as practical applications are 

concerned.  

From the frequency-dependent complex dielectric function 𝜀n 𝜔 = 𝜀# 𝜔 + 𝑖𝜀$(𝜔), 

optical properties can be obtained [21]. (𝜀n) is a frequency-dependent parameter and consists of 

two components. The real part 𝜀# 𝜔  is defined as the electronic contribution to the dielectric 

constant (𝜀£).  It results in dispersion that means refraction of the electromagnetic radiation as it 

passes through the medium. The imaginary component 𝜀$(𝜔) gives rise to absorption. 

Absorption occurs in the visible (electronic state transitions), infrared (vibrational transitions), 

and microwave (rotational transitions).  It is calculated by summing all possible transitions from 
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occupied to unoccupied states in the Brillouin zone weighted with the matrix elements describing 

the probabilities of transition.  Both parts are related by the Kramers–Kronig equation. 

The Kramers–Kronig relations are bidirectional mathematical relations connecting the 

real and imaginary parts of any complex function that is analytic in the upper half-plane. These 

relations are often used to calculate the real part from the imaginary part (or vice versa) 

of response functions in physical systems.  The reason is for stable systems, causality implies the 

analyticity condition, and conversely, analyticity implies causality of the corresponding stable 

physical system. 

The transition of electrons from the valence to the conduction band is the most important 

absorption process.  Because of its importance, the process is referred to as fundamental 

absorption. In fundamental absorption, an electron absorbs a photon (from the incident beam), 

and transition from the VB to the CB. The photon energy must be equal to or larger the energy 

gap. The frequency must therefore be 

𝜈 ≥ (𝐸o/ℎ)																																																		(2.7) 

The frequency 𝜈h = 𝐸o/ℎ is called the absorption edge. From this edge, the bandgap value can 

be deduced. The momentum and the total energy of the electron-photon system must be 

conserved in the transition process (photon absorption). Therefore 

𝐸u = 𝐸v + ℎ𝜈																																													(2.8) 

And 

𝒌u = 𝒌v + 𝒒																																												(2.9) 

Where 𝐸u and 𝐸v  are the final and initial energies of the electron in the CB and VB, respectively, 

and 𝒌u, 𝒌v are the corresponding electron momenta. The vector 𝒒 is the wave vector for the 
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absorbed photon. However, it was known that the wave vector of a photon in the optical region is 

negligibly small. The momentum condition (2.11) therefore reduces to 

𝒌u = 𝒌v																																												(2.10) 

That is, the momentum of the electron alone is conserved. This selection rule means that only 

vertical transitions in k-space are allowed between the VB and CB. 

Quantum manipulations are required for the calculating of the absorption coefficient for 

fundamental absorption. Essentially, these consist of treating the incident radiation as a 

perturbation which couples the electron state in the VB to its counterpart in the CB and using the 

technique of quantum perturbation theory. One then finds that the absorption coefficient 𝛼 𝜔  

(in 𝑐𝑚V#) as a function of the wavelength of the incident light using the following equations: 

𝛼 𝜔 =
4𝜋𝑘(𝜔)

𝜆 																																								(2.11) 

𝑘 𝜔 =
𝜀#$ + 𝜀$$ − 𝜀#

2

#/$

																										(2.12) 

where λ and ω are the wavelength and frequency of the incident light, respectively, and 𝑘 𝜔  

represents the extinction coefficient of the complex refractive index. As indicated earlier in this 

chapter, the absorption coefficient (𝛼) is related to photon energy (ℎ𝑣)  by the known equation 

as: 

 (𝛼ℎ𝑣)
ª
�	 = 	𝛽 ℎ𝑣 − 𝐸o 																											(2.13)  

where β is a constant called the band tailing parameter, Eg is the energy of the optical bandgap 

and n is the power factor of the transition mode, which is dependent upon the nature of the 

material, whether it is crystalline or amorphous[22]. According to Tauc's relation: The plotting of 

(αhυ) (1/2) versus the photon energy (hυ) gives a straight line in a certain region. The intersection 
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of a line tangent to the slope in the linear region of the absorption onset with the baseline 

determines the value of the optical energy gap (Eg).  

Furthermore, the reciprocal of the absorption coefficient α on natural logarithm scale 

defines the absorption depth.  It is important to describe how far light can penetrate into a 

material before being absorbed. It is the distance where intensity is decreased by 1/e around 36% 

of it is original value at the surface. This helps in determining the number of the photocatalyst 

particles needed to absorb the incident light effectively.  It varies with photon wavelength in a 

way that semiconductor with shorter wavelength light is absorbed closer to the photocatalyst 

surface limits the deep travel of the photon and hinders the probable recombination 

The dielectric properties of semiconductors play an important role in achieving the 

desired performance of photoelectrochemical cells and other applications. The dielectric material 

has permittivity measuring its ability to be polarized by an electric field. The dielectric constant 

is the relative permittivity because it is a ratio of the complex frequency-dependent absolute 

permittivity ε(ω) of the material relative to the vacuum permittivity ε0. The dielectric constant is 

greater than 1 and can be as large 111. Along with the electronic contributions (𝜀£), the static 

dielectric constant tensors are mainly composed of  an ionic vibrational polarization component 

(𝜀¬v�).  The electronic contributions of these materials can be computed using the Linear 

response method within the Density Functional Perturbation Theory (LR-DFPT) or the Self-

Consistent Response to a Finite Electric Field (SCR-EFE)[23] or as indicated earlier by 

calculating the real part of absorption coefficient. Yet, the vibrational contribution tensors (𝜀¬v�) 

can be easily obtained by computing the full phonon spectrum of the crystal. 
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2.2 Exciton Binding Energy: Exciton Separation Process 

In discussing fundamental absorption, we consider that the excited electron becomes a 

free particle in the CB, and similarly, that the hole left in the VB is also free. The electron and 

hole attract each other, however, and may form a bound state, in which the two particles revolve 

around each other. (More accurately, they revolve around their center of mass.) Such a state is 

referred to as an exciton. The exciton has a small binding energy, about 0.01 eV, and hence the 

excitation level falls very slightly below the edge of the CB, as indicated in Fig. (2.7). (The 

exciton level is in the same neighborhood as the donor level.) 

 

Figure 2.7. The exciton level and associated absorption. 

 

For exciton-photon absorption, the energy of the photon is given by 

ℎ𝜈 = 𝐸o − 𝐸l 																																														(2.14) 

where 𝐸l  is the exciton energy. The exciton spectrum, therefore, consists of a sharp line, 

falling slightly below the fundamental edge. This line is often broadened by the interaction of the 

exciton with impurities or other similar effects, and may well merge with the fundamental 
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absorption band, although often the peak of the exciton line remains discernible. All excitons are 

considered unstable with respect to the ultimate recombination process in which the electron 

drops into the hole.  The recombination decreases the photocatalytic activity, and the electron 

and holes (free carriers) are not able to move and involve in covalent bonding in the crystal.  

Three different types of recombination are denoted: 

• band-to-band recombination in direct bandgap semiconductor is resulting in a 

radiative process called luminescence. 

• Shockley-Read-Hall recombination in indirect bandgap semiconductors where 

defects and trap sites at the interface are encountered [24, 25]. 

• Auger recombination when a band-to-band transition occurs resulting in energy 

transferred to another electron or hole [26].  

Excitons having a binding energy lower than the room thermal energy (~25 meV) are 

considered to be efficiently dissociated [4]. Experiment’s temperature and the presence of 

impurities obstruct the measurement of the exciton binding energy experimentally.  Since the 

electron and hole pair bounds together by their attractive coulomb interaction just as an electron 

is bound to a proton to form a neutral hydrogen atom, Exciton binding energy can be calculated 

within the Mott–Wannier model [27]. This model treats the exciton as a hydrogen-like atom in a 

dielectric medium. It has been assessed for systems in which the exciton has a Bohr radius higher 

than several unit cells. The exciton binding energy can be calculated based on the hydrogenic 

model as follows: 

𝐸� =
𝜇

𝑚h𝜀n$
𝑅s																																														(2.15) 
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where 𝑚h is the free electron mass, 𝑅s is the Rydberg constant of the hydrogen atom (13.6 eV), 

𝜀n is the average macroscopic (including electronic and ionic contributions) dielectric constant, 

and 𝜇 is the effective reduced mass of the exciton, which is given as follows: 

1
𝜇 =

1
𝑚>
∗ +

1
𝑚l
∗ 																																												(2.16) 

 Where 𝑚l
∗  and 𝑚>

∗  are the averaged effective mass of electron and hole 

respectively. For cubic crystal structure, the effective masses of the hole (𝑚>
∗ ) and the electron 

(𝑚l
∗) were obtained from the arithmetic mean of the components in three crystallographic 

directions. While in cubic or non-cubic crystal structure, the macroscopic dielectric constant (𝜀n) 

was obtained from the arithmetic average of the components in three crystallographic directions. 

2.3 Mobility: Carrier Diffusion 

In solid-state physics, a particle's effective mass is defined as the mass that it seems to 

have when a mass with other identical particles in a thermal distribution, or the mass that 

it seems to have when responding to forces. One of the results from the band theory of solids is 

that the movement of particles in a periodic potential, over long distances larger than the lattice 

spacing, can be very different from their motion in a vacuum. The effective mass is a quantity 

that is used to simplify band structures by modeling the behavior of a free particle with that 

mass[17]. For some materials and some purposes, the effective mass can be considered to be a 

simple constant of material. The effective mass value depends on the purpose for which it is 

used, and can vary depending on some factors like the crystal structure. It is reported that 

efficient transport of the charge carriers occurs when the mass is less than 0.5𝑚∗ [4].   

By fitting the actual E-k diagram around the valence band maximum or the conduction 

band minimum by a parabola, the effective mass of a semiconductor can be obtained. While this 
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concept is simple enough, the issue turns out to be substantially more complex due to the 

multitude and the occasional anisotropy of the maxima and minima. Another way to calculate the 

photogenerated holes (𝑚>
∗ ) and electrons (𝑚l

∗)  effective mass tensors at the band edges is based 

on their k-space band structures obtained from the density functional theory (DFT) using the 

following expression: 

1
𝑚∗

v¯
=
1
2
𝜕$𝐸m 𝑘
𝜕𝑘v𝑘

, 𝑖, 𝑗 = 𝑥, 𝑦, 𝑧 																		(2.17) 

where 𝑖 and 𝑗 denote reciprocal components, and 𝐸m 𝑘  is the dispersion relation for the n-band. 

Note that by using the finite difference method, the derivatives can be evaluated numerically 

[28]. 

The quantity of primary interest in semiconductors is, of course, electrical conductivity. 

Semiconductor physicists often use another transport coefficient: mobility. This is defined as 

follows: The electron drift velocity in the field may be written as 

𝑣l = −
𝑒𝜏l
𝑚l

𝜉																																											 2.18  

The electron mobility 𝜇l is defined as the ratio 𝑣l/𝜉 that is, the velocity per unit field strength. 

The mobility of charge carriers (noted 𝜇l/>) is discussed based on the effective masses. Effective 

masses lower than the rest mass of electron will be considered to yield good charge carrier 

motilities. 

𝜇 =
𝑒𝜏
𝑚∗ 																																																 2.19  

As defined, the mobility is a measure of the rapidity, or swiftness, of the motion of the electron 

in the field. The higher the mobility, the smaller its mass, the longer the lifetime of the electron. 
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2.4 Semiconductor by Design 

The last few decades, researchers have paid significant attention and time to design 

optimized photocatalytic and photovoltaic materials that efficiently absorb the solar radiation and 

convert light to electrical energy.  Most of the current metal oxides have either very low bandgap 

< 1.5 eV or wide bandgap > 2.7 eV that are beyond the visible-light range. So, only 8% to 20% 

of the solar spectrum is used.  Using only UV light (λ≤400 nm), the theoretical maximum STH 

efficiency is only 3.3% (for a QE of 100% at each wavelength). In contrast, the target of STH 

efficiency is generally set to 10% to become competitive within the hydrogen market.  

Moreover, the band edges of the semiconductor material must straddle the photocatalytic 

reduction and oxidation potentials as described earlier, unless proper sacrificial agent and 

cocatalyst is used. Figure 2.8 presents some of the candidate semiconductors for water splitting 

application.  Another point to highlight when design an efficient semiconductor is that elements 

of the semiconductor material should be abundant cheap and environmentally friendly.  

 

Figure 2.8. Materials identified as candidates for the photocatalytic water splitting device. The 
calculated band edges are in the black for the direct and in red for the indirect gap. The levels 

for hydrogen and oxygen evolution are also included. Reproduced from  [29].  
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Materials design of proper semiconductor with low bandgaps in the visible-light range is 

still of crucial importance for their use in solar energy applications.  Here comes the need to 

develop and investigate new materials with proper electronic properties and charge carrier 

separation for solar energy applications. Figure 2.9 shows some of the proven strategies for 

bandgap engineering that have been followed in our thesis.  More details are provided elsewhere 

[30].  

 

Figure 2.9. Bandgap Engineering Strategies. 

2.4.1 Ternary Semiconductors 

One way of bandgap engineering is the formation of ternary or quaternary oxides using 

the combination of a metal cation of s2d10 electronic configuration, and a transition metal oxide 

with a d0 or d10 configuration.  Since Honda and Fujishima in 1972 initiated this research on 

TiO2, many ternary compounds have been inherited for investigation.  Examples are Na2TiO13 

[31], BaTi4O9 [32], CaTiO3 [33], and La2Ti2O7 [33]. 

Several Transition metal-cations with empty d orbitals (d0) electronic configurations are 

investigated e.g. Ti4+ [34], Zr4+ [35], Nb5+ [22, 36], Ta5+ [37-39] and W6+ [40]. The same goes 
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with filled d orbitals i.e. d10 configuration like, In4+ [41], Ge4+ [42], Sn4+ [2], and Sb5+ [32].  

Transition metal oxide’s cation component constructs the bottom of the conduction band by the 

empty d or sp orbitals. However, the top of the valence band usually consists of O2p orbitals, 

which are located at about +3 eV or higher versus NHE, by that producing a band-gap too wide 

to absorb visible-light.  The addition of a suitable extra element in the binary compound’s 

chemical formulation, gives rise to additional interactions/hybridizations on the band edges, 

mostly the valence band.  Consequently, the band edge shifts towards more negative potential 

resulting in a bandgap value significantly reduced from UV to visible range. Well-known 

examples are metal (oxy)nitride or (oxy)sulfide [43, 44]. The addition of N or S creates higher 

energy level at the VB due to the 2p and 3p orbitals, respectively. For instance, TaON possesses 

a visible light bandgap narrower than Ta2O3 by 1.5 eV[38, 45].  

New ternary and quaternary complex oxides have emerged for their photocatalytic 

ability. One example is of complex oxides belonging to the ABi(MO4)2 system, (where A = Na, 

Ag; and M = Mo, W), have shown promising photocatalytic activity for organic degradation and 

H2 generation [46-48].  Compounds composed of both Ag+ and Bi3+ ions exhibited bandgap 

narrowing, which was attributed to a synergetic effect of the Ag+ and Bi3+ ions and a hybrid 

valence band formed from Ag 4d, Bi 6s and O 2p orbitals[40, 49].  Several ternary 

semiconductors are discussed in the subsequent chapters such as Bismuth Titanate, Bismuth 

Vanadate, and Bismuth Rare Earth Copper Oxysulfides.  

2.4.2 Doping and Defects Effects  

Another way to improve photocatalysis and photoelectronic performances include 

metal/nonmetals doping and formation of self-defects which effects the electron-hole transport 

and the hybridization of orbitals at the band edges. Hence, the electronic structure, charge carrier 
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conductivity, and photocatalytic efficiency are modulated [50]. The former is considered 

extrinsic defects as it incorporates with d1-d9 metals or heteroatoms such as C, N, P, S, Se. The 

latter one is called intrinsic defect as it is created by vacancies, Interstitial or Substitutional 

defects of the same primary elements of the material. The highest quantum efficiency reported 

for water splitting was 56% for NaTaO3 doped with La at a wavelength of 270 nm [41].  

Heteroatoms doping also shows a shift in the absorption of the wide bandgap TiO2 to the visible 

region by using Na [51], Se [52], and S [53] 

 

Figure 2.10. The mechanisms of various types of point defects in a crystal where the first and 
the second rows show intrinsic and extrinsic defects, respectively. 

Figure 2.10 shows a schematic example of intrinsic and extrinsic defects.  Both type of 

defects results in a change of the relative concentrations of electrons and holes in the material in 
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a manner, which depends on the kind and concentration of the dopant atom. It should be noted 

that, although the number of free electron or hole concentration changes, a doped semiconductor 

is electrically neutral. Chemical impurities that contribute conduction electrons are called donor 

impurities or donors. Semiconductors doped with donors are called n-type semiconductors (n 

stands for negative). For example, silicon, which belongs to group IV of the periodic table, has 

four valence electrons. When elements belonging to group V (e.g., As, P, Sb) are incorporated 

into a Si crystal, each dopant atom contributes an additional electron to the crystal thereby 

increasing its ability to conduct electricity.  

Impurity atoms that take away an electron from the semiconductor are called acceptor 

impurities or acceptors and result in the formation of p-type semiconductors (p stands for 

positive). For instance, when a group III element (e.g., B, Al, In, Ga) is incorporated into the 

crystal structure of silicon, the dopant atom has an insufficient number of bonds to share with the 

surrounding Si atoms. One of the silicon atoms has a vacancy for an electron and a hole is 

created, which contributes to the conduction process at all temperatures. 

 In an n-type semiconductor, electrons are the majority carriers and the electron 

concentration, n, is equal to the donor impurity concentration. Holes are minority carriers in n-

type semiconductors. The opposite is true for p-type semiconductors, where holes are the 

majority carriers and with concentration, p, equivalent to the acceptor impurity concentration.  

The creation of positive carriers (holes) is limited by: i) the high formation energy of the native 

acceptors that produce holes, such as cation vacancies; and ii) the low formation energy of native 

donors that annihilate holes, such as anion vacancies [54]. Most likely, metal oxide 

semiconductors experience native defects such as oxygen vacancy.   Electrons are minority 

carriers in p-type semiconductors. 
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 One can determine the type of the semiconductor material (n- or p-type), by the Mott-

Schottky plot, which describes the reciprocal of the square of capacitance 1/𝐶$ versus the 

potential difference between the bulk semiconductor and the bulk electrolyte. According to the 

Mott-Schottky equation, 

1
𝐶$ =

2
𝜀h𝜀n𝑒𝑁�𝐴$

𝐸 − 𝐸�� −
𝑘�𝑇
𝑒 																										(2.20) 

where 𝐶 is the capacitance, 𝜀h is the vacuum permittivity, 𝜀n is the dielectric constant, 𝑁� is the 

majority carrier concentration, 𝐴 is the electrode area, 𝑘� is the Boltzmann constant, 𝑇 is the 

temperature, and 𝑒 is the elementary charge.  Up to now, numerous methodologies have been 

developed to prepare different visible-light-driven photocatalysts semiconductors, including but 

not limited to doping strategy, heterojunction, solid solution, facet control and so on. 

2.5 Semiconductor Thermodynamic Stability 

While the above sections were describing what a semiconductor is, and the most 

important properties characterizing a semiconductor for its potential use in photocatalytic 

reactions, it remains to discuss the potential thermodynamic stability of the semiconductor 

relative to the materials that can be used for its synthesis. In other words, prior to the 

photocatalytic reaction, it is important to identify the thermodynamic feasibility of assembling 

the semiconductor material from its individual elements. The stability is judged by considering 

the difference between the energy of the composed material and the energies of the solid and gas 

elements.  Generally, the formation energy of defective (non-stoichiometric) material and can be 

expressed as:  

𝐸uhn¹ 1 = 	𝐸uhn¹'º 1 ±	∆𝜇o																												(2.21) 
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where 𝐸uhn¹'º (1) is the electronic energy at 0 K , composed of the total energies at 0 K of 

the constituting solids in their ground-state and of gas phases if any. It is computed by the 

following for A #V½ B½C: 

 𝐸uhn¹'º 	= 1 − x 𝐸(A) − x	E B − 	E C 																		(2.21.1) 

∆𝜇ois the chemical potential of gas, like Oxygen, Nitrogen or Hydrogen that is consumed 

or released from the reaction.  It depends on temperature (T) and pressure (p) via the enthalpy (h) 

and entropy (s) corrections of each gas phase molecule as expressed: 

∆𝜇o = ℎot 𝑇 − 𝑇𝑠	ot + 𝑅𝑇𝑙𝑛
𝑝(𝑔$	)
𝑝'

																(2.21.2) 

    The enthalpy and entropy corrections as a function of experiment temperature are 

important to stimulate the experimental conditions. By relative comparison to the stoichiometric 

compound, negative or positive formation energy corresponds to the stable and unstable material.  

Another way to judge the stability of the mixed solid solution semiconductor is using Gibbs free 

energy of the doping reaction in equation (2.2).  For example, we can consider arbitrarily the 

formation of A #V½ B½C from solution AC and AB as the following:  

∆𝐺 = ∆𝐸 − 𝑇∆𝑆¹v 																																								(2.22) 

∆E = E A #V½ B½C − 1 − x 	E AC − 	x	E BC 																		(2.22.1) 

∆𝑆¹v  = −𝑚𝑘� 𝑥 ln 𝑥 + 1 − 𝑥 ln 1 − 𝑥 																					(2.22.2) 

The Gibbs free energy is computed by taking into account the mixing entropy between 

two solutions where 𝑚 is the number of non-equivalent A defect sites of sublattice in the 

supercell and x is the doping rate.  A negative value of DG means that the material is 

thermodynamically more stable than the pure elements while a positive value indicates the 

separation of the pure is favoured, rather than formation of the desired material. 
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A wide range of semiconducting materials, specially chalcogenides metal oxides, have 

been investigated concerning their photocatalytic properties, but only a few number of 

semiconductors are found to be effective photocatalysts.  The semiconductors with a wide-

bandgap, such as titanium dioxide (TiO$) [34], proved itself to be better photocatalysts than 

semiconductors with low-bandgap, such as cadmium sulfide (CdS) and cadmium selenide 

(CdSe) [55-57], this is due to the higher free energy of photogenerated charge carriers of the first 

and the inherently low chemical and photochemical stability of the second.  S2- and Se2- have 

more positive oxidation potential than water, which results in self-oxidation and 

photodegradation. Even though low bandgap semiconductors are better adapted to the solar 

spectrum, the instability limits their efficiency for the photocatalytic application.  So, no need to 

further investigate the optoelectronic and transport properties if the material fails to satisfy the 

stability condition.  
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Chapter 3 Theoretical Background 

              This chapter is focused on the potential of applying computational approach to design 

and develop new materials for solar energy conversion and optoelectronic devices as well as for 

the sustainable production of hydrogen fuel. Combining experimental data with computational 

results provide access to a large variety of information and enable to gain rational insights 

towards the design of improved materials. The computational investigation can give relevant 

information about how the properties of a material depend on its composition and structure, i.e., 

the Holy Grail of materials design. 

    Accurate prediction of materials properties and their optimization with respect to composition 

and structure before synthesis is a key challenge in computational materials science. Some of the 

main challenges for the design of new materials based on atomic-scale computer simulations are 

the prediction of crystal structures and thermodynamic stabilities [1], and the assessment of 

properties at larger length and time scales than those accessible to atomic scale modeling 

approaches [2].  For the calculation of properties at the atomic scale, ab initio or first-principles 

approaches have the advantage of a wider range of applicability concerning different chemical 

environments of the atomic nuclei compared to empirical methods, but at the price of higher 

computational complexity. It is based on a quantum mechanical description of the interactions 

between electrons and atomic nuclei with the atomic numbers and masses as the only input. The 

ab initio calculation of the electronic ground state structure within density functional theory [3] 

in the Kohn-Sham scheme [4] has become a standard approach to study bulk crystal structures, 

slab surfaces, and molecular reactions. 

      Moreover, Computational investigation and simulations provide a shorter route.  A screening 

study of materials by trial and error approach can, besides discovering materials with improved 
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properties, help to establish the knowledge needed to design better materials. There are, 

however, fundamental differences between experimental and computational screening.  Since 

computer simulations are inherently based on models, any material discovered by simulations 

must ultimately be verified experimentally. Computational studies are significantly cheaper than 

typical experiments, so in practice, many more materials can be screened using simulations. 

Computational screening is necessary to narrow the phase space of potential candidate materials 

before an experimental screening of this reduced set of candidates [5].  Hence, it can accelerate 

the empirical discovery of improved materials. 

      The following section briefly introduces the fundamental theorems of density functional 

theory (DFT) and its exchange correlation functionals. Then, a description of the methodology 

used in our modeling and screening is provided. This methodology is executed on different 

large-scale computing resources. Several tests and benchmarks have been conducted to 

efficiently utilize those resources.  Some of these tests and challenges are presented as well. 

3.1 Density Functional Theory  

Density functional theory (DFT) is a computational quantum mechanical method used to 

study the ground state of many-body systems. The properties of these systems are obtained by 

using functionals which is functions of another function of the electrons density that reflects the 

name of the theory. DFT is currently the most successful and popular method to describe the 

electronic structures of materials. It is based on solving Schrödinger equation for a given system 

to obtain a wavefunction that contains all the information about the system. For a hydrogen 

atom, exact solution can be obtained; however, it is impossible to solve Schrödinger equation for  

many-body system. The solution of the Schrödinger equation includes 3N spatial variables and N 
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spin variables of electrons and 3M spatial variables of the nuclei (ignoring nuclear spin). Finding 

an exact solution for such an equation is impossible even for small molecules.  

One way to avoid the complete solution is to construct approximations. In summary, DFT 

undertakes the problem by providing approximations to solve the Schrödinger equation of a 

many-body system in terms of density rather than wave function. So, the problem is demoted to 

three coordinates of the density rather than dealing with 3N coordinates of the wave functions. 

The interacting electrons are treated as non-interacting electrons under an effective potential. 

3.1.1 The Quantum Many-Body Problem  

The description of materials at atomic and electronic level is obtained by quantum 

mechanics where the wavefunction has all the information about the system. The many-body 

wave function Y can be attained by the time independent non-relativistic Schrödinger equation  

 yy EH =ˆ  (3.1) 

 where the exact Hamiltonian that describes the total energy for a many-body system is given by 
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where 𝑚 and 𝑀 are electron and nuclei masses, respectively, 𝑖 and 𝑗 are the indexes of electrons 

nuclei in the system, 𝑍 is their atomic number, 𝑟 is the spatial position of electrons and 𝑅 for the 

nuclei. The first two terms attribute to the kinetic energy of nuclei and electron, respectively. The 

following terms represent electron-nuclear, electron-electron, and nuclear-nuclear electrostatic 

coulomb potential interactions, respectively. Since the many-body equation is not easy to solve, 
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approximations are needed. The first approximation is the Born-Oppenheimer based on the fact 

that the masses of the nuclei are much larger than those of electrons.  In this context, the kinetic 

energy of nuclei can be neglected.  Also, the potential of nuclei is constant and is quite 

frequently neglected since it causes only a constant shift in eigenvalues [6]. Thus, equation (3.2) 

can be shortened to 

 eeexte VVTH ++=ˆ  (3.3) 

 where extV  is electron-nuclear potential where the terms are given by 
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   The identity of the system depends on the third term of equation (3.3) , due to Born-

Oppenheimer approximation, where the electrons is considered to move under the external 

potential generated by the nuclei. The other terms are considered universal for all systems. A 

corresponding wavefunctions describing the system is obtained by solving Schrödinger equation 

considering the positions of electrons and nuclei (r and R, respectively). However, it is 

impossible to find a solution without any further approximations. 

3.1.2 Hohenberg-Kohn Theorems  

         In 1964, Hohenberg and Kohn offered two remarkable theorems as the basis of density 

functional theory that connects charge density and many body Hamiltonian equation [3, 7]:   

Theorem 1: The external potential V ext  for any system can be uniquely determined by the 

ground state density. )]([>=||< 0 rAA ryy  

Theorem 2: when an approximate electron density )]([ rr  associated with an external 

potential V ext is used, the resulting energy will always be greater or equal than the exact ground 
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state energy. In other words, the density that minimises the total energy is the exact groundstate 

density. )()()]([=)]([ rrdrVrFrE extHK rrr ò+  

3.1.3 Kohn-Sham Equations 

Kohn-Sham equations define a way to find the exact ground state density for many 

electrons systems [4]. Essentially, the ground state density of many electrons interacting system 

is drafted to the ground state density of non-interacting system in which the electrons are 

considered moving in an effective potential known as the Kohn-Sham potential represented by 

 extxcHKS VVVV ++=  (3.4) 

 V H  is the classical electrostatic potential, Hartree potential, stated as  

 
'
)'('= 2

rr
rdreVH -ò

r
 (3.5) 

 and V xc  is the exchange-correlation potential that have many body effect. Density functional 

theory offered a form for this potential to obtain the exact ground state density and energy. The 

potential is computed by functional derivative of the exact ground state density  
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 (3.6) 

 However, the exact potential is unknown and, thus approximation is required. Schrödinger 

equation is solved using V KS  potential in order to obtain Kohn-Sham equations solution: 

 )(=)(][ rrVVVT iiiextxcHee yey+++  (3.7) 

 The resulting ground state wavefunctions can be used to drive the ground state density as in  

ryy =*
iiiå , which is known as Kohn-Sham orbitals, that correspond to the lowest energy 

solutions. The solution is achieved using self consistent field (SCF) method, initatited by a trial 
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density used to calculate the potential and solve Schrödinger equation. Then, the obtained 

wavefunctions are used to obtain a new trial density. The SCF cycles (iterations) repeated until a 

convergence is reached (the new density equal to the previous trial density). This is illustrted in 

Figure 3.1 and later sections. 

3.1.4 Exchange-Correlation Functional  

         The density functional theory expressed in the Kohn-Sham scheme is still exact, apart 

from the preceding Born-Oppenheimer approximation. The unknown quantities inside the 

functional 𝐸 𝜌 𝑟  have been progressively reduced to the universal Hohenberg-Kohn functional 

and finally to the exchange-correlation functional. At this level, it is now necessary to define an 

approximate form for the exchange-correlation functional in such a way to describe the system as 

accurately as possible. 

 Two standard approximations can be used to find xc  term namely the local density 

approximation (LDA) [8] and the generalized gradient approximation (GGA) [9]. LDA 

approximates the xc  energy by considering locally the exchange correlation energy of 

homogeneous electron gas at constant density r , )]([ rxc re , where the value of density depends 

only on spatial position r.  

 )()]([=)]([ rrdrrE xcxc rrer ò  (3.8) 

As this approximation is exact for homogeneous electron gas, it is considered valid for systems 

where densities slowly vary like in the case of metals. However, LDA has accuracy issues as it 

tends to overestimate cohesive energies and underestimate the lattice constants and bond lengths. 

A better approximation is achived by incorportaing the gradient of the density instead of only 

including the local density.  This  non-local approximation is the GGA functional described by: 
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 drrrrrE xc
GGA
xc )](),([)(=)]([ rrerr Ñò  (3.9) 

 where )](),([ rrxc rre Ñ  is the exchange-correlation energy per particle of a non-uniform 

electron gas. GGA functional has several parameterizations such as B88 by Becke [10], PW91 

by Perdew and Wang [9] and PBE by Perdew, Burke and Enzerhof [11]. Perdew, Burke, and 

Ernzerhof (PBE) functional has been widely used since it shows considerable success in 

predicting electronic properties of solid-state materials [11]. 

         One of the fundamental limitation of LDA and GGA functionals is their tendency to 

underestimate the bandgap of semiconductors by 30-50% [12]. This is mainly due to the 

discontinuity in the exchange-correlation functional. Kohn-Sham functional derivatives 

describing the bandgap are discontinuous while the exchange-correlation term provided by LDA 

and GGA is continuous [13]. Another reason is the self-interaction error which exceeds 

ionization energy and electron affinity introduced by Hartree potential in equation (3.5).  It is 

only partly canceled for LDA and GGA exchange-correlation functionals. This results in an over 

delocalization nature of LDA and GGA calculations, thus misses describing on-site Coulomb 

repulsion of localized orbitals such as 𝑑 and 𝑓 electrons.   

        In spite of the mentioned drawback, LDA and GGA accurately and reliablly describe most 

of the electronic properties of materials and even have been found to confirm experimental 

results [14, 15]. Band gap underestimation can be overcomed by using either expensive Hybrid 

functional [16, 17], which corrects the exchange functional, or using on-site Coulomb repulsion 

term contained in the Hubbard model [18], which corrects the correlation functional by 

describing the strongly localized nature of  𝑑 and 𝑓 valence electrons.  

         Hybrid functionals are characterized by mixing nonlocal Fock exchange with local or 

semilocal DFT exchange in a certain proportion. Commonly, they mix 1/4 of exact (HF) 
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exchange with 3/4 of PBE exchange and describe correlation at the GGA (PBE) level. Under 

periodic boundary conditions, the calculation of the HF exchange energy is very expensive 

because of the slow decay of the exchange interaction with distance. To overcome this obstacle, 

Heyd et al. proposed Heyd-Scuseria-Ernzershof (HSE06) hybrid functional where the Coulomb 

potential is separated into a short- and long-range part [19].  In the HSE06 functional, HF and 

DFT exchange mixing is affecting only the short-range interaction as the following: 

𝐸Ç�È}�A> = 𝑎𝐸Ç
s�,�Ê 𝜔 + 1 − 𝑎 𝐸Ç

}�A,�Ê 𝜔 +	𝐸Ç
}�A,ËÊ 𝜔 + 𝐸�}�A		 

where 𝑎 is the mixing parameter and 𝜔 is the adjustable parameter of the short-range of 

interactions beyond which these interactions becomes negligible. Choosing standard value of 𝑎 = 

0.25 and 𝜔 = 0.2 , HSE06 have been shown to yield good results for many systems.  𝐸Ç
s�,�Ê 𝜔  

is the short range exact exchange energy.  𝐸Ç
}�A,�Ê 𝜔 	and 𝐸Ç

}�A,ËÊ 𝜔  are the short and long 

range parts of the PBE exchange energy, respectively, and 𝐸�}�A is the PBE correlation energy. 

3.1.5 Plane Waves and Bloch Theorem 

A way to solving Kohn-Sham equations in real space is to expand Kohn-Sham orbitals 

using a basis set and thus allows the transforming equation 3.7 to a matrix equation in coefficient 

space which is easier to explain [20].  

 )(=)(
1=

rcr ii aa
a

fy å  (3.10) 

 A typical basis set is a plane waves expansion for crystal with periodic boundary conditions. For 

those crystals, the potential is also periodic over translation R. Bloch’s theorem solves the 

Schrödinger equation in a periodic potential  

 )(=)( rVer k
rik

k
×f  (3.11) 
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 where )(rVk  is a periodic potential that fulfils the equality 𝑉Í 𝑟 + 𝑅 = 𝑉Í 𝑟 	 and k  is a wave 

vector that defines a set of lattice points in reciprocal space (momentum space). Reciprocal space 

is obtained from the Fourier transform of real space and maily used to extract information about 

the crystal symmetry. Similar to the positions in real space, which are defined in terms of lattice 

vectors 𝑎#,	𝑎$, and 𝑎), the positions in reciprocal space are defined in terms of reciprocal lattice 

vectors b 1 , b 2 , and b 3  given by 

 
)(

2=,
)(

2=,
)(

2=
321

21
3

321

13
2

321

32
1 aaa

aab
aaa
aab

aaa
aab

´×
´

´×
´

´×
´ ppp  (3.12) 

 As prevouisly defined, the first Brillouin zone is the reciprocal equivalent of Wigner-Seitz cell 

in real space and can be reduced to the irreducible Brillouin zone. Integration over possible 

values of k points in the irreducible Brillouin zone is needed to extract electronic properties of 

the crystal. Different integration schemes (such as Monkhorst-Pack and Gamma) can be used by 

utilizing converged number of k points along each direction in the reciprocal lattice. Now, the 

periodic potential in equation (3.11) can be expended in terms of plane waves summation  

 riG

G
eGcrkV ×

¥

å=)(  (3.13) 

 where 𝐺	 is a reciprocal lattice vector given by 𝐺 = 	𝑚#𝑏# +	𝑚$	𝑏$ +	𝑚)𝑏) for integer values 

𝑚v	. Thus, equation (3.11) can be written as  

 rGki
Gk

Gk
ecrk ×+

+

¥

+
å )(

)(=)(f  (3.14) 

 The summation over infinite number of reciprocal space vectors 𝐺	 is a problem since it cannot 

be numerically resolved. However, the plane waves solution has kinetic energy of  

 2
2

||
2

= Gk
m

E +
!  (3.15) 
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 where mostly the small kinetic energy terms can be neglected for a good approximation. This 

leads to a plane wave energy cutoff that limit the basis set to a finite size and thus determines the 

size of basis set matrix.  

 2
2

2
= cutcut G
m

E !  (3.16) 

 Then, equation (3.16) becomes  

 rGki
Gk

cutGGk
k ecr ×+

+
£+
å )(

)(
||

=)(f  (3.17) 

 The error by this approximation can be eliminated by avoiding the comparison between the 

energies of systems with different cutoff energies. 

  

3.2 Pseudopotentials and Basis Set 

  Even though the electronic wave function can be expanded in a plane wave basis set, the 

plane wave basis may not be the best option to conduct the electronic structure calculations. This 

is because the valence electron wave functions are strongly oscillating near the core region. A 

solution to this problem is to replace the strong ionic potential within the core region by a weak 

potential (small basis set), named as pseudopotential. Also, pseudopotential is used to treat 

valence electrons and ion cores (nuclei and non-valence electrons) individually [21].  In another 

word, it considers the ion cores as frozen during structural relaxation. One common type is 

ultrasoft pseudopotential which requires very small basis set and thus minimize calculation cost 

[22]. The codes that follow this approach provide a library holding pseudopotentials for each 

element in the periodic table.  

Another way to deal with the problem is to use variable bases, for each region, instead of 

fixed bases to expand the wave functions. A common approach of this type is projector 
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augmented plane-wave (PAW) method where the potential is considered spherically symmetric 

around the nucleus and constant in-between. In PAW method, the rapid oscillated wave 

functions at the core region are represented by atomic-like functions with a condition that they 

join continuously to the plane waves at the boundaries of the core region [23]. Different 

computational codes use a specific way to deal with the problem and therefore it is imperative to 

provide the code used for each calculation. 

3.3 Simulation Code (VASP) 

All our calculations have been conducted using the Vienna Ab initio Simulation Package 

(VASP). It is a Fortran 90 program developed by G. Kresse and J. Hafner to determine the 

ground state properties of a given system based on DFT [24, 25]. It has many functionalities 

beyond standard DFT; LDA+U, HSE hybrid functional, GW etc. The code uses plane wave basis 

sets to describe one-electron orbitals whereas the interaction between electrons and ions can be 

represented using the projector-augmented-wave method (PAW) [24]. An initial guess of charge 

density is chosen to start the calculation and solve Kohn-Sham equations. This leads to a new 

input charge density that is used to repeat the process until a self-consistency is reached, see 

Figure 3.1. When the energy difference between successive calculations is smaller than a 

threshold value, the electronic iteration stopped. After that, the total energy, atomic forces, and 

cell stress can be easily calculated., and therefore a fully relaxed atomic structure (cell 

parameters and atomic coordinates) is obtained. The convergence algorithms for optimizing the 

atomic structure are based on the conjugate gradient scheme, the block Davidson scheme or the 

residual minimization scheme (RMM). These algorithms used the ionic iteration to shift the ions 

in a direction that minimize the forces until energy convergence criteria are achieved. A special 
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algorithm is the quasi-Newton, where the energy criterion is ignored and only the forces are 

minimized. 

One distinct advantage of VASP is its efficient parallelism allowing the use of 

supercomputers to deal with massive systems with hundreds of atoms in one unit cell. Besides, 

VASP allows the simulation of various properties of materials such as structural, electronic, 

optical, dielectric and transport properties as described in the following section. 

 

Figure 3.1. Representation of the self-consistent field (SCF) method for solving Kohn-Sham 
equations. 

 

3.4 Computational Methodology 

       In most of the calculations conducted in this thesis, we modeled our systems starting from 

the experimental crystal structure and considered also supercell models by incorporating a large 

number of atoms to mimic defective materials. Material Studio software was utilized in the 

modeling stage for visualizing purposes [26]. DFT calculations were carried out to relax the 
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modeled structures by means of the plane-wave pseudopotential (PAW) method, as implemented 

in VASP package. For the exchange-correlation potential, we used the generalized gradient 

approximation (GGA) as parameterized by Perdew, Burke and Ernerhof (PBE). For defective 

structures, several geometrical configurations were modeled by paying particular attention to key 

structures exhibiting well-dispersed or aggregated defect sites. The optimized structure was 

selected based on the convergence tests and the lowest energies obtained. Cutoff energies of 400, 

500 or 610 eV were used for the wave functions and charge augmentations. The convergence 

criterion for the SCF cycles was set to 10-5 eV per cell. The atomic coordinates and cell 

parameters were fully relaxed until the Hellmann–Feynman forces on each atom were less than 

0.01 eV Å−1. 

As discussed in the previous chapter, the computation of physical properties such as total 

energy and charge density require integration over k-points in the first Brillion zone. This means 

that k-points used in the calculations should be sufficiently dense so that the results are 

converged. The number of k-points used in calculations can be reduced remarkably using the 

crystal symmetry properties. Thus, the calculations are performed on the irreducible Brillion 

zone, which is typically much smaller than the first Brillion zone thus reducing the calculation 

time. The k-points used for Brillouin zone integration are also required to be inversely 

proportional to lattice constant lengths and thus need to be tested for each system or supercell. 

The k-points sample is represented by Monkhorst-Pack grid that uses equally spaced mesh in the 

Brillouin-zone [27]. We used the tetrahedron method with Blöchl corrections for the Brillouin-

zone integration.  In our studied systems, the bismuth titanate materials within the pyrochlore, 

sillenite, and perovskite-like structures, have the k-points mesh of 5 × 5 × 5, 5 × 5 × 5 and 6 × 6 

× 2 respectively. For the bismuth vanadate, 3 × 3 × 3 k-points mesh was adopted 4 × 4 × 4 grid 
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was considered for the bismuth rare earth copper oxysulfides. The configurations of the valence 

electrons adopted in the PAW potentials were 6s2 6p3 for Bi, 3d3 4s1 for Ti, 3d104s1 for Cu, 3s23p4 

for S, 2s22p4 for O, 5p66s25d1 for La, 5p66s25d1 for Gd, 5p66s25d1 for Lu and 4s24p65s24d1 for Y. 

In k-space band structure calculations, the integration over the k-points is strongly 

affected by the nature of the bandgap.  In insulators, energy bands smoothly vanish before the 

bandgap and thus provide smooth integration. However, the functions in metals are 

discontinuous at the Fermi level and cause slow k-points convergence (as dense grid is 

necessary). To overcome this problem, the step functions are replaced by a smoother one for the 

energy dispersion curves called Gaussian smearing in which the calculated energy band is 

broadened using Gaussian function. Since the resulted energy curvature would be the same 

whether the calculation conducted under the PBE formalism or the HSE06 formalism regardless 

of the bandgap, we used PBE for cheaper computation.   

For single point calculations, it is well-known that the GGA functional limitation should 

be alleviated by using the more accurate screened Coulomb hybrid Heyd–Scuseria–Ernzerhof 

(HSE06) exchange-correlation functional on the optimized geometries obtained at the Perdew–

Burke–Ernzerhof (PBE) level.  Our choice of HSE06 for density of states (DOS) is based on the 

previous reports of the widely used semiconductors in the fields of photocatalysis, which showed 

high accuracy in predicting these photo-physical properties compared with experimental data 

[28, 29]. Figure 3.2 represents a reported comparison between the theoretical and experimental 

bandgap values of 32 solids. An important feature related to DOS calculation is the spin orbit 

coupling (SOC) effect, which is an interaction of electron spin with its motion. This phenomenon 

becomes important in the case of heavy elements, and so, this interaction should be taken into 

account in the calculations to correctly describe the electronic structure of the semiconductors. In 
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our study, we have taken into account the SOC due to the presence of relatively heavy elements 

such as Bismuth. 

Optical absorption coefficient 𝛼(𝜔) calculations were carried out using the HSE06 

functional to accurately determine the fraction of the light absorbed in these materials. The 

optical properties were obtained from the frequency-dependent complex dielectric function ε(ω) 

= ε1(ω) + iε2(ω) following a methodology described in Chapter 2. 𝛼(𝜔) (in cm−1) for each 

material as a function of the wavelength of the incident light. The real part ε1(ω) was obtained 

using the Kramers-Kronig relation, whereas the imaginary part ε2(ω) was calculated by summing 

all possible transitions from occupied to unoccupied states in the Brillouin zone weighted with 

the matrix elements describing the probabilities of transition. 
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Figure 3.2. Theoretical vs. experimental bandgaps for several semiconducting and insulating 
materials using various methods reported in [30]. 

 
For dielectric constant calculation, it is common to use the linear response method.   

VASP currently does not support linear response calculations for hybrid functionals.  However, 

the Born effective charges are calculated through applied finite field with the interatomic force 

constants from finite differences. Accordingly, the ionic contribution to the piezoelectric tensor 

and the dielectric tensor are then calculated. The electronic contribution to the dielectric tensor (

¥e ) is calculated using either the Linear response method within the Density Functional 

Perturbation Theory (LR-DFPT) or the Self-Consistent Response to a Finite Electric Field (SCR-

EFE) at the HSE06 level of functional. The local field effects are included in both methods. The 

ionic contribution to the dielectric constant ( vibe ) is calculated using Density Functional 
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Perturbation Theory.  Table 3.1 shows in-house calculation of the dielectric constant tensor using 

both methods. It is clear that they are both accredited as they reproduce the experimental 

reported values.  

Compound Structure Calculations Expt 
LR-DFPT/PBE SCR-FEF/PBE 
    

C diamond 5.8 5.8 5.8 5.7[31] 

Si diamond 12.7 12.7 12.7 12.1[32] 

Ge diamond 25.7 25.8 15.8 16-16.5[33] 

CdTe zincblende 8.7 11.7 8.6 10.4 [34] 

GaAs zincblende 16.9 19.2 17.2 12.9 [35] 

TiO2-A anatase 7.5 

6.6 

56.3 

28.9 

7.2 

6.6 

45.1[36] 

22.7 

TiO2-R rutile 7.9 

9.4 

148.1 

218.8 

7.9 

9.4 

110 [36] 

260 

TaON monoclinic 7.8 

9.7 

8.7 

21 

33.8 

22.5 

7.6 

9.1 

8.4 

- 

- 

- 

Ta3N5 orthorhombic 10.9 

10.7 

10.3 

35 

39.6 

53.87 

9.6 

9.8 

9.5 

- 

- 

- 

Table 3.1. Calculated electronic (e¥ ), ionic (evib ) and total (er ) macroscopic static dielectric 
tensors of selected semiconductors using VASP. 

Hole and electron effective masses were computed using finite difference method on a 

five-point stencil. This method is in good agreement with experimentally obtained values for 

group III-IV semiconductors. It has been reported that the difference between the effective 

masses of a given material in PBE and HSE06 is negligible. So, in our calculations, we used the 

eigenvalues from the calculated band structures at the PBE level of functional to deduce the 

effective mass of holes and electrons.  In addition, the valence band maximum (VBM) and 

conduction band minimum (CBM) positions need to be extracted from the band structure plot 

¥e vibr eee += ¥ ¥e vibr eee += ¥
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along with band energy level. After calculating the correct step size in 1/Bohr units, the effective 

mass tensor was obtained. The results could be confirmed by a parabolic fitting of the VBM and 

CBM to acquire the effective masses of holes and electrons, respectively.  

The exciton binding energy 𝐸� was calculated based on the hydrogenic model using 

inputs such as: RH (the Rydberg constant of the hydrogen atom (13.6 eV)),  (the average 

macroscopic dielectric constant), and 𝜇 (the effective reduced mass of the exciton).  

3.5 Computational Cost and Testing 

           High-performance computing (HPC) uses supercomputers and computer clusters to solve 

advanced computation problems. Today, computer systems approaching the teraflops-region are 

considered as HPC-computers. High-performance computing (HPC) is a term that appeared after 

the term "supercomputing." KAUST researchers have access to different in-campus clusters and 

supercomputers. In this work, we utilized Noor and Shaheen II to perform our calculations.  

Noor computer cluster is a Beowulf class heterogeneous computer cluster divided into general-

purpose compute nodes, GPU-accelerated nodes and shared Memory programs (SMP) nodes. It 

has more than 350 nodes with theoretical max DP GFlop/s per node as 93.76. This facility boasts 

Middle East’s top performing supercomputer, Shaheen and Cray XC40 supercomputer. It 

reached 7.2 Pflop/s of theoretical peak performance. The latest TOP500 list, announced in June 

2017, places Shaheen II at rank #18 .  The system has 6,174 dual sockets compute nodes 

         Although more compute nodes can be employed to speed up bigger cells calculation, in 

general, the bigger system cannot always run as fast as a smaller one by simply adding more 

compute nodes. About two orders of magnitude longer time is needed for HSE06 calculation 

than a GGA calculation. However, it cannot also make use of two orders of magnitude more 

compute nodes efficiently. Therefore, large hybrid calculations will remain a challenge to run 

re
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until the parallelization parameters in VASP is correctly tuned. VASP allows parallelization and 

data distribution over bands and/or over plane wave coefficients and over k-points. For highly 

efficient calculation on massively parallel systems or modern multi-core machines, it is strongly 

recommended to use all at the same time. NPAR defines how many bands are handled in 

parallel. The current default is NPAR=number of cores meaning that one orbital is treated by one 

core. The computational cost scales with the square of the number of occupied bands Nbands.  

KPAR is the number of k-points that are to be treated in parallel.  So, the set of k-points is 

distributed over KPAR groups of compute cores. 

 

 

Figure 3.3. Scalability on Shaheen for supercell consisting of 519 atoms (a) 239 atoms (b) with 
different KPAR and NPAR. 
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   For illustration, a test to evaluate the optimized selection of the parallelism parameters for 

VASP on Shaheen II was conducted. VASP offers parallelization over bands (NPAR) and over 

k-points (KPAR).  Total number of k-points equals 4, thus KPAR can be set to 1, 2, or 4.  The 

rule of thumb when specifying NPAR is that NPAR should be smaller or equal to sqrt (number 

of cores/KPAR). Scalability of 2 electronic loops up to 10 nodes was investigated as well. The 

system was LaAlO3/SrTiO3 (001) and (110) supercells (each comprising 52 atomic layers).  

   From Figure 3.3(a), we can see that eight nodes are sufficient. Effect of KPAR is significant.  

Best execution is when KPAR=4 and NPAR=4.  For smaller system size in Figure 3.3(b), three 

nodes are sufficient and the effect of KPAR is small.  Again, better performance is achieved for 

KPAR=4 and NPAR=4.  In summary, best performance is obtained for 8 nodes. KPAR equal to 

the number of k-points is ideal and critical for large systems.  NPAR equal to [sqrt (number of 

cores/KPAR)]/2 results in the best performance.  

    Another important aspect to optimize the computation time is by choosing an efficient input 

recipe for the hybrid calculation. This requires testing of several input recipes before starting a 

massive calculation set for a given system.  In one case for example, we obtained 3.8 times faster 

calculation by tuning the input parameters like PRECFOCK, NKRED and ALGO. These are 

controlling the FFT grids used in the exact exchange routines, reduction factor for the 

momentum transfer q-point grid of the exact exchange potential and the correlation par, and the 

electronic minimization algorithm, respectively. 
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Chapter 4   Joint Theoretical and Experimental Study on the Optoelectronic 

Properties of Bismuth Titanate for Photocatalytic Applications 1 

A combination of experimental and computational investigation was conducted on 

bismuth titanate materials with the three types of structures; pyrochlore, sillenite, and perovskite. 

The study covered the crystal structure characterization, thermodynamic stability of perfect and 

defect-containing structures, the optoelectronic and transport properties. The two approaches 

based on density functional perturbation theory (DFPT) with the standard Perdew-Burke-

Ernzerhof functional (PBE) and on density functional theory (DFT) along with the screened 

Coulomb hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional, including spin–orbit coupling, 

were used. The electronic structure, the electron and hole effective masses, the dielectric 

constant, and the absorption coefficient, were systematically investigated. The crystal structures 

were experimentally obtained using Rietveld refinement. A good agreement between the 

calculated and experimental values is obtained on the bandgap (3.1 eV for Bi#$TiO$' , 3.6 eV for 

Bi(Ti)O#$) and the absorption coefficient under UV range. For the pyrochlore structure, the 

stoichiometric form has a wide bandgap computationally, as it was difficult to synthesize 

according to a detailed experimental protocol for both powder and thin films material synthesis.  

A stable form of non-stoichiometric structure of Bi1.75Ti2O6.62, was found with a narrower 

bandgap of 3.3 eV and proven experimentally via ellipsometry.  

                                                
1  This chapter was reproduced from our published work in the following papers: 
*Noureldine, D., et al., Combined experimental-theoretical study of the optoelectronic properties 
of non-stoichiometric pyrochlore bismuth titanate. Journal of Materials Chemistry C, 2015. 
3(46): p. 12032-12039. 
*Lardhi, S., et al., Determination of the electronic, dielectric, and optical properties of sillenite 
Bi12TiO20 and perovskite-like Bi4Ti3O12 materials from hybrid first-principle calculations. 
The Journal of Chemical Physics, 2016. 144(13): p. 134702. 
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All bismuth titanate structures maintain a high dielectric constant revealing excellent 

charge separation. Despite the relatively high electron and hole masses of Bi1.75Ti2O6.62 in certain 

directions, both sillenite and perovskite-like structures exhibit lower masses even than the 

reported ones for TiO2. Besides, the flat band potential of the three structures was negatively 

higher than that of the TiO2, and this was important for potential applications when mixed with 

TiO2. Examples include dye-sensitized solar cells and UV-light-driven photocatalytic 

applications.  

4.1 Introduction  

The first bismuth-based material studied here is bismuth titanate family, as it was 

reported to evolve hydrogen and oxygen under UV light [1, 2].  It has a unique bismuth layered 

structure and photo-physical properties, enhanced piezoelectric behavior and tunable electronic 

properties by site substitution with different elements [3].  One more advantage over other metal 

oxide is that Ti4+ is the most abundant and cost effective in comparison with other d0 transition 

metal configurations. Bismuth titanate exists in five different phases [4]: the Aurivillius phase 

Bi4Ti3O12 [5] , the sillenite (Bi12TiO20), pyrochlore phase Bi2Ti2O7 [6], Bi2Ti4O11 [7], and 

Bi8TiO14 [8]. Bismuth titanate semiconductors like Bi#$TiO$', Bi(Ti)O#$, and Bi$Ti$O* mixed 

with TiO$ are used in photocatalysis to degrade organic pollutants [9-12].  Sillenite is used in 

optoelectronic devices because of their photorefractive properties, and their high electro-optical 

coefficients make them applicable in the field of holographic interferometry [13]. Moreover, 

perovskite-like Bi(Ti)O#$ has been used as a promising material for nonvolatile ferroelectric 

random access memories (FRAMs) because of its excellent fatigue resistance during repeated 

polarization reversals with an electric field [14]. Due to the pyrochlore high dielectric constant, 

frustrated magnetism,[15] superconductivity[16] and significant ferroelectric behavior,[17] the 
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pyrochlore family is a suitable candidate for many applications. Bi2Ti2O7 have been used as 

pigment,[18] storage capacitor, and recently as UV- light photocatalyst [12, 19-23]. 

Designing a successful semiconductor material requires the appropriate determination of 

the intrinsic photophysical properties with the chemical compositions and/or electronic 

structures. However, in the literature, those properties are still under debate because of a lack of 

their detailed characterization governed by the crystal and electronic structures [10, 24-27].  For 

example, their bandgaps remain controversial, where there is the presence [11, 12] or absence of 

[28] visible response. This discrepancy originates from the difficulty in controlling their 

chemical stoichiometry through material synthesis. Furthermore, important characteristics such 

as the dielectric constant, charge carrier effective masses, and band edges have not been reported 

on these materials. 

The synthesis of of bismuth titanate has been extensively explored by different methods 

[29-32]. Several morphologies such as nanotubes [33], nanowires [34] or hierarchical assemblies 

have been described as photoactive materials [35, 36]. The Bi2Ti2O7 structure is quite 

questionable and can be obtained using several synthesis methods like sol-gel [37], metallorganic 

decomposition [38] and co-precipitation [6, 39]. Despite the fact that it was first introduced by 

Knop et al. on Y1-xBixTi2O7 [40] in the seventies, a pure phase Bi2Ti2O7 structure was not 

synthesized until recently by co-precipitation method [6, 39]. Before this latest finding, many 

nonstoichiometric “Bi2Ti2O7” structures were reported in the literature. In 1995, Kahlenberg and 

Böhm reported the formation of Bi3+ and O2- deficient compound (Bi1.833Ti2O6.75) which was a 

result of combining a mixture of Bi4Ti3O12 and Bi2Ti4O11 while trying to synthesize the 

stoichiometric pyrochlore by solid state reaction [41]. In this process of trying to synthesize the 

stoichiometric pyrochlore, the perovskite structure might have co-generated through solid-state 
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reactions. After that, Radosavljevic et al. reported a synthesis attempt of a pure Bi2Ti2O7 

compound by precipitation method which was processed by neutron scattering and a non-

stoichiometric structure (Bi1.74Ti2O6.62) was formed [42]. Recently, a non-stoichiometric 

(Bi2−xTi0.75x)Ti2O7 material with x equal to 0.44 was obtained from a synthesis protocol using an 

aqueous sol-gel method [20]. 

 To clarify the discrepancy regarding the crystal structure and optoelectronic properties 

in the literature, we reported a detailed study combining both experimental and theoretical 

methods. Density functional theory (DFT) and density functional perturbation theory 

(DFPT) employing both the standard PBE functional and the more accurate screened 

Coulomb hybrid HSE06 functional were employed [43-46], with inclusion of spin-orbit 

coupling. Our approach enabled the determination of the electronic structure, optical 

absorption coefficient, dielectric constant and effective charge-carrier masses of the three 

structures. A good agreement between the measured and the calculated values was 

reported along with a comparison between the non-stoichiometric structures relative to 

the pristine one. We emphasis here that the novel physical properties of bismuth titanate 

compounds predicted by our high-accuracy calculations offer a great opportunity for this 

material to be used for optoelectronic devices. 

4.2 Experimental Methodology 

4.2.1 Chemicals 

The chemicals used for bismuth titanate preparation were the following: bismuth nitrate 

pentahydrate (Aldrich, purity 99.999%), titanium isopropoxide (Aldrich, purity 99.999%), 

glacial acetic acid (Fisher Scientific, purity 99.8%), ammonium hydroxide (Fisher Scientific, 
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29.44%), methoxy ethanol (Sigma, 99%), acetyl acetone (Aldrich, 99%), and sodium hydroxide 

(Sigma-Aldrich, 99.99%). 

4.2.2 Synthesis of Bismuth Titanate Powders and Films 

Dalal and co-workers synthesized the bismuth titanate powders using the co-precipitation 

method [2]. Bi(NO3)3.5H2O (6 mmol) was dissolved in 25 ml of glacial acetic acid under stirring 

at room temperature for 3 h until the solution became clear. Then, titanium isopropoxide was 

applied to adjust the starting Ti/Bi molar ratio to values of 1, 1.23, 1.50, 1.75 and 2 for the 

pyrochlore structure and Ti/Bi=0.08 (0.5 mmol) and 0.75 (4.5 mmol) for sillenite and perovskite-

like structures, respectively to form crystalline samples.  Following 5 min of stirring, 33 ml of 

cold ammonium hydroxide was slowly added. As the pH became ~7, a white precipitate was 

formed, filtered and washed extensively with Milli-Q water (>18 MΩ). Then it is dried at  90 °C 

for 24 h, the obtained mixture was later ground and heat treated 16 h at 600 °C for sillenite , 550 

°C for pyrochlore and 700 °C for perovskite in a static furnace. All bismuth titanate films were 

deposited using the chemical solution deposition method by the spin-coating technique. The 

starting solution was initiated by dissolving 3 mmol of Bi(NO3)3.5H2O in 5 ml of glacial acetic 

acid. Methoxy ethanol (2.5 ml) was added to alter the tension of the solution. Then, a 

stoichiometric amount of titanium isopropoxide (3.7 mmol, Ti/Bi molar ratio = 1.23) was added, 

making the solution to turn light yellow. Acetyl acetone (1.5 ml) was added to prohibit titanium 

complexation. In each cycle, the solution was spin coated onto a Si wafer or fluorine-doped tin 

oxide (FTO) substrate at 3000 rpm for 30 s and the deposition was repeated over 10 cycles. 

Then, the film was dried for 5 min at 200 °C. Finally, it was calcined at 700 °C , 600 °C, and 550 

°C for 2 h for the perovskite, sillenite and pyrochlore, respectively. 
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4.2.3 Structural and Optical Characterization 

Bruker D8 Advanced A25 diffractometer having a Cu X-ray tube (Cu-Kα; λ=0.15418 

nm) was used to collect X-ray diffraction (XRD) patterns. It was operated at 40 kV and 40 mA in 

the Bragg-Brentano geometry via a linear position-sensitive detector holding an opening of 2.9°. 

The diffractometer was set with a 0.44° divergence slit, a 2.9° anti-scatter slit, 2.5° Soller slits, 

and a nickel filter to attenuate contributions from Cu−Kβ fluorescence. Rietveld method using 

the fundamental parameters approach was responsible for XRD data analysis, as implemented in 

the software TOPAS V4.2 (Bruker-AXS). The XRD pattern of pyrochlore bismuth titanate, for 

example,  was refined using the cubic structure (space group FD3m) taken from card 01-089-

4732 in the ICSD database. The fundamental parameters approach involves analytically 

calculating the instrumental broadening in the peak profile. The particle size was determined 

from the Lorentzian contribution to this profile. The values of Rwp, RBragg, and the goodness of 

fit (GOF) were approximately 9, 3, and 2, respectively, for all refinements. Inductively coupled 

plasma (ICP) measurements were conducted using an Agilent 720 Series ICP-OES instrument 

(Agilent Technologies). Digestion of the material was performed in an ETHOS 1 microwave 

digestion system (Milestone Srl). The thicknesses and complex refractive indexes (n + ik) of the 

films were determined by applying the spectroscopic ellipsometry technique to films deposited 

on Si substrates. Measurements were collected via scanning in the 1-6 eV range by a Jobin-Yvon 

ellipsometer (UVISEL).  

4.2.4 Electrochemical Measurements 

       Electrochemical measurements were achieved using Milli-Q water. Sodium hydroxide was 

utilized as received for the preparation of 0.1 M electrolyte with pH 13.2. A research-grade 
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multi-channel potentiostat (VMP3, BioLogic Science Instruments) was used to conduct all 

experiments. Cyclic voltammetry (CV) experiments were performed using a regular one-

compartment electrochemical cell with a three-electrode configuration. A Pt wire and an 

Ag/AgCl (saturated KCl) electrode were used as counter and reference electrodes, respectively. 

All experiments were recorded against this reference electrode, which was reported on the 

reversible hydrogen electrode (RHE) scale. Each pyrochlore bismuth titanate film was used as 

the working electrode. The CV results were recorded at 10 mV s-1. Electrochemical impedance 

spectroscopy was performed to estimate the flatband potential of the prepared samples. 

4.3 Modelling and Structural Properties  

The structural properties of the synthesized powders were determined using XRD 

measurements and Rietveld refinement. Figure. 4.1a shows the XRD patterns for Bi12TiO20 and 

Bi4Ti3O12 powders synthesized by co-precipitation method. From the XRD patterns, it can be 

observed that both structures are single-phase. All peaks were indexed according to JCPDS No. 

00-034-0097 and No. 00-035-0795, for Bi12TiO20 and Bi4Ti3O12, respectively.  

For pyrochlore powder synthesis, various Ti/Bi precursor ratios were used with Ti/Bi 

molar ratios range of 1, 1.23, 1.5, 1.75 and 2. The actual Ti/Bi ratios of these samples were 

validated via ICP and found to be 0.96, 1.16, 1.51, 1.71 and 1.92, respectively. The detailed 

XRD patterns for the samples with starting Ti/Bi molar ratios of 1, 1.23, 1.5, 1.75 and 2 in the 

precursors are available elsewhere [2]. Sample with an initial Ti/Bi ratio of 1 had a mixture of 

the pyrochlore phase with Bi4Ti3O12 as a secondary phase at 2θ = 33°. A single phase of the 

pyrochlore structure with no impurities or secondary phase was obtained for the powder sample 

having a Ti/Bi ratio of 1.16. The peaks were indexed according to ICSD PDF# 01-089-4732. The 

characteristic peaks of the pyrochlore structure which are the (111) and (222) peaks were clearly 
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observed.  Certainly, no amorphous phase obtained for the samples with Ti/Bi ratios of 1.16 to 

1.51.  However, this wasn't the case for higher Ti/Bi ratios of 1.72 and 1.92 since an amorphous 

phase that manifested as a broad increase in the background at 2θ values of 23 to 32°, were 

formed. This chemical composition was verified by an ICP measurement, in which a Ti/Bi ratio 

of 1.16 was found, close to the initial ratio of 1.23. This proved that excess titanium created 

vacancies at the bismuth and oxygen sites, consistent with what has been reported in literature 

about vacancies stabilizing the entire structure [42]. It is worth mentioning that the impurity 

phase with low Ti caused the shift in the absorption edge to higher wavelengths, as seen from the 

Kubelka-Munk function from the UV-Vis spectroscopy results in Figure 4.2. 

 

 

Figure 4.1. Left side (a)XRD patterns of Bi12TiO20 and Bi4Ti3O12 powders that were synthesized 
using the co-precipitation method. Right side (b) XRD patterns of a) Bi1.75Ti2O6.62 powders, b) a 

Bi1.75Ti2O6.62 thin film on a Si substrate, and c) a Bi1.75Ti2O6.62  thin film on an FTO substrate. 
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Therefore, we have chosen a ratio of Ti/Bi = 1.16 for the subsequent characterizations. 

Figure 4.1b shows the representative XRD patterns for (a) the single-phase Bi2−xTi2O7−1.5x 

powder synthesized using the co-precipitation method; (b) the Bi2−xTi2O7−1.5x thin film deposited 

on a Si substrate, used for ellipsometric spectroscopy; and (c) the Bi2−xTi2O7−1.5x thin film 

deposited on an FTO substrate, used for Mott-Schottky analysis. All of the samples revealed a 

single-phase pyrochlore structure with the same d-spacing for the main peaks (e.g., d222 = 2.98 

Å). The relative intensities of the peaks were similar to those obtained in the powder samples, so 

proving that the films were randomly oriented, similar to the polycrystalline powders. 

 
Figure 4.2. Diffuse reflectance UV-Vis spectra of the powder sample with Ti/Bi = 1.0 containing 

Bi4Ti3O12 secondary phase and the sample with Ti/Bi = 1.23 (single phase). 

 
Conducting the Rietveld analysis for the sillenite and pervoskite crystal structures, we 

systematically modeled the refined structures using the DFT/PBE computational method. 

Bi12TiO20 was modeled by a cubic crystal structure belongs to a sillenite family. Our model 

contains 2 functional units (Bi24Ti2O40) or 66 atoms as displayed in Figure 4.3(c). The least 

symmetrical phase of bismuth titanate is Bi4Ti3O12 having pseudo-orthorhombic crystal 
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structure. Its model contains four functional units (Bi16Ti12O48) with 76 atoms as shown in Figure 

4.3(d).  

The Rietveld analysis for pyrochlore crystal structure showed that it is a cubic structure 

that belongs to FD3m space group and with lattice parameter a = 10.35 Å, as shown in Figure 

4.3(a). The Wyckoff positions of atoms were summarized in Table 4.1 and it was found that 

bismuth ion (Bi3+) partially occupies 96g, which is lower symmetry than normal atomic position 

(16 c) in this space group. This atomic displacement is previously reported and found to increase 

stability of structure [47, 48]. Titanium ion fully occupies 16 d position and two types of oxygen 

atoms exist; O fully occupying 48F position and O’ partially occupying 8a position. Therefore, 

calculated chemical composition for this structure is Bi1.76Ti2O6.62. This indicates that excess 

titanium created vacancies at the bismuth site and oxygen sites [42]. From Table 4.1, the number 

of each atom can be deduced from its Wyckoff position and the corresponding occupancy. And it 

was found the number of bismuth, titanium and oxygen atoms was found to be 14, 16, and 53 

atoms respectively. The chemical composition determined for this structure was Bi1.75Ti2O6.62. 
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Figure 4.3. DFT-optimized lowest-energy structures obtained using the PBE functional for (a) 
perfect DFT-optimized lowest-energy structures obtained using the PBE functional for (a) 
perfect Bi2Ti2O7 and (b) defect-containing Bi1.75Ti2O6.62 material with aggregated Bi and O 

vacancies (c) Bi12TiO20 and (d) Bi4Ti3O12. Color legend: Bi in purple, Ti in gray, O in red, and Bi 
(O) vacancies in dotted circles. 

 
 

atom Wyckoff position x y z occupancy 

Bi 96 0.00000 -0.02846 0.02846 0.1463 

Ti 16 0.50000 0.50000 0.50000 1 

O 48 0.12500 0.12500 0.43297 1 

O’ 8 0.12500 0.12500 0.12500 0.624 
Table 4.1. The atomic positions and occupancies of bismuth, Titanium, and oxygen atoms in 

BiTiO-1.23 sample refined by Rietveld analysis. 

        DFT calculations justify the experimental investigations for the structural crystal, stability 

and consequently the physical properties. The conventional unit cell of pyrochlore is comprised 

of 88 atoms in Ti-O octahedral and Bi-O tetrahedral units. Initially, the stoichiometric 
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configuration was fully relaxed and optimized. From the optimized structure, different geometry 

configurations were modeled by removing two Bi and three oxygen atoms for the non-

stoichiometric structure, while maintaining the overall charge neutral. Paired and unpaired 

vacancies are investigated and aggregated or well-separated scenarios were also considered. 

After optimizing these systems, two structures maintain the lowest energy; the aggregated paired 

vacancies (cage like) in Figure 4.3(b) and well separated paired Bi-O vacancies in Figure 4.4. 

The one forming a cage in the lattice is energetically favored; the other is slightly metastable by 

0.19 eV/Unit in relative to the stable structure, which can be obtained experimentally by high 

temperature preparation conditions. Therefore, we mainly focused here on the aggregated 

vacancies structure mainly for further analysis. 

 

 
Figure 4.4. Optimized structure obtained with PBE for Bi1.76Ti2O6.62  defective material with 

separated Bi and O paired vacancies. Color legend: Bi in purple, Ti in gray, O in red, Bi (O) 
Vacancies in blue (green) circles. 
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 Lattice parameters (Å, degree) 
Solid a b c α β γ 
Bi12TiO20(Experiment) 10.171 10.171 10.171 90.0 90.0 90.0 
Bi12TiO20(DFT) 10.142 10.142 10.142 90.0 90.0 90.0 

Bi4Ti3O12(Experiment) 5.407 5.443 32.825 90.0 90.0 90.0 
Bi4Ti3O12(DFT) 5.442 5.421 32.713 90.0 90.0 90.0 

Bi2Ti2O7 (DFT) 10.328 10.328 10.328 90.0 90.0 90.0 

Bi1.75Ti2O6.62
 (DFT) 

(aggregated vacancies) 

10.290 10.404 10.322 91 90.2 90.4 

Bi1.75Ti2O6.62
 (DFT) 

(separated vacancies) 

10.339 10.334 10.357 90.7 88.8 88.5 

Bi1.75Ti2O6.62 
(experimental) 

10.350 10.350 10.350 90.0 90.0 90.0 

Table 4.2. The optimized lattice parameters of sillenite Bi12TiO20 , perovskite-like Bi4Ti3O12 , 
stoichiometric Bi2Ti2O7 and non-stoichiometric Bi1.75Ti2O6.62 configurations using the DFT/PBE 

method. These values are compared to the experimental data obtained. 

The measured and calculated lattice parameters are summarized in Table 4.2. For the 

sillenite structure (Bi12TiO20, Figure 4.3(c)), it has a cubic symmetry belongs the I23 space group. 

The sillenite structure has a general formula of Bi12MO20 where M is the tetravalent transition 

metal (Ti4+) forming the TiO4 tetrahedra. Bismuth (Bi3+) is penta coordinated to three types of 

oxygens forming a distorted polyhedra and a stereochemically active 6s2 lone electron pair. The 

Ti-O bond length is 1.723 Å, and the five Bi-O bonds are two long bonds (2.621, 2.646 Å) and 

two shorter bonds (2.189, 2.210 Å) and Bi-O 2.074 Å.  The center of the cell lattice is occupied 

by TiO4 tetrahedra. The Bi–O polyhedron network connects to the geometrically regular TiO4 

tetrahedra. This Bi-O polyhedral was claimed by Yao et al. to facilitate the photocatalytic 

activity in photodegrading organic pollutants [49]. The relaxation of the lattice parameter yields 

a = 10.142 Å, in good agreement with the measured value of a = 10.173 Å. Similar trend 

between measured and calculated values was obtained for the bond lengths, as listed in Table 
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4.3. The single Ti-O bond length was found 1.849 Å and the five Bi-O bond lengths were found 

two long (2.564, 2.589 Å), two short (2.241, 2.249 Å) and even shorter (2.119 Å).  

The Bi4Ti3O12 aurivillius (perovskite-like) structure showed an orthorhombic crystal 

structure within the ABA2 space group as displayed in Figure 4.3(d). The experimental lattice 

parameters were found a, b, c = 5.407, 5.443, and 32.825 Å respectively, which are in good 

agreement with the calculated values, a, b, c = 5.442, 5.421, 32.713 Å, respectively, and also 

consistent with the literature [50-52]. The Bi4Ti3O12 structure is composed of fluorite bismuth-

oxide (Bi2O2)2+ layers distributed between perovskite-like (Bi2Ti3O10)2- layers along the c-axis, 

as shown in Figure 4.3(d). The titanium ion is in an octahedral symmetry and there are two types 

of the Ti atom. The bond lengths from Rietveld refinement were found to be 1.74, 1.96, 2.20 Å 

for the Ti(1) for perfect octahera. The second Ti(2) exists in distorted octahedra with Ti-O bond 

lengths of 1.72, 1.85, 2.10, 2.27 Å. These values are in excellent agreement with those obtained 

from the most relaxed calculated values with 3 bond lengths Ti(1)-O 1.87, 1.99, 2.03 Å and for 

Ti(2)-O 1.78, 1.91, 2.09, 2.31 Å. As for the Bi atom in the Bi2O2
2+ layer it has 3 Bi-O bonds of 

lengths 2.32, 2.41, 3.02 Å and Bi(2) in the (Bi2Ti3O10)2- has 4 different Bi-O bonds 2.33, 2.41, 

2.51, 2.83 Å. Similar values were obtained from the relaxed structure with 2.34, 2.47, 3.20 Å for 

Bi(1) and 2.23, 2.29, 2.39, 2.86 Å for Bi(2). It is worth mentioning that several synthesis 

instances reported additional phase transition at different temperature [53]. For example, a 

transformation into paraelectric phase possessing centro-symmetric tetragonal structure at the 

Curie temperature 675 °C [54]. Our calculated and measured lattice parameters are found in 

fairly good agreement at ambient temperature. 
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 Bond lengths (Å) 

 Bi12TiO20 
(Experiment) 

Bi12TiO20 
(DFT) 

Bi4Ti3O12  
(Experiment) 

Bi4Ti3O12 
(DFT) 

Ti(1)-O 1.723 1.849 1.74 
1.96 
2.20 

1.87 
1.99 
2.03 

Ti(2)-O   1.72 
1.85 
2.10 
2.27 

1.78 
1.91 
2.09 
2.31 

Bi(1)-O 2.074 
2.189 
2.210 
2.621 
2.646 

2.119 
2.241 
2.249 
2.564 
2.589 

2.32 
2.41 
3.02 

2.34 
2.47 
3.20 

Bi(2)-O   2.33 
2.41 
2.51 
2.83 

2.23 
2.29 
2.39 
2.86 

Table 4.3. Optimized bond lengths for sillenite Bi12TiO20 and perovskite Bi4Ti3O12 structures 
using the DFT/PBE method. These values are compared to the experimental data obtained from 

Rietveld refinement. 

 The stable pyrochlore structural parameters in Table 4.2 show a good agreement with 

experimental ones. The metastable configuration (separated vacancies) reveals larger 

distortion in the angles, and this was the other reason to exclude the metastable 

configuration. Several properties of the excluded defective configuration are reported in 

the Supplementary Information Section. The calculated lengths and angles are within ±1 

% of the experimental values proving that PBE level calculation satisfactorily describes 

the structural properties of our material. For stoichiometric Bi2Ti2O7, the optimized Ti-O 

bond length is 1.979 Å and the Bi-O bond length is 2.231, 2.563 Å with only 0.01 Å 

difference from experimentally reported bonds [55]. For the non-stoichiometric one, the 

difference obtained from pristine sample is 0.1% since we have 1.984 Å for Ti-O and 

2.298 Å and 2.579 Å for Bi-O. As shown in Table 4.3, our optimized lattice parameters 
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are in good agreement with the experimental results and validated by previous theoretical 

work [3].  

  

Figure 4.5. (a) Diffuse reflectance UV-Vis spectra of (a) Diffuse reflectance UV-Vis spectra of 
Bi12TiO20 and Bi4Ti3O12 powders synthesized by co-precipitation method. (b) Tauc plots of 

Bi12TiO20 and Bi4Ti3O12 powders using diffuse reflectance data (Kubelka-Munk function (KM). 
The samples were synthesized using the co-precipitation method. 

4.4 Electronic Properties 

The diffuse reflectance UV-Vis spectra of Bi12TiO20 and Bi4Ti3O12 powders are shown in 

Figure 4.5 (a). The spectrum of Bi4Ti3O12 material shows an absorption edge at 380 nm. In 

contrast, the absorption edge of Bi12TiO20 is shifted to the visible region originated probably 

from the presence of defects into the structure [56]. Tauc plots corresponding to the obtained 

spectra, displayed in Figure 4.5 (b), indicates measured bandgaps of 3.02 and 3.3 eV for 

Bi12TiO20 and Bi4Ti3O12, respectively. Previous experimental studies indeed reported 

inconsistent bandgap values: 2.4 eV [12], 2.78 eV [57], 2.75 eV [11], 2.94 eV [58], 3.1 eV [59], 

and 3.2 eV [60] for Bi12TiO20 while bandgap values of 3.27 eV and 3.6 eV were reported for 

Bi4Ti3O12 [61, 62].  
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The calculated electronic density of states (DOS) for the sillenite Bi12TiO20 and 

perovskite-like Bi4Ti3O12 structures using the DFT/HSE06 method, are shown in Figure 4.6. 

Their calculated energy dispersion curves using the DFT/PBE method are provided in Figure 4.7. 

These values include spin-orbit coupling consideration using single-point calculations with 

VASP adding to the Hamiltonian with the non-collinear formalism and using the DFT/PBE and 

DFT/HSE06 methods.  

For Bi12TiO20, the valence-band states in a wide energy range below the Fermi level are 

formed by occupied O 2p orbitals and weak contribution from Bi 6s orbitals, whereas the 

conduction-band states in the 1 eV range above the bottom part are mainly composed of empty 

Bi 6s orbitals (Figure 4.6(a)). Our calculations predict a direct bandgap (at the Г or H point) 

semiconductor (Figure 4.7(a)) with bandgap energy of 3.1 eV. The lowest-energy bandgap of 

this material originates from the direct O 2p6 – Bi 6p0 orbital transitions. 
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Figure 4.6. Density of states of (a) Bi12TiO20 and (b) Bi4Ti3O12 structures obtained using the 

DFT/HSE06 method with spin-orbit coupling. (c) stoichiometric Bi2Ti2O7 and (d) non-
stoichiometric Bi1.75Ti2O6.62 material in their most stable configurations. Potentials for valence 

band edge, conduction band edge, and flatband estimated from Mott-Schottky analysis are also 
represented in RHE scale (pH 13.2). Total DOS in black; projected DOS on Bi, Ti, and O in 

red, blue, and green, respectively. Fermi levels (Ef) are set at 0 eV. 

 
In the case of Bi4Ti3O12, the electronic analysis reveals that valence-band states in a wide 

energy range below the Fermi level are dominated by O 2p orbitals with negligible contributions 

from Bi 6s orbitals, whereas the conduction-band states primarily consist of empty Ti 3d orbitals 

(Figure 4.6(b)). This material is predicted as an indirect (from T to X or Г points) semiconductor 
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(Figure 4.7(b)) with a larger bandgap of 3.6 eV, characterized by indirect transitions from O 2p6 

to Ti 3d0 orbitals.  Noting that the calculated DOS of these materials using the DFT/PBE method 

revealed much smaller bandgap energies (2.2 eV for Bi12TiO20 and 2.3 eV for Bi4Ti3O12) as 

shown in Figure 4.8, which were similarly reported in previous theoretical studies [24, 25, 63]. 

Alternatively, small increments in bandgap by 0.2 and 0.04 eV for sillenite and perovskite-like 

structures, respectively, were obtained without taking spin-orbit coupling into consideration. 

Taking into account this relative shift, our predicted bandgaps using the HSE06 functional are 

found to be 3.1 eV for Bi12TiO20 and 3.6 eV for Bi4Ti3O12, in very good agreement with the 

measured values. These results confirm once again the crucial requirement of using the HSE06 

exchange-correlation functional instead of standard GGA functionals, such as PBE, as well as 

inclusion of spin-orbit coupling effect, to accurately predict the experimental bandgap of 

semiconductor compounds. 
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Figure 4.7. Electronic band structure for (a) Bi12TiO20 (b) Bi4Ti3O12 diagrams along the high-
symmetry k-points obtained using the PBE functional without spin-orbit coupling (SOC).   

 
Figure 4.8. Electronic density of states (DOS) of (a) Bi12TiO20 and (b) Bi4Ti3O12 structures, 

which were obtained using the DFT/PBE method. Color legend: total DOS in black; 
projected DOSs on Bi 6s, Ti 3d and O 2p orbitals in red, blue and green, respectively. 
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  An estimation of the bandgap of the bismuth titanate pyrochlore can be obtained 

from the UV-vis spectra as a function of the wavelength in Figure 4.2. Moreover, the 

Tauc plot Bi2Ti2O7 thin film and non-stoichiometric Bi1.76Ti2O6.62 powders reported a 

bandgap value of 3.7 eV for the former and 3.1 eV for the latter. It can be observed that 

Bi2Ti2O7 shows a bandgap higher than those reported previously in literature. 

Theoretically, it was calculated to be 2.6 eV [3] and 2.89 eV [24]. It was also found 

experimentally to be as 2.9 eV [64], 2.95 eV [65] and 3.0 eV [19]. Nonetheless, these 

previously reported lower bandgaps can be explained by presence of secondary phases, 

which creates an intermediate electronic state between the valence band and conduction 

band and leads to an extention of the absorption in the visible region. This mistakenly 

leads to conclude the false bandgap around 2.95-3 eV. In fact, as mentioned earlier the 

non-stoichiometric structure is mostly obtained, hence it is important to rationalize the 

difference in bandgaps of these two structures. For this purpose, computational evaluation 

of the bandgaps was performed.  

  Density of states calculations were first conducted at the PBE level and bandgap 

values of 2.5 eV and 2.3 eV for the stoichiometric and non-stoichiometric structures were 

obtained, respectively. This could also be deduced from the energy dispersion curves of 

these materials, as presented in Figure 4.9. The in-house PBE bandgap results are 

consistent with those previously reported for the perfect configuration [3, 24, 66]. 

Nevertheless, PBE scale is known to underestimate the experimental bandgap due to the 

lack of exact exchange in the energy functional. Applying the accurate HSE06 functional 

reveals 3.7 eV bandgap matching with the experimentally obtained gap from the thin film, 

as shown in Figure 4.6(c). Since defects are responsible for large variation of electric 
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properties, narrower bandgap was obtained for the vacancy-deficient Bi1.76Ti2O6.62 with 

3.4 eV, as represented in Figure 4.6(d). For both compounds, the electronic analysis 

reveals that the valence-band states are governed by occupied O 2p orbitals with very 

weak contributions from Bi 6s orbitals, whereas the conduction-band states are 

predominantly composed of Ti 3d orbitals. The lowest-energy bandgaps of these 

materials originate primarily from O 2p6 - Ti 3d0 orbital transitions. They are direct 

bandgap (at the Г or X point) semiconductors. We also investigated the spin-orbit 

coupling effect on the electronic structures of Bi2Ti2O7 and Bi1.75Ti2O6.62 using the PBE 

functional, obtaining small decreases in the bandgaps of 0.1 and 0.2 eV, respectively. By 

comparing these relative shifts to the values obtained using the HSE06 functional, the 

bandgaps are predicted to be 3.6 eV for Bi2Ti2O7 and 3.2 eV for Bi1.75Ti2O6.62, in very 

good agreement with the measured values. 

 
Figure 4.9. Electronic band structure diagrams along the high-symmetryk-points obtained using 

PBE for (a) stoichiometric Bi2Ti2O7 and (b) non-stoichiometric Bi1.75Ti2O6.62 materials. 
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4.5 Dielectric and Optical Properties 

  The ability of a dielectric material to screen the external electric field by the apparition of a 

polarization is governed by dielectric constant. It has two parts: the electronic one, which is 

linked to the polarization, originated from the reorganization of the electronic density and the 

vibrational one, which involves the ionic motion. Previous experimental works on frequently 

encountered semiconductors in photovoltaic devices showed that a value greater than 10 for the 

macroscopic (electronic and ionic contributions) dielectric constant is enough to obtain good 

exciton dissociation into free charge carriers [67, 68]. At the relaxing frequency, the major 

contribution to the total dielectric constant in crystals comes from the ionic part due to the high 

electronegativity of oxygen [69]. The ionic contribution is proportional to the large Born 

effective charges and inversely proportional to the photon frequency. At very high frequencies 

(>1012 Hz), the ionic contribution tends to decrease as the ions respond more slowly than 

electrons to an applied field resulting in a larger contribution from the electronic part. Dielectric 

constant tensor can also help characterize optically active materials when small non-diagonal 

components appear, even if the crystal structure is cubic [26]. 

 We calculated the optical (ε∞) and macroscopic (εr) dielectric constant tensors of Bi12TiO20 , 

Bi4Ti3O12, Bi2Ti2O7 , and Bi1.75Ti2O6.62 crystals using the PBE and HSE06 exchange-correlation 

functionals. Table 4.4 summarizes the obtained components in the three principal 

crystallographic directions. The real part of the dielectric function (ε1) as a function of the 

incident radiation energy in the range of 0-8 eV is shown in Figure 4.10. Due to the cubic 

symmetry of sillenite, the dielectric tensor is isotropic with εxx=εyy=εzz. Both compounds have 

similar curvatures, although starting edges are dislocated because of different bandgaps. Such 
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similarities arise from the similarity in band structure and electrons transitions. The real part (ε1) 

describes the electronic part (ε∞) of the dielectric constant of the materials at the bandgap energy. 

 
Figure 4.10.  (right side) Real part of the frequency-dependent dielectric function along three 

principal light polarization vectors of(a)Bi12TiO20 and (b) Bi4Ti3O12 structure. (left side) 
Imaginary part of the frequency-dependent dielectric of (a) Bi12TiO20 and (b) Bi4Ti3O12 

structures. All were obtained using HSE06. 

 
 Since the electronic part is deduced from (ε1) obtained by HSE06 in Figure 4.10 (a,b), the 

ionic component tensors for both components have been computed using DFPT/PBE functional 

following our computational methodology. In the case of sillenite, high (εr) dielectric constant 

was found with value of 31.24 along the three principal directions, originating from ε∞ = 6.25 (as 

displayed in Figure 4.10 (a)) and εvib = 24.98 as shown in Table 4.4. Our calculated macroscopic 

dielectric constant is found to be in good agreement with the reported experimental one of 41 by 

dielectric resonator technique [70, 71]. Perovskite-like structure retains higher dielectric constant 

than sellinite [72]. It has higher total dielectric constants with values of 56.77, 67.34 and 47.35 

(c)

(d)
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along the [001], [010] and [001] directions, respectively, and 57.2 as an average value. The 

vibrational component has 51.89, 62.05 and 40.35 along the three principal directions. The 

average electronic contribution is 5.72 as shown in Figure 4.10(b). Dielectric constant of the 

perovskite-like material was reported to be temperature dependent and it increases with 

increasing the temperature [73].  

 Direction ε∞ εvib εr 
Bi12TiO20 xx=yy=zz 6.26 25.0 31.2 

 xx 4.88 51.9 56.8 
Bi4Ti3O12 yy 5.29 62.1 67.3 

 zz 7.00 40.4 47.4 

Bi2Ti2O7 xx=yy=zz 8.8 80.1 88.9 
Bi1.76Ti2O6.62 xx 

yy  
zz 

 
6.5 

56.6 

76.8 

87.4 

 

93.1 

Table 4.4. The optical  (e¥ ), vibrational (evib ) and macroscopic (er ) dielectric constant 
components in the three principal directions of bismuth titanate structures of interest obtained 

using the DFPT/PBE and DFPT/HSE06 methods. 

	
 Regarding the bismuth titanate pyrochlore, a different approach is used here. Through retro-

simulation of the experimental data, the film thickness can be deduced and also the refractive 

index (n) and the absorption index (k) could be extracted. To correlate the complex refractive 

index with the dielectric properties, the following equation is applied: 

 ε = ε1 + iε2 = N2 = (n + ik)2
    (4.1) 

 Thus, we can deduce the dielectric constant as follows: 

 ε1 = ε∞= n2 − k2    (4.2) 

Concerning the electronic contribution to the dielectric constant (ε∞), Figure 4.11 displays 

the results measured via ellipsometry and calculated using the DFPT/HSE06 method 
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through the real part ε1(ω) of the frequency-dependent dielectric function. 

Experimentally, we found ε∞ to be equal to 9.8 at a bandgap of 3.3 eV. From the 

calculations, dielectric constants of 8.8 and 6.5 were obtained for the stoichiometric 

Bi2Ti2O7 compound and the non-stoichiometric Bi1.75Ti2O6.62 compound, respectively. 

Moreover, both structures were found to be isotropic materials along the xx, yy and zz 

directions. Accordingly, the light absorption and the subsequent exciton dissociation do 

not depend on the direction (x, y or z) of polarization of the light. In comparison with 

TiO2 (ε∞ = 6), the bismuth titanate structure has a higher dielectric constant [74]. The 

ionic contribution εvib was 80.1 for the stoichiometric Bi2Ti2O7 compound in the three 

principal crystallographic directions. However, for the non-stoichiometric Bi1.75Ti2O6.62 

structure, the ionic contributions were 56.6, 76.8 and 87.4 in the xx, yy and zz directions, 

respectively. Higher dielectric constants were previously reported for these materials (101 

and 104) [37, 38], but those observed here still surpass the dielectric constant value of 

45.7 of TiO2[72]. 
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Figure 4.11. The dielectric function for the Bi1.75Ti2O6.62 structure measured via spectroscopic 
ellipsometry (solid blue line) and those calculated using the HSE06 functional for the same non-
stoichiometric structure (dashed blue) and for the stoichiometric Bi2Ti2O7 compound (red line). 

                   Optical bandgap can be extracted from the frequency dependence of the imaginary 

part of the dielectric constant by looking at the adjacent slope of first local maximum (peak) of 

imaginary part (ε2) or the threshold energy. The major peak in Figure 4.10 (c,d) is attributed to 

the interband direct (or indirect) optical transitions from O 2p valence band orbitals to Bi 6p 

conduction band orbitals for Bi4Ti3O12 (or to Ti 3d conduction band empty orbitals for 

Bi12TiO20). Curves of (ε2) in Figure 4.10 (c,d)  show that the critical point occurs at about 3.2 eV 

and 3.6 eV for sillenite and perovskite-like, respectively. So, the absorption energy edge plotted 

by the imaginary part in Figure 4.12 confirmed the obtained bandgap in the DOS calculations 
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using HSE06 functional. The calculated spectra were obtained by averaging imaginary and real 

parts of the dielectric function computed using HSE06 over the three polarization vectors as a 

function of the wavelength of the incident light. Generally, both compounds exhibit low 

absorbance in the visible-light range. For the perovskite-like structure, the principal absorption 

occurs in the UV-light under 340 nm, mainly originating from the electronic transitions from the 

O 2p- to the Bi 6p-states. It was observed that there is a significant optical anisotropy near the 

absorption edge, as shown in Figure 4.10, which results from its special crystal structure and 

electronic structure. This result obviously shows that bismuth titanate sellinite structure is a 

better photon absorber.  

 
Figure 4.12. Absorption spectra of Bi12TiO20 and Bi4Ti3O12 computed using HSE06 functional.        

              In Figure 4.13, the measured and calculated absorption coefficients of non-

stoichiometric Bi1.75Ti2O6.62 are plotted, together with the corresponding results calculated for 

stoichiometric Bi2Ti2O7. The experimental value of the absorption coefficient was deduced from 

the imaginary part of the dielectric constant measured via spectroscopic ellipsometry. The inset 
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of Figure 4.13 shows the Tauc plot for the direct transition, defining a bandgap of approximately 

3.3 eV. It can be seen also that the calculated absorption coefficient for Bi1.75Ti2O6.62 (dashed 

blue) agrees well with the measured one. Both show an onset of absorbance at approximately 3.3 

eV, consistent with the observed bandgap energy. Also, it can be noticed that the non-

stoichiometric structure exhibits a narrower bandgap than the stoichiometric Bi2Ti2O7 one. This 

confirms that an accurate description of the absorption properties of the pyrochlore bismuth 

titanate structure is achievable by considering non-stoichiometric effects, i.e., the presence of 

(Bi, O) vacancies in the structure. 

 

Figure 4.13. Absorption coefficients of the spectra of Bi1.75Ti2O6.62 obtained via ellipsometric 
spectroscopy (solid blue) and computed using the HSE06 functional, together with the results 
computed for Bi2Ti2O7. The inset shows the Tauc plot of the measured results for Bi1.75Ti2O6.62. 
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4.6 Charge Carrier Transport Properties 

               The effective masses of holes and electrons are the excellent descriptor of the charge 

carrier transport properties of the crystal.  It has been demonstrated experimentally, the effective 

masses of holes and electrons are both claimed to be smaller than 0.5m0 (m0 is the free electron 

mass), at least in one crystallographic direction, to obtain good charge carrier transport properties 

[67, 75, 76].  Table 4.5 lists the obtained values in the three principle crystallographic directions.   

  m*
h   m*

e  
Direction 100 010 001 100 010 001 
Bi12TiO20 0.52 0.09 0.05 1.27 0.14 0.05 
Bi4Ti3O12 0.14 8.64 0.14 4.41 0.74 0.014 

Bi1.75Ti2O6.62 14 36 0.45 1.7 0.39 0.30 
Bi2Ti2O7 3.5 0.75 0.56 0.87 0.20 0.17 

Table 4.5. The effective masses of holes (m*h /m0) and electrons (m*e /m0) in the three principal 
directions of Bi12TiO20, Bi4Ti3O12, Bi2Ti2O7 and Bi1.75Ti2O6.62 structures obtained using the 

DFT/PBE method.  m0 is the free electron mass. 

 
  For the sillenite, the smallest electron and hole effective masses were found along 

the [001] direction with value of 0.05 m0 (units of the free electron mass). This ensures 

very high hole and electron mobilities and good charge carrier transport properties since it 

is less than 0.5 m0 [74]. However, the electron and hole would migrate in the same 

direction leading to a poor charge separation at the surface of the material. To avoid 

possible recombination, the charges have to travel in two different crystallographic 

directions. The bismuth titanate perovskite-like structure has high electron mobility (0.14 

m0) in the [100] and [001] directions and higher hole mobility by 10 order of magnitude 

(0.014 m0) in the [001] direction. Having very low hole and the electron effective masses 

in two different directions proves that the charge carriers in perovskite-like structures are 

separated by a single phase material called bulk photovoltaic effect, which is interesting 

for ferroelectric properties [77]. Similar behaviour was observed in the case of pyrochlore 
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phase. For Bi2Ti2O7, the effective electron and hole masses were found to be relatively 

small (0.17, 0.2 and 0.87 for electrons and 0.56, 0.75 and 3.5 for holes in the [001], [010] 

and [100] directions, respectively). In the case of Bi1.75Ti2O6.62, the effective masses were 

found to be slightly higher both for electrons (0.3, 0.39, and 1.66, respectively) and for 

holes (0.45, 36.4, and 14, respectively). In comparison, anatase TiO2 exhibits much lower 

effective electron and hole masses (0.05m0 and 0.1m0, respectively). This reflects the 

excellent transport properties in the TiO2 system. 

 Analysis of orbital hybridization properties at the band edges is also presented by 

HSE06 calculation, as shown in Figure 4.14 in the cb plane. The electron density maps of 

the Valance band edge within 0.1 eV range below the HOMO shows charge density 

contribution from O p-orbitals and minor contribution of Bi S-orbitals. At the conduction 

band, charge contribution is mainly from the Ti d-orbitals and weak contribution from Bi 

P-orbitals. Bi atoms are contributing even less in the defective structure remarkably in the 

conduction band.  These findings confirm the electronic behavior and edge shapes we 

reported in the DOS calculation. Stoichiometric Bi2Ti2O7 has more delocalized 

overlapping orbitals that guarantee more electron mobility particularly in the conduction 

band. The defective structure has localized character of p-orbitals from Bi and O species, 

especially around the aggregated vacant site (cage like) in the valance band which limits 

the hole mobility through the crystal. Stoichiometric Bi2Ti2O7 has more delocalized 

overlapping orbitals in the conduction and the valance band as well. This guarantee more 

electron and photogenerated hole migration through the crystal and mobility to the 

surface reactive site. 
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Figure 4.14. Electron charge density maps of the valence band in the bc plane (on the top) and 
of the conduction band (on the bottom) obtained at the DFT/HSE06 level: (a) for stoichiometric 
Bi2Ti2O7, and (b) for non-stoichiometric Bi1.76Ti2O6.62 aggregated vacancies. Color legend:  Bi in 

purple, on Ti in gray, and on O atoms in red. Isovalue is 0.003 au. 

Experimentally, the exciton generation is faster than atomic motions in the crystal. This is 

the vertical transition principle, which implies that the charge screening felt by the exciton when 

it is generated only comes from ε∞ because only the electronic density can reorganize at this time 

scale. This particle is the unrelaxed exciton. Then, the atoms move to adapt to the exciton. At 

that time, the charge screening is governed by εr and produces the relaxed exciton. The present 

study assumes that for photovoltaic devices, the exciton dissociation has a longer time scale than 

the atomic motions; consequently, Eb corresponds to the binding energy of the relaxed exciton. 

Following this strategy, the exciton binding energies Eb of Bi12TiO20 and Bi4Ti3O12 crystals 

were calculated and found that sillenite and perovskite-like structures have low values of 2.1 and 

c"

b"

(a) (b) 
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0.9 meV, respectively. These values are much lower than the thermal energy at room 

temperature (25 meV), which assumed to dissociate the exciton efficiently. Thus, both 

compounds provide Mott-Wannier excitons with easy and efficient exciton dissociation into free 

charge carriers compared to other well-known semiconductors, e.g., ZnO and CdSe [74]. 

4.7 Band Positions of Bismuth Titanate Pyrochlore 

	 Experimentally, Mott-Schottky measurements of the Bi1.75Ti2O6.62 film on the FTO 

substrate were performed [2]. A frequency range of 70 to 150 Hz was chosen by 

analyzing the Bode plot, and the potential range (0.6-1.0 V vs. RHE) was chosen to be the 

double-layer region in which there is no faradic current. Figure 4.15 shows the Mott-

Schottky plot for the Bi1.75Ti2O6.62 film.   

 

Figure 4.15. Mott-Schottky plot for non-stoichiometric Bi1.75Ti2O6.62. 

We can see from the positive slope that the Bi1.75Ti2O6.62 material has an n-type nature. 

The value of the dielectric constant εr (73.6) was obtained from theoretical calculations of 

both ionic and electronic vibrational contributions because the Mott-Schottky 



 138 

measurement was performed at relatively low frequencies and therefore included the ionic 

vibrational contribution. The flatband potential EFB was deduced from the intercept of the 

plot as a function of the applied potential E, yielding an EFB of −0.12 V vs. RHE. The 

majority carrier concentration (ND) was found to be 3.26 × 1018 cm−3 from the slope of the 

plot in Figure 4.15. Applying the density of states laws we can conclude the following 

parameters:  

Parameter Value 
ε∞ 9.8 
εvib (DFPT/PBE) 73.6 
ND 3.26 × 1018 cm-3 
NC 4.12 × 1018 cm-3 
me

* 0.3 
EC −0.47 V vs. RHE 
EFB −0.12 V vs. RHE 

 

Table 4.6. Summary of semiconductor properties deduced through Mott-Schottky analysis. 

  

 The edge of the conduction band was measured to lie at −0.47 V vs. RHE. 

Consequently, Bi1.75Ti2O6.62 has a more negative conduction band edge than does TiO2, 

whose conduction band edge has been reported to lie at −0.19 V vs. RHE under similar 

pH conditions [78]. The result is added into Figure 4.6(d) in RHE scale (pH 13.2). This 

more negatively located conduction band may allow this material to be applied as an 

alternative anode material in place of TiO2 in dye-sensitized solar cells to increase the 

open-circuit potential. The parameters obtained through Mott-Schottky analysis are 

summarized in Table 4.6.  
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4.8 Conclusions 

In summary, sillenite, perovskite-like and non-stoichiometric pyrochlore crystalline 

phases of bismuth titanate compounds (Bi12TiO20, Bi4Ti3O12 and Bi1.75Ti2O6.62) have been 

synthesized and characterized with a synergic experimental and computational approach. Using 

the accurate HSE06 functional and taking spin-orbit coupling effect into account, all compounds 

exhibited relatively large optical bandgaps: 3.1 eV for sillenite 3.6 eV for perovskite-like 

structures and 3.3 eV for Bi1.75Ti2O6.62. Those results revealed a good agreement with 

experimentally measured values. A clear distinction between Bi2−xTi2O7−1.5x structure (x = 0.25) 

and the ideal perfect stoichiometric configuration (x = 0) was observed. Bi12TiO20 had a higher 

absorption coefficient than Bi4Ti3O12 and provided lower effective masses, which ensures better 

transport properties for charge carriers. Bi4Ti3O12 had higher dielectric constant and notably 

small effective mass in the z direction. Although Bi1.75Ti2O6.62 had a direct bandgap, high 

effective electron and hole masses in certain directions were reported, which may result in lower 

charge-carrier mobility. The flatband potential and the bottom of the conduction band were 

measured in 0.1 M NaOH solution (pH 13.2) to be −0.12 and −0.47 V vs. RHE, respectively, 

more negative than those of the well-known TiO2 compound. This compound may have various 

potential applications, e.g., may be substituted for or mixed with TiO2 in dye-sensitized solar 

cells and photocatalytic applications. Generally, the good optoelectronic properties for bismuth 

titanate were identified which should be utilized to design photovoltaic perovskite-like 

ferroelectrics or photocatalytic applications. 
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Chapter 5 Impacts of Native Defects on the Stability, Electronic Structure, 

and Optical Absorption of BiVO4 Material: A Screened Coulomb Hybrid 

DFT Investigation 

Considerable attention has been paid on BiVO4 for its ferroelastic and paraelastic 

properties, acousto-optic and ion conductive properties. It is composed of abundant and nontoxic 

elements. BiVO4 is visible-light driven semiconductor photocatalyst used in a large variety of 

applications ranging from gas sensor to solid-state electrolytes and positive electrodes for 

rechargeable batteries. Moreover, it is an alternative photocatalyst to TiO2 photocatalyst for 

organic pollutant removal in gasoline or water via photocatalytic oxidation, e.g thiophene 

oxidation with loaded Pt and RuO2 co-catalysts [1].  BiVO4 has three crystalline phases; 

monoclinic clinobisvanite (mBiVO4), scheelite-tetragonal (stBiVO4) and zircon-tetragonal 

(ztBiVO4), see Figure 5.1.  The latter is the most thermodynamically stable, while mBiVO4 is 

less stable by 0.14 eV/BiVO4 and it is experimentally obtained either by a phase transition of 

stBiVO4   at 528 K or by heating ztBiVO4 above 670-770K [2]. Among the three possible phases, 

mBiVO4 shows the highest activity for photocatalytic O2 evolution under visible light irradiation 

[3]. This result attracted many researchers to mainly work on the monoclinic phase of bismuth 

vanadate in order to understand better the photocatalytic behavior of this material [4, 5]. 

One of the most common applications of BiVO4 is as photoanode for 

photoelectrochemical PEC water splitting. It has a direct bandgap of 2.4 eV absorbing light in 

the visible region and an appropriate valence band position for O2 evolution driving water 

oxidation with an onset potential of up to 0.3 V vs RHE (0.9 V vs the reversible O2/H2O 

potential) [6, 7].  Its conduction band edge position and flat band potential are fairly negative or 
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just located at the H2/H2O potential level). For that, sacrificial reagents (e.g. AgNO3) to improve 

the activities are utilized, or a small amount of external bias applied, or a hydrogen-producing 

photocathode is used in a tandem water splitting arrangement [4, 5]. Also, BiVO4 photoanodes 

do not require the use of strongly acidic or basic media to achieve an optimum 

photoelectrochemical performance.  

 

Figure 5.1 Conventional unit cell of the three possible BiVO4 phases. 

 

The photocatalytic nature of BiVO4 is not only dependent on the crystalline phases but 

also on the morphology, which is controlled by different synthesis methods [8]. In BiVO4 

nanoparticles of 30 to 52 nm prepared by molten salt method, a strong correlation between 

bandgap energy and nanocrystalline size has been observed, where the bandgap increased from 

2.37 to 2.46 with a decrease in crystallite size due to quantum confinement effect. Yet, co-

existence of polytypes can contribute to widen the bandgap as in the case of BiVO4 prepared by 

co-precipitation method, where bandgap is in the range of 2.58 to 2.75 eV [9].  Some researchers 

claimed that nanoplates exhibit greatly enhanced activity in the visible-light than nanorods or 

mBiVO4stBiVO4 ztBiVO4
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microcrystals [10]. A recent study reported by khan et al. demonstrated that pseudo-flower shape 

BiVO4 microarrays synthesized by pulse ultra-sonchemical assisted hydrothermal approach, have 

better PEC performance [8].  However, this factor is out of the thesis scope. 

Another factor to enhance the photocatalytic activity of the semiconductor is a proper 

change in the atomic arrangement by doping. Doping technique in the field of photocatalysis is 

based on introducing impurity atoms to control the optical and electrical properties of the 

semiconductor. Oxides doping by adding a transition- metal cation or an anion creates a donor or 

acceptor level within the forbidden band, respectively.  Doping can increase the carrier density 

and thus shift the Fermi level of the dopant and the onset potential of the photoanode, which 

leads to a larger band bending. The resulting enhanced electric field in the space charge layer can 

improve the electron-hole separation. Also, an improvement in electrical conductivity is 

expected due to the increase of charge carriers concentration. Careful doping can also enhance 

the mobility of the charge carriers due to the curvature change at the VB and CB edges defining 

the effective masses of electrons and holes. Nevertheless, some doping might limit the 

photocatalytic activity by introducing vacancies that act as recombination centers of electrons 

and holes due to the formation of a discrete energy level instead of an energy band [11]. 

Following this strategy, numerous studies and research efforts have been focused on 

doped BiVO4 [12-14]. Recently, Min et al. fabricated a three-dimensional macro-mesoporous 

architecture of Mo-doped BiVO4 as an attempt to design highly efficient photo-electrodes. They 

substituted partial sites of V5+ by Mo6+ creating n-type dopant. This led to an increased 

photocurrent density across the entire potential range together with optimized charge migration 

and enhanced overall PEC performance [12]. Electron carrier transport is discovered to be slower 

than hole transport in BiVO4. For better electron transport, the concentration of the electrons 
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inside BiVO4 can be tuned with n-type dopants. e.g. existence of oxygen vacancies. However, 

Liang et al. proposed that such vacancies could be a recombination center unless doped by 

tungsten is adoped. W-Doped BiVO4 serves as a hole-blocking layer and enhance the PEC 

performance reaching 50% of incident photon to charge conversion efficiency (IPCE) values 

[15]. 

The effect extends as well to intrinsic doping defined as native defects. Some studies 

suggested that this oxide can be stoichiometric at 1 atmospheric oxygen pressure, while oxygen 

vacancies might be created in reducing conditions [16]. This was observed by resistivity changes 

during a step change in the oxygen pressure., e.g. decreased resistance in the beginning due to 

the loss of oxygen. Then, the resistivity increased in a slower scale due to Bi evaporation (Bi 

vacancies) that compensates the free electron in the lattice of the n-type BiVO4.  Since these 

defects may act as recombination centers, their formation should be avoided. The electronic 

bandgap is one of the most important and clear factors that is affected by the presence of such 

defects, leading to the creation of new sub-gap states. Oxygen-related defects are found to be the 

dominant factor of carrier conductivity. V interstitials and V substitution on Bi sites are donor-

like defects, reported highest performing stoichiometric film with a slight V enrichment [6].  

Similarly, defects such as Bi vacancies, V vacancies, and Bi substitution on V sites can serve as 

acceptors with p-type conductivity as indicated from the Fermi level pinning positions. In 2015, 

Marta et al. invoked the presence of V vacancies from the reduction of the its oxidation state 

[17].  

Previous experimental works have reported bandgaps in the 2.4-2.6 eV range of 

monoclinic BiVO4 and this was validated theoretically by several GGA functional calculations 

[13, 18]. However, accurate DFT methods for electronic structure calculations of semiconductors 
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using the HSE06 exchange-correlation functional predicted a bandgap energy about 3.0 eV [19].  

This observation is surprising because semi-local functionals generally strongly underestimate 

bandgaps of semiconductors significantly, while standard hybrid functionals have better 

agreement with experiment [20, 21].  Therefore, deep investigation of this discrepancy is needed 

to understand the effects of possible intrinsic defects (such as vacancies, interstitials or anti-site 

defects) that might be presented experimentally on the stability, conductivity and optoelectronic 

properties of this compound. To the best of our knowledge, there is no hybrid functional study of 

electronic or optical properties of intrinsic defects in BiVO4. This could lead to a fruitful avenue 

of research.  

 
Figure 5.2 Conventional unit cell (left) and supercell (right) of monoclinic BiVO4 phase. Bi are 

shown in purple, V in gray and O in red. 

 

5.1 Structural Models 

Bismuth vanadate is a member of the aurivillius family of layered oxides. Our structure 

belongs to the base centered monoclinic crystal structure having space group of C2/c. It is a 

centro-symmetric structure with point group C6
2h [22]. Its unit cell has 4 Bi atoms, 4 V atoms 

and 16 O atoms forming 4 (BiVO4) functional units. As initial input structure, the optimized unit 
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cell lattice paramerters a = 7.223 Å, b = 11.523 Å, c = 5.107 Å, 𝛽 =134.994, which are in good 

agreement with the experimentally reported values [23, 24].  Our model consists of two unit cells 

stacked both along the a-axes and c-axes giving 2x1x2 supercell. The supercell Bi16V16O64 has 

16 functional units with 96 atoms in total. The crystal structure of monoclinic clinobisvanite 

BiVO4 unit cell and supercell are displayed in Figure 5.2. 

 
Table 5.1 Configurations and stoichiometries (including x, k, l and m values) of the various 

intrinsic doped BiVO4 systems. 

Many intrinsic defective models were explored by paying particular attention to key 

configurations showing vacancies, interstitial, and significant substitutional configuration not 

investigated in literature. The modeled configurations include: Bivac  (Bi-vacancy), Vvac (V-

vacancy), Ovac  (O-vacancy), BiV  (Bi on V site), VBi  (V on Bi site), Biint  (Bi interstitial), Vint  

(V interstitial) and Oint (O interstitial). Table 5.1 shows these configurations together with their 

corresponding stoichiometries. As a preliminary test, several configurations where k, l and m 

increased up to 5 were modeled and optimized.  The same trend for each defect was detected and 

Intrinsic	Doping
(Configurations)

Stoichiometry Supercell
O	vacancy BiVO(4-x) n	=	16

V	vacancy BiV(1-x)O4 n	=	16

Bi	vacancy Bi(1-x)VO4 n	=	16

Interstitial	O	 BiVO(4+x) n	=	16

Interstitial	V BiV(1+x)O4 n	=	16

Interstitial	Bi Bi(1+x)VO4 n	=	16

Substitutional Bi(1±x)V(1±x)O4 n	=	16

Substitutional	3	V	@	5	Bi	
site

Bi(1-5x)V(1+3x)O4 n	=	16



 

 
 

153 

accordingly those configurations were omitted due to the computational cost of further 

calculations.  For each model in Table 5.1, various defect sites were investigated and the most 

relaxed one is selected based on stability. For Bi(1-5x)V(1+3x)O4, two key configurations were 

modeled where two Bi atoms were removed and three were Bi atoms substituted by V atoms 

following two techniques; aggregated defect sites and well separated ones. It is worth mentioning 

that our supercell models are formally neutral. 

 
Figure 5.3 Most stable structures of the various intrinsic doping of BiVO4 systems: (a) Bi(1+x)VO4 
(b) BiV(1+x)O4 (c) BiVO(4+x) (d) Bi(1-x)VO4 (e) BiV(1-x)O4 (f) BiVO(4-x) (g) Bi(1-x)V(1+x)O4 (h) Bi(1+x)V(1-x)O4 
(i)Bi(1-5x)V(1+3x)O4. Interstitials are from (a) to (c) , vacancies are from (d) to (f), and substitutions 
from (g) to (i) .  Bi are shown in purple, V in gray and O in red. Interstitial/substitutional atoms 

are shown in green and vacant sites are shown in green circle. 

 

 

(b)

(c)

(d)

(e)

(f)

(g)
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5.2 Structure Properties and Stabilities 

              The lowest-energy structures for the various explored defective configurations including 

substitutional, interstitial doping as well as possible formation of Bi, V, O vacancies, are 

displayed in Figure 5.3. Those structures were fully relaxed using DFT within the PBE 

functional since it yields accurate bonds and lattice parameters in computationally cheap method.  

The calculated lattice parameters of the relaxed structures are displayed in Table 5.2. These 

values are found to be in good agreement with the experimental lattice constants, with deviation 

of less than 1% [24].  

System Chemical 
Formula 

Lattice Parameters 
a b c α   β  γ 

BiVO4 BiVO4 7.229 11.561 5.107 90.000 134.881 90.000 
BiV(1-x)O4 BiV0.93O4 7.233 11.488 5.112 90.000 134.979 90.000 
Bi(1-x)VO4 Bi0.93VO4 7.217 11.501 5.101 90.000 134.985 90.000 
BiVO(4-x) BiVO3.93 7.218 11.549 5.103 89.830 134.824 90.206 
BiV(1+x)O4 BiV1.06O4 7.278 11.550 5.128 90.030 134.866 89.987 
Bi(1+x)VO4 Bi1.06VO4 7.278 11.626 5.135 90.004 134.383 89.992 
BiVO(4+x) BiVO4.06 7.255 11.571 5.129 90.007 135.178 89.992 
Bi(1+x)V(1-x)O4 Bi1.06V0.93O4 7.315 11.546 5.173 90.119 135.358 90.014 
Bi(1-x)V(1+x)O4 Bi0.93V1.06O4 7.222 11.557 5.088 89.959 135.040 90.010 
Bi(1-5x)V(1+3x)O4 Bi0.6875V1.1875O4 7.189 11.724 5.022 89.862 135.407 90.043 
Experimental[24]  7.253 11.702 5.096 90 134.233 90 

Table 5.2 Optimized lattice parameters of the various intrinsic doped BiVO4 systems reported in 
Figure 5.3. 

The relative stability of those structures was judged based on their computed defect 

formation energies with respect to the perfect one using the four following expressions: 

𝐸uhn¹	 1 = 	𝐸jhj	 𝐵𝑖 #V  𝑉 #Vp 𝑂 (V� − 𝐸jhj 𝐵𝑖𝑉𝑂( + 𝑥. 𝐸jhj 𝐵𝑖 + 𝑦. 𝐸jhj 𝑉 + �
$
. 𝐸 𝑂$ + 𝑧. ∆𝜇h                                                                                                                                                   

(5.1) 
 
𝐸uhn¹	 2 = 	𝐸jhj	 𝐵𝑖 #X  𝑉 #Xp 𝑂 (X� − 𝐸jhj 𝐵𝑖𝑉𝑂( − 𝑥. 𝐸jhj 𝐵𝑖 − 𝑦. 𝐸jhj 𝑉 − �

$
. 𝐸 𝑂$ − 𝑧. ∆𝜇h                                                                                                                                         

(5.2) 
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𝐸uhn¹	 3 = 	𝐸jhj	 𝐵𝑖 #X  𝑉 #Vp 𝑂( − 𝐸jhj 𝐵𝑖𝑉𝑂( − 𝑥. 𝐸jhj 𝐵𝑖 + 𝑦. 𝐸jhj 𝑉                              (5.3) 
 

𝐸uhn¹	 4 = 	𝐸jhj	 𝐵𝑖 #V  𝑉 #Xp 𝑂( − 𝐸jhj 𝐵𝑖𝑉𝑂( + 𝑥. 𝐸jhj 𝐵𝑖 − 𝑦. 𝐸jhj 𝑉                              (5.4) 
 
 

             Etot[BiVO4], Etot[Bi(1-x)V(1-y)O(4-z)], Etot[Bi(1+x)V(1+y)O(4+z)], Etot[Bi(1-x)V(1+y)O4] and 

Etot[Bi(1+x)V(1-y)O4], Etot[Bi] and Etot[V] are the total energies of the pure and self-defective solids 

in their most stable structures while E[O2] represents the total energy for the molecule in gas 

phase. OµD  is the thermal parts of the oxygen chemical potentials which depends on temperature 

(T) and pressure (p) via the enthalpy (h) and entropy (s) corrections as follows:  

2 2

2

0

[ ]( ) ( ) lnO O O
p Oh T Ts T RT
p

µ
æ ö

D = - + ç ÷
è ø

       (5.5) 

Bare Material DE at 0 K (eV) DE at room temperature (eV) 
Biint 0.394 0.394 
Vint 0.041 0.041 
Oint 0.160 0.173 
Bivac 0.467 0.467 
Vvac 0.967 0.967 
Ovac 0.319 0.303 
BiV 0.446 0.446 
VBi 0.024 0.024 

3V5Bi 0.180 0.180 
Table 5.3. Relative formation energies at 0 K and room temperature of the various intrinsic 

doped BiVO4 systems reported in Figure 5.3, calculated with the PBE functional.  

The zero point vibrational energy, the enthalpy correction (h) and the entropy (s) of O2 as 

a function of the temperature (T) and the pressure (p) were calculated using DMol program[25] 

within the PBE exchange-correlation functional and the DNP basis set [26]. The zero-point 

vibrational energy was systematically included in the enthalpy and entropy corrections. The 

thermal contributions of the solids were neglected. OµD  was set at -0.22 eV for T = 300 K (room 

temperature) with 1 atm pressure to mimic the experimental conditions. 
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Among the various explored defective structures, several ones showed very low relative 

energy to the perfect structure, as listed in Table 5.3. Considering the structures with less than 

0.2 eV energy difference are stable, V-rich structures (interstitial and substitutional at Bi site), O 

interstitial and Bi-deficient, were the most stable ones. Bi interstitial and vacancy type of 

defective structures were labeled as meta-stable structures. Though, both groups of structures 

were further electronically investigated, and this will be the matter of the next section.  

 

5.3 Electronic Structure Properties  

           The calculated energy bands of BiVO4 along high symmetry directions of the Brillouin 

zone are shown in Figure 5.4. The selected k-points of (L-M-A-G-Z-V) was employed in 

previous studies [27]. The valence band minimum (VBM) was located between the M and A 

points and conduction band minimum (CBM) occurred between the A and  G points. The 

bandgap type was found to be indirect as a result of a indirect transition from VBM to CBM at 

the high symmetry k-point. This result was in line with previous report [22]. Figure 5.4(b) 

presents the effect of SOC inclusion in the PBE level calculation of the band structure. The 

bandgap was reduced by 0.2 eV due to the strong relativistic effect of bismuth atoms. Though, 

this calculated value (1.9 eV) of bandgap at the PBE level of functional underestimated the 

experimentally reported and previous theoretical studies [4, 28-30].  
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Figure 5.4. Electronic band structure of BiVO4 along the high-symmetry k-points obtained using 
the PBE functional without spin-orbit coupling (SOC) (a) and with SOC (b). The Fermi level (EF) 

is set at 0 eV. 

 

         The same SOC effect on the bandgap was even observed in the HSE06 level calculation of 

density of states as displayed in Figure 5.5. The obtained bandgap is 3.0 eV without SOC 

inclusion, which reproduces previously reported bandgaps [19, 22]. The main contribution in the 

conduction band comes from the V 3d orbitals while the valence band is mainly formed by O 2p 

orbitals with minor contribution from Bi 6s orbitals, in line with the experimental photoemission 

results [4, 31].  Almost the same type of orbital contributions were also found in all other 

defective structures. 
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Figure 5.5. Electronic DOSs obtained using the HSE06 functional for BiVO4 with and without 

spin-orbit coupling (SOC) effect.  Color legend: total DOS in black; DOSs projected onto Bi 6s in 
red, onto V 3d in blue, and onto O 2p atoms in green. 

 
Figure 5.6. Electronic DOSs obtained using the HSE06 functional for stoichiometric and most 

stable defective structures; (a) BiVO4 (b) BiVO4.06 (c) Bi0.6875V1.1875O4 (d) BiV1.06O4 and (e) 
Bi0.93V1.06O4 materials in their most stable structural and spin-state configurations. Singlet-spin 
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state on the left and triplet ones on the right. Color legend: total DOS in black; DOSs projected 
onto Bi 6s in red, onto V 3d in blue, and onto O 2p atoms in green 

 
The pristine structure of BiVO4 is neutral and has balanced number of electrons, whereas 

introducing defects change the number of released electron/holes and the charge carrier density.  

For that, several possible spin multiplicites were tested for each defect bulk configuration to find 

the lowest energy structure with the optimal spin configuration. The defect usually creates new 

empty states in the gap. Our most stable defective structures; V interstitials and V substitution on 

Bi sites are donor-like defects, reported as the highest performing stoichiometric film with a 

slight V enrichment experimentally [6].  Figure 5.6 shows the DOS of stoichiometric and most 

stable defective structures using the HSE06 functional. Intrinsic bandgaps were found for the 

most stable structure except the V interstitial, which revealed mid-gap states that might act as 

traps for electron/ hole recombination. Among the most stable structures, only Bi0.6875V1.1875O4  

in Figure 5.6 (c) got a reduced bandgap. Band gap value of 2.25 eV is the closest to the 

experimentally reported ones.  
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Figure 5.7. Electronic DOSs obtained using the HSE06 functional for meta-stable defective 

structures; Bi1.06V0.93O4, BiVO3.93, BiV0.93O4, Bi0.93VO4, Bi1.06VO4, BiV0.93O4 materials in their most 
stable configurations and spin state; (a) Singlet state and (b) Doublet (c) quartet (d) Sextet.  

Color legend: total DOS in black; DOSs projected onto Bi 6s in red, onto V 3d in blue, and onto 
O 2p atoms in green. 

 

 
It is known that the creation of fully delocalized impurity levels located at the top of the 

VB could narrow the bandgap and avoid the inefficient electron-holes recombination. For that 

aim, the meta-stable structures were also examined using the HSE06 functional and their DOS 

are plotted in Figure 5.7.  However, no intrinsic proper bandgap was found. None of the DOS of 

defective structures plotted above was calculated in literature except for the oxygen vacancy but 

using PBE functional. We reproduced the same DOS with one mid gap state located at 1 eV 

below the original conduction band. This kind of defect is experimentally confirmed by scanning 

transmission electron microscopy that revealed a pronounced surface reduction with charge 

neutrality near the surface demands for around 15% oxygen vacancies [17]. From this point, only 
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the perfect structure, Bi deficient and V enriched (Bi0.6875V1.1875O4) would be considered. Spin 

Orbital Coupling effect was also studied on the defective materials and almost the same bandgap 

was obtained.  

It is experimentally reported that BiVO4 has different types of Bi-O and V-O bond 

lengths signifying that both VO4 and BiO8 polyhedra are slightly distorted [32]. This is the case 

in all our optimized BiVO4 defective structures displayed in Figure 5.2, but not with the perfect 

stoichiometry one as shown in Table 5.4.  In Bi0.6875V1.1875O4, the Bi coordination environment 

clearly showed a distorted oxygen octahedron; with the nearest neighbor distances ranging from 

2.27 to 2.59 Å. One of the substituted vanadium atoms also had more distortion in the 

tetrahedron environment. It is believed that the former distortion enhances the lone pair impact 

of Bi 6s states, and shifts the VB (Valence band) upwards having a reduced bandgap.   

 

Structure  Chemical Bonds 

 V-O (Å) Bi-O (Å) V*-O (Å) V**-O (Å) Bi*-O (Å) 

BiVO4 1.73(4) 2.41 (4) 
2.45(4) 

- - - 

Bi0.6875V1.1875O4 1.73  
1.73 
1.67 
1.84 

2.32 
2.35 
2.38 
2.38 
2.43 
2.47 
2.59 
2.59 

1.73 
1.73 
1.75 
1.75 

2.11 
1.96 
1.69 
1.78 
1.75 

2.27 
2.41 
2.43 
2.43 
2.49 
2.49 
2.54 
2.54 

Table 5.4. Bond length of BiVO4 and defective BiVO4. Two V* and one V** represent the 
vanadium atoms resides in Bi site. Bi* represents bismuth atoms located near the defect site. 
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5.4 Dielectric and Optical Properties 

The visible light absorption of Bi0.6875V1.1875O4 was evident from the red shift of in the 

onset of absorbance compared to pristine BiVO4 (Figure 5.8).  The former has onset absorbance 

of 564 nm as a function of the incident radiation energy in the range of 0-8 eV, while BiVO4 has 

onset of ~410 nm very close to both UV and visible light range. 

 
Figure 5.8. Calculated UV-vis optical absorption spectra with HSE06 for BiVO4 and 

Bi0.6875V1.1875O4. 

 
The calculated optical absorption coefficient spectra, presented in Figure 5.8, were 

obtained by averaging the imaginary and real parts of the dielectric function, computed using 

HSE06 over three polarization vectors as a function of the wavelength of the incident light. The 

real part of dielectric constant (ε1) is responsible for slowing down the speed of light in the 

material by dispersion, whereas the imaginary part (ε2) is responsible for the energy absorption 

from electric field due to dipole motion. The dependence of ε1 and ε2 values on photon energy is, 

respectively, shown in Figures 5.9 and 5.10 along the three principal crystallographic directions. 
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Because of the monoclinic symmetry of the pristine structure, the dielectric tensor for both parts 

was anisotropic with εxx=εzz≠ εyy. Unlike Bi0.6875V1.1875O4 where the εxx was a bit different from 

εzz because the corresponding lattice parameters were slightly changed. From Figure 5.10, the 

bandgap can be confirmed from the tangent adjacent to the linear region of the absorption 

intersecting with the photon energy at the bandgap value. This approach is called the “tangent 

approach” to determine the optical bandgap. The real part of the dielectric function in Figure 5.9 

was used to drive the electronic or optical contribution of the macroscopic dielectric constant at 

the photon energy of the bandgap using the HSE06 functional.  

The macroscopic or static dielectric constant (er) describes the tendency of the atomic 

charge in material to distort in the presence of an electric field. It has an electronic contribution 

(e¥) that includes local field effects and describes the relaxation of crystalline orbitals upon 

applying external field. There is also a vibrational contribution (evib) which involves ionic motion 

and calculated by computing the full phonon of the crystal using density functional perturbation 

theory (DFPT). Both contributions were obtained for BiVO4 and Bi0.6875V1.1875O4 in the three 

principal directions and shown in Table 5.5. The average value of BiVO4 and Bi0.6875V1.1875O4  

macroscopic dielectric constants were 38.3 and 41.2, respectively. Those values are similar to 

the experimentally reported one of 52 [28], and higher than the macroscopic dielectric constant 

of 45.7 for TiO2 [33]. Here, let us simply remind that several studies mentioned that total 

dielectric constant value greater than 10 is sufficient for good exciton dissociation into free 

charge carriers [34].  This confirms the good conductivity of bismuth vanadate, that even 

enhanced by introducing the defect.  
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Direction e¥ evib er 

BiVO4 xx 
yy 
zz 

6.83 
3.85 
6.89 

30.061 
32.335 
30.681 

37.852 
38.789 
38.484 

 (Bi0.6875V1.1875O4) xx 
yy 
zz 

4.58 
3.38 
4.78 

27.986 
24.307 
50.246 

35.363 
30.356 
58.001 

 Table 5.5. Optical (ε∞), vibrational (εvib), and macroscopic (εr) dielectric constant components in 
three principal directions of BiVO4 and Bi0.6875V1.1875O4 structures obtained using PBE for (εvib) 

and HSE06 for (ε∞), respectively. 

 
 
 
 

 

Figure 5.9. Real part of dielectric function 
from HSE06 functional calculations of (a) 
BiVO4 and (b) Bi0.6875V1.1875O4 in the three 

principal directions. 

 

	

Figure 5.10.  Imaginary part of dielectric 
function obtained by HSE06 calculations 
along the xx, yy, and zz directions of (a) 

BiVO4 and (b) Bi0.6875V1.1875O4. 

 

0

1

2

3

4

5

6

7

8

0 1 2 3 4 5 6 7

e 1

Photon energy (eV) 

		xx
		yy
		zz

0

1

2

3

4

5

6

7

8

0 1 2 3 4 5 6 7

e 1

Photon energy (eV) 

		xx
		yy
		zz

BiVO4(a)

(b) Bi0.6875V1.1875O4

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7

e 2

Photon energy (eV) 

		xx
		yy
		zz

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7
e 2

Photon energy (eV) 

		xx
		yy
		zz

BiVO4
(a)

(b) Bi0.6875V1.1875O4



 

 
 

165 

5.5 Charge Carrier Transport Properties 

Although BiVO4 has been invoked as one of the most active photocatalysts for visible-

light water oxidation, bare BiVO4 powders and photoanodes have usually proved relatively poor 

performance for photochemical and photoelectrochemical O2 evolution due to slow O2 evolution 

kinetics, slow electron transport in the conduction band; besides the electron-hole recombination 

in the bulk and surface. The effective mass of holes and electrons is a good descriptor of the 

charge carrier transport properties. 

From the band structure plot, the calculated valence band and conduction band are 

weakly dispersive in m-BiVO4. That is to say, the flatter the energy is, the more localized the 

charge carriers are. Thus, as for the m-BiVO4, both the mobility of electrons and holes supposed 

to be relatively low, which would naturally reduce the separation efficiency of electron–hole 

pairs and therefore, unfortunately weaken its photocatalytic properties. However, this was 

obvious in the defective structure, not the pristine one, as shown in Table 5.6.  

 

 
mh*/m0 me*/m0 

 
100 010 001 100 010 001 

BiVO4 2.86 0.51 0.31 3.57 0.50 0.24 

(Bi0.6875V1.1875O4) 3.23 0.65 0.46 4.37 8.54 5.85 

Table 5.6 Effective masses of holes (mh
*/m0) and electrons (me

*/m0) in three principal directions 
of BiVO4 and Bi0.6875V1.1875O4 structures, which were obtained using the DFT/PBE method. m0  is 

the free electron mass. 

BiVO4 has been reported to have a very low electron mobility that limits the overall 

photocatalytic performance of BiVO4 [35]. This indicates the relatively high effective masses. 

The minimum of effective masses of photogenerated electrons on the bottom of the conduction 

band were in the [001] direction; 0.31 m0 for pristine and 0.46 m0 for defective structure, which 
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are smaller than those for typical photocatalysts (such as, me* ~ 1 m0 for anatase TiO2, and me* 

~3-20 m0 for rutile TiO2) [36, 37]. The minimum of effective masses of photogenerated holes on 

the top of valence band were 0.24 m0 for pristine in the [001] direction and 4.3 m0 for defective 

structure in the [100] direction, which is smaller than that of other oxide semiconductors (such 

as, mh* ~ 16 m0 of In2O3) [38].   

The mass of holes was lighter than electrons because, in a centrosymmetric lattice, the 

interaction between Bi 6s and O 2p introduces an upward dispersion of the valence band away 

from Γ and a relatively light hole effective mass. The lighter effective mass implies that the 

carriers have more probability to reach the surface reaction sites within their lifetime, thus 

improve the photocatalytic activity.  However, the migration of electrons and holes in identical 

directions like the case with pristine BiVO4 may result in a poor charge separation at the surface 

of the material.  Generally, because of the high optoelectronic properties, this compound has the 

potential to act as promising electronic materials. To improve the photogenerated charge 

separation in BiVO4, a heterojunction with other semiconductors including TiO2 [39] , ZnO [40], 

and Co3O4 [41] has proven experimentally to be a successful technique. 
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Figure 5.11. Electron density maps for the VB (on the top) and CB (on the bottom) edge states 
of Bismuth Vanadate materials obtained at the DFT/HSE06 level: (a) BiVO4, (b) Bi0.6875V1.1875O4. 

Isovalue is 0.003 a.u. 

 
The electron density maps in Figure 5.11 show similar properties to the one obtained 

through the effective masses. For the pristine BiVO4, the electron density was delocalized 

through the structure layers promoting better migration of electrons and holes in the VB and CB, 

respectively.  The density in the VB edge is mainly made by O 2p orbitals, while it is from V 3d 

orbitals in the CB edge. This reflects the projected density of states results mentioned in the 

previous section. For the defective structure of Bi0.6875V1.1875O4, the electron density was 

localized away from the defective sites in the VB and localized on the newly substituted 

vanadium atoms in the CB.  This localization and the poor overlap with the Bi 6p orbitals at CB 

yields to poor electron mobility. Also, it greatly limits the migration of charges to the surface as 

it is restricted to one plane of direction.  

(a) (b)
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5.6 Hydrogenated BiVO4 2 

	 As a metal oxide, a major limitation of BiVO4 is its poor charge carrier (electron and/or 

hole) transport properties. As an illustration, carrier mobility can be as high as 8,500 and 1,500 

cm2V-1s-1 in GaAs and Si [42], respectively, while values of ~0.01-0.1 cm2V-1s-1 are observed for 

BiVO4 [43-45]. Carrier lifetimes are usually short, in the order of pico- to nano-seconds[45]. 

These low mobilities and short carrier lifetimes can be attributed to two factors inherent to metal 

oxides. First, some synthesis methods tend to produce significant amounts of point defects. The 

defects could have energy levels deeper in the bandgap and may act as recombination centers, 

thus negatively affecting the carrier lifetimes. Second, carriers in metal oxides tend to be 

localized and form small polarons [35, 43, 46, 47]. Ionic nature of metal oxides causes carriers to 

be self-trapped in a potential well created by polarizing the surrounding atoms. In order to 

improve the carrier transport in metal oxides, methods to passivate the point defects are needed. 	

	
One of the methods that have been used to improve the PEC performance of metal oxides 

is hydrogen treatment[48-53]. The improved performance was initially assumed to originate 

from the increased electrical conductivity due to oxygen vacancy formation and/or hydrogen 

insertion (i.e., an increase in carrier density through donor doping)[48-54]. However, no report 

has yet provided direct evidence for the influence of hydrogen treatment on the carrier transport 

properties of BiVO4.  In this section, hydrogen treatment was studied and proved to increase the 

carrier lifetime in BiVO4, and consequently the diffusion length, thus improving the PEC 

performance. 

                                                
2 This section was reproduced from our collaborative published work as: 
Jang, J.-W., et al., Enhancing Charge Carrier Lifetime in Metal Oxide Photoelectrodes through 
Mild Hydrogen Treatment. Advanced Energy Materials: p. 1701536-n/a. 
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Figure 5.12. (a) X-ray diffractograms of pristine and hydrogen-treated (10 min. post-annealing in 
2.4% H2/Ar atmosphere at 300 °C) BiVO4. (b) A schematic representation of the 15N nuclear 

reaction analysis (15N-NRA) on BiVO4. The inset table shows the atomic content of hydrogen in 
pristine and hydrogen-treated BiVO4. 

5.6.1 Experimental Work  

Fatwa et al. performed the hydrogen treatment on a spray-pyrolysed BiVO4 thin film 

photoanode [55].  After that, X-ray diffractograms of pristine and hydrogen-treated BiVO4 films 

deposited on quartz substrates, Raman spectroscopy and the UV-vis spectra analysis were 

conducted to ensure successful incorporation of Hydrogen as a dopant without significant 

structural or optical changes upon hydrogenation of BiVO4 as presented in Figure 5.12.  Also, 

15N nuclear reaction analysis (15N-NRA) was performed on the films to provide direct and 

quantitative evidence that hydrogen is actually inserted into the BiVO4 lattice upon hydrogen 

treatment, as opposed to only reducing the BiVO4 to form oxygen vacancies. 

An important aspect is the influence of hydrogen treatment on the photoelectrochemical 

performance of BiVO4. Figure 5.13 shows the AM1.5 photocurrent of pristine and hydrogen 

treated BiVO4 films under back-side illumination. Hydrogen treatment results in a higher 

photocurrent plateau and a favourable cathodic shift of the onset potential of BiVO4. This 

improvement was confirmed to be a result of bulk modification in the BiVO4 film by calculating 
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the charge separation efficiencies using methods well described in the literature [56, 57]. The 

charge separation efficiency increases with hydrogen treatment and matches the improvement in 

photocurrent. 

 
Figure 5.13. AM1.5 photocurrent-voltage (j-V) curves of pristine and hydrogen-treated BiVO4 
thin film photoanodes. Both the photocurrent plateau and onset potential are improved with 

hydrogen treatment. The electrolyte is 0.1 M phosphate buffer (KPi, pH ~7) and 0.5 M sodium 
sulphite (Na2SO3) as hole scavenger. 

To investigate the effect of hydrogen treatment on the bulk carrier transport properties, 

time-resolved microwave conductivity (TRMC) was utilized [45, 58-61]. The TRMC signal can 

then be expressed as the product of the absorbance-normalized quantum yield (f) and the 

combined mobility of the charge carriers (∑µ, sum of the electron and hole mobilities). 

Assuming that the internal quantum yield of electron-hole generation approaches 100% and no 

charge carrier recombination has taken place within the response time of the setup, the carrier 

mobility (µ) and the carrier lifetime (t) were obtained from the peak and the decay of the TRMC 

signal, respectively [45, 59]. More technical and experimental details are available elsewhere 

[55]. 
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Figure 5.14. Time-resolved microwave conductivity signals recorded for pristine, hydrogen-

treated and 1% tungsten-doped BiVO4 thin films using a 355 nm laser pulse with a photon flux 
of 1.65 ⅹ1012 photons cm-2 pulse-1. 

 
For pristine BiVO4, a carrier mobility of ~0.07 cm2V-1s-1 and a carrier lifetime of 43 ns is 

found. Upon hydrogen treatment, the carrier mobility slightly increases to ~0.08 cm2V-1s-1. The 

carrier lifetime, however, shows a much larger change and increases from 43 ns to 109 ns. A 

value of 57 nm is found for the carrier diffusion length of untreated BiVO4, which increases to 

101 nm after hydrogen treatment. This improvement is consistent with the increased 

photocurrent plateau and improved charge separation we found for these hydrogen-treated 

BiVO4 films.  

 To investigate the possible presence of trap states after hydrogen treatment, the TRMC 

signals (f∑µ) of both pristine and hydrogen-treated BiVO4 were obtained at different laser pulse 

intensities as displayed in Figure 5.14. The results confirmed that hydrogen treatment leads to the 

passivation of trap states and/or reduction of trap state density that act as recombination centers 

in BiVO4. The observed reduction of trap states density upon hydrogen treatment is in agreement 

with a recent report by Cooper et al. [54], where hydrogen-treated BiVO4 was found to exhibit a 
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lower sub-bandgap photoluminescence intensity as compared to untreated BiVO4. The reduction 

in the number of trap states is also consistent with the increase in carrier lifetimes. 

Finally, the impact of the inserted hydrogen on the carrier transport at an earlier time 

window (< 2 ns) using time-resolved THz conductivity (TRTC) measurements as conducted. A 

minor variation of decay times is observed in the first tens of picoseconds, but overall no 

significant differences can be observed at this time window. Hydrogen treatment clearly does not 

have a significant impact the carrier mobility. This is consistent with the obtained TRMC results, 

which revealed comparable carrier mobility values for bare and hydrogen-treated BiVO4.  

Through TRTC a resonance peak in the mobility-THz frequency spectrum was also observed  

indicating a strong carrier localization with phonon mode belongs to an external (Bi3+-VO4
3-) 

vibration along the [012] or [102] axes[62, 63]. This was confirmed by DFT calculations since 

hydrogen treatment caused additional distortion to the BiVO4 lattice by a slight increase of the 

bond distance along these two external vibration axes ([012] and [102]. 

Consistent with the TRMC results, a carrier mobility value of ~0.10 cm2V-1s-1 is obtained 

by extrapolating the THz mobility spectrum to the y-axis (see Figure S10). Hydrogen treatment 

neither affect the nature of the conductivity in BiVO4 nor the hole polaron formation.  So, the 

trap states described above are located energetically deeper than the polaron states. Holes then 

quit the polaron state and start recombining or further trapped at lower states at time scales > 2 

ns; combined with the reduced trap state density and passivation of trap states. This results in 

longer carrier lifetime as observed with TRMC measurements. 
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5.6.2 Computational Work  

 To understand the nature of the trap states that are significantly decreased upon hydrogen 

treatment, we performed density functional theory (DFT) calculations using the previously 

described supercell model of the monoclinic structure of BiVO4. Similarly, configurations for 

intrinsic defects, namely Bi-vacancy, V-vacancy, O-vacancy, Bi-interstitial, V-interstitial, O-

interstitial, Bi on V site and V on Bi site, were considered. For Bi-, V- and O-deficient BiVO4, 

one Bi, V or O atom was removed from the Bi16V16O64 supercell and labeled by their respective 

point defect Bivac , Vvac and Ovac. For Bi-, V- or O-enriched BiVO4, one neutral Bi, V or O atom 

was inserted into the supercell and labeled by Biint , Vint or  Oint. Moreover, one Bi atom was 

substituted at one V site (labeled by BiV) into the Bi16V16O64 supercell as well as one 

substitutional V at Bi site (labeled by VBi) was considered. For each type of defect, a large 

number of configurations were generated in order to find the most stable structure. The 

preferential location of H in hydrogenated BiVO4 was also investigated by inserting one H atom 

at various possible sites into the Bi-, V-, O-deficient or enriched Bi16V16O64 supercell models 

invoked above. The optimization calculations were conducted using the PBE functional and 

following the same methodology described in Chapter 3. A cutoff energy of 400 eV was used for 

basis functions. In all cases, the Brillouin zone was sampled with 3 ´ 3 ´ 3 Monkhorst-Pack k-

point grid [64]. As the magnetic state depends on the type of defect, several spin multiplicities 

were tested for each defective configuration in order to identify the most stable spin electronic 

state.  

 



 

 
 

174 

Similar to defective structures explained in the beginning of the chapter, the relative 

stability for intrinsic defects before and after hydrogenation with respect to the perfect one was 

investigated by computing the defect formation energies using the four following expressions: 

𝐸uhn¹	 1 = 	𝐸jhj	 𝐵𝑖 #V  𝑉 #Vp 𝑂 (V� 𝐻j − 𝐸jhj 𝐵𝑖𝑉𝑂( + 𝑥. 𝐸jhj 𝐵𝑖 + 𝑦. 𝐸jhj 𝑉 + �
$
. 𝐸 𝑂$ − j

$
. 𝐸 𝐻$ +

𝑧. ∆𝜇h − 𝑡. ∆𝜇s                                                 (5.6) 
 
𝐸uhn¹	 2 = 	𝐸jhj	 𝐵𝑖 #X  𝑉 #Xp 𝑂 (X� 𝐻j − 𝐸jhj 𝐵𝑖𝑉𝑂( − 𝑥. 𝐸jhj 𝐵𝑖 − 𝑦. 𝐸jhj 𝑉 − �

$
. 𝐸 𝑂$ − j

$
. 𝐸 𝐻$ −

𝑧. ∆𝜇h − 𝑡. ∆𝜇s                                                       (5.7) 
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$
. 𝐸 𝐻$                  (5.9) 

we added the E[H2] representing the total energy for the molecule in gas phase. HµD  is 

the thermal parts of hydrogen chemical potential which depends on temperature (T) and pressure 

(p) via the enthalpy (h) and entropy (s) corrections as follows:  

∆𝜇s = ℎst 𝑇 − 𝑇𝑠hst 𝑇 +	𝑅𝑇𝐿m
k st
}Ñ

        (5.10) 

The zero-point vibrational energy was systematically included in the enthalpy and entropy 

corrections. The thermal contributions of solids were neglected. In what follows, OµD  was set at 

-0.67 eV for T = 723 K and HµD  at -0.26 eV for T = 573 K with 1 atm pressure to mimic the 

experimental conditions.   

Higher or lower defect formation energy represents less or more stable material than the 

perfect BiVO4 one. Note that the defect formation energy for Bivac upon hydrogenation was 

obtained from Equation (5.6) for y = z = 0 and x = t = 1/16, whereas those for Vvac and Ovac were 

also obtained from Equation (5.6) for x = z = 0; y = t = 1/16 and for x = y = 0; z = t = 1/16, 

respectively. For Biint, the defect formation energy upon hydrogenation was obtained from 

Equation (5.7) for y = z = 0 and x = t = 1/16, whereas those for Vint and Oint were also obtained 

from Equation (5.7) for x = z = 0; y = t = 1/16 and for x = y = 0; z = t = 1/16, respectively. For 
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VBi, the defect formation energy upon hydrogenation was obtained from Equation (5.8)  for x = y 

= t = 1/16, whereas that for BiV was obtained from Equation (5.9)  for x = y = t = 1/16. Note the 

formation energies of the various explored intrinsic defects in the pristine BiVO4 material from 

Section 3.2 were obtained using the same equations but with t = 0. 

Despite the fact that several DFT studies are available in the literature [49, 65], they were 

performed under different processing conditions and assumed charged defects prior to the 

calculation. In our methodology, we considered as initial guess (i.e., before structural 

optimization) neutral defects, and the formation energies were then computed by taking into 

account the thermal parts of the oxygen and hydrogen chemical potentials at pressure and 

temperature mimicking the experimental deposition and annealing conditions. This method has 

been successfully applied to investigate the thermodynamic stability of various defective (photo-

) catalytic materials, and was shown to be well in-line with experimental observations [66-71].  

The electronic properties of pristine and the most relevant self-defective BiVO4 materials 

were examined through density of states (DOS) calculations shown in Figure 5.14. The 

calculations were conducted by means of the spin-polarized DFT based on the fully optimized 

geometries using the PBE functional. For electronic structure calculations of semiconductors, it 

is well known that GGA functionals such as PBE underestimate the absolute experimental 

bandgap values, and this can be greatly corrected by the use of range-separated hybrid Heyd-

Scuseria-Ernzerhof (HSE06) functional [66-68, 72-78]. However, our focus at this stage was to 

show the trend (relative difference) rather than giving absolute numbers. A systematic 

computational investigation of the impact of relevant self-intrinsic defects on the optoelectronic 

properties of BiVO4 at the HSE06 level of theory is left for future work. 
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Point defects  Formation energy in BiVO4 (eV)a) Formation energy in H-BiVO4 (eV)b) 

Bivac 0.467 0.364 

Vvac 0.967 0.781 

Ovac 0.277 0.268 

Biint 0.394 0.391 

Vint 0.041 0.072 

Oint	 0.201 0.179 

BiV 0.446 0.402 

VBi	 0.024 0.068 
Table 5.7.Calculated formation energies for the various explored defective structures before and 
after hydrogenation; a)T = 723 K in O2 atmosphere; b)T = 723 K in O2 atmosphere and 573 K in 

H2 atmosphere. 

 

Table 5.7 summarizes the calculated formation energy of defects in both unmodified and 

hydrogen-treated BiVO4. Among the various intrinsic defects explored, only those corresponding 

to interstitial vanadium (Vint) and vanadium anti-site on bismuth (VBi) are found to have 

relatively low formation energies (less than 100 meV). Upon insertion of hydrogen, the 

formation energies of both point defects were found to increase, indicating a smaller likelihood 

of their formation. In contrast, other point defects showed lower formation energies (i.e., easier 

formation) upon insertion of hydrogen. Similar trend was also found when calculating formation 

energies at 0 K.  
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Structure Lattice parameters Chemical Bonds 
   

a 
(Å) 

b (Å) c 
(Å) 

α (°) β (°) γ (°) Vint-O 
(Å) 

Vint-V 
(Å) 

Vint-Bi 
(Å) 

O-H 
(Å) 

Vint -containing 
BiVO4 

 

7.27 11.54 5.12 90 134.90 89.90 1.95 

1.95 
2.04 

2.04 
2.09 

2.09 

2.39 
2.74 

2.74 

3.0 

3.0 

- 

Vint -containing 
BiVO4 (H-treated) 

 

7.30 11.53 5.14 89.84 135.04 90.25 1.94 

1.94 
2.00 

2.08 
2.05 

2.11 

2.4 
2.75 

3.04 

 

3.0 

3.0 

 

0.98 

VBi -containing 
BiVO4 

 

7.20 11.53 5.08 90 134.97 90 2.01 

2.01 

2.02 

2.01 

-  - 

VBi -containing 
BiVO4 (H-treated) 

 

7.22 11.55 5.08 89.95 135.04 90.01 1.99 

2.00 

2.05 

2.07 

- - 1.01 

Table 5.8. Calculated lattice parameters of the two most stable defect-containing BiVO4 before 
and after hydrogenation along with their chemical bonds around the defect site. 

 
In addition to decreased trap states density, passivation of trap states (i.e., modification of 

their electronic states) may also explain the improved carrier transport properties upon hydrogen 

treatment. We therefore further analyzed the structural parameters, atomic environments and the 

corresponding electronic density of states (DOS) of the Vint- and VBi -containing BiVO4. The 
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lattice parameters and chemical bonds are shown in Table 5.8, and the detailed atomic structures 

are depicted in Figure 5.15. The calculated DOS diagrams are shown in Figure 5.16.  

 
Figure 5.15. Optimized structures of 2 x 1 x 2 BiVO4 supercell with (a) one inserted V and (b) 

one substitutional V at Bi site before (left side) and after (right side) inserting one hydrogen. Bi 
are shown in purple, V in gray, O in red and H in white. Interstitial or substitutional V is shown in 

green. 

 

For the Vint-containing BiVO4, the vanadium interstitial was octahedrally coordinated 

with neighboring oxygen atoms (bond lengths 1.95-2.09 Å). It was also surrounded by 3 

neighboring vanadium atoms at distances of 2.39 and 2.74 Å and by 2 neighboring bismuth 

atoms at a distance of 3.0 Å (Figure 5.15a, left). The most stable spin configuration was found to 

be an open-shell quartet state with the spin density partially located on the inserted vanadium. 

This resulted in new defect states within the bandgap of BiVO4, as shown in Figure 5.16(b). 

Inserting hydrogen into this structure resulted in the formation of a 0.98 Å long O-H bond with 
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one oxygen bridging the interstitial vanadium and one of the 3 neighboring vanadium atoms 

(Figure 5.15a, right).  Hydrogen bonding with oxygen (O-H) within the lattice of BiVO4 was in 

agreement with an earlier NMR study on hydrogen-treated BiVO4[54].The most stable spin 

configuration for Vint structure was increased to a quintet state. The new electron introduced 

upon hydrogen insertion iwas mainly localized on the neighboring vanadium, leading to an 

increase of the local spin density on this vanadium from 0.38 to 1.1. This localization led to 

minimal change of the energetic position of these states, as shown in Figure 5.16(c). Hydrogen 

treatment therefore was not expected to cause passivation of Vint. 

 
Figure 5.16. Computed density of states—DOS (based on PBE functional) for (a) pristine BiVO4, 
(b) BiVO4 with vanadium interstitial before and (c) after hydrogen treatment, and (d) BiVO4 with 

vanadium anti-site on bismuth before and (e) after hydrogen treatment. Fermi levels are 
indicated by the dashed lines. 

 

For the VBi-containing BiVO4, the VBi anti-site defect was tetrahedrally coordinated with 

neighboring oxygen ions with bond lengths ranging from 2.01 to 2.02 Å (Figure 5.15(b), left). 

The most stable spin configuration was found to be an open-shell triplet state in which almost the 

whole spin density was localized on the substitutional vanadium, also gave rise to new defect 

states within the bandgap of BiVO4
 (Figure 5.16 (d)). Addition of hydrogen in this structure 

Spin	up Spin	down En
er
gy
	(e

V)

(a) (b)	Vint (c)	Vint and	H (d)	VBi (e)	VBi and	H
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resulted in the formation of an O-H bond of 1.01 Å with the oxygen atom far from the defective 

region (Figure 5.15(b), right). The most stable spin configuration for this structure was increased 

to a quartet state, with the new electron introduced upon hydrogen insertion fully delocalized 

throughout the whole crystal. Prior to hydrogen treatment, the electron localized on the inserted 

vanadium anti-site on bismuth was 1.8 (vs. 2.0 in total for an open-shell triplet state); insertion of 

hydrogen resulted in 2.2 localized electrons (vs. 3.0 in total for a quartet state). The ratio of 

localized electrons was therefore decreased upon hydrogen treatment (from 0.9 to 0.73). As a 

result of this delocalization, the defect states shifted towards the bottom of the conduction band 

(Figure 5.16(e)), i.e., the defect states became shallower. Therefore, differently from the 

vanadium interstitial, insertion of a hydrogen atom in the VBi–containing BiVO4 also resulted in 

the passivation of the defect states. 

Based on the above DFT results, the nature of the trap state in BiVO4 affected by 

hydrogen treatment was vanadium interstitial (Vint) and/or vanadium anti-site on bismuth (VBi). 

Upon hydrogen treatment, the concentrations of Vint and VBi in BiVO4 was reduced as evident 

from the higher formation energies. In the case of VBi, the reduction of the density was 

accompanied by an upward shift of the energetic position of the defect states, i.e., passivation of 

the states. Overall, these findings resulted in superior carrier transport properties, especially the 

carrier lifetime.  

5.7 Conclusions 

In this chapter, we found that DFT-HSE06 obtained bandgap is largely overestimated 

than the experimental bandgap, and this has given us the motivation to move on the deep 

investigation of possible defective structures.  So, we systematically investigated optoelectronic 

properties of all possible intrinsic defects of monoclinic bismuth vanadate using DFT along with 
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the hybrid HSE06 functional. We prove that tuning the bandgap by intrinsic doping help to find 

candidate structures for mBiVO4 that can explain the low performance in H2 evolution and 

clarify the discrepancy in the literature.  The bandgap is narrowed by about 0.8 eV due to the 

creation of delocalized impurity states at the top of the conduction band of Bi-defective& V-

enriched BiVO4 resulting in a red-shifted optical absorption edge by about 150 nm as compared 

with that of perfect stoichiometry. Also, the reported low electron mobility is confirmed by the 

high electron effective mass of the defective one. Our proposed defective structure can 

outperform its photoactivity when it is in junction with other semiconductors in photocatalytic 

and photovoltaic devices [39-41].  

Another way to overcome the carrier transport limitations consists in introducing mild 

hydrogen treatment to bismuth vanadate (BiVO4). Time-resolved microwave and terahertz 

conductivity (TRMC) measurements revealed a significant increase of the carrier lifetime in 

BiVO4 photoanodes upon hydrogen treatment, without significantly affecting the carrier 

mobility. The enhancement in carrier lifetime was found to be caused by significant reduction of 

trap-assisted recombination, either via passivation of deep trap states or reduction of trap state 

density. Density functional theory (DFT) calculations could correlate this observation with the 

presence of such vanadium anti-site on bismuth or vanadium interstitial native defects. These 

findings provide further insights on the interplay between defect modulation and carrier transport 

in metal oxide photoelectrodes, which will help for the development of low-cost and highly 

efficient solar energy conversion devices. 
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Chapter 6 Ab initio Assessment of Bi1-xRExCuOS (RE=La, Gd, Y, Lu) Solid 

Solution for Water Splitting 3 

         An accurate theoretical study allowing the design a new family of semiconductors with 

enhanced optoelectronic properties was proposed. The investigation of the ternary BiCuOCh (Ch = 

S, Se and Te) semiconductor family for thermoelectric or photovoltaic materials has been a topic of 

increasing research interests [1, 2]. These materials can also be considered for photochemical water 

splitting by tuning the bandgap, Eg, at around 2 eV. A way to engineer the bandgap is through the 

formation of solid solutions from semiconductors with similar crystal structures. With this aim, we 

simulated the solid solutions Bi1−xRExCuOS (RE = Y, La, Gd and Lu) with bandgaps located in 

between the pure BiCuOS (Eg ∼ 1.1 eV) and the pure RECuOS compositions (Eg ∼ 2.9 eV). DFT 

calculations based on the HSE06 range-separated hybrid functional were applied with the inclusion of 

spin–orbit coupling. Starting from the thermodynamic stability of the solid solution, several properties 

were computed for each system including bandgaps, dielectric constants, effective masses and exciton 

binding energies. We discussed the effect on these properties through the relative organization and 

density of Bi and RE atoms in their common sublattice to offer a physical understanding of the 

influence of the RE doping on BiCuOS. Some compositions were found to give appropriate properties 

for water splitting applications. Additionally, at low RE fractions, we found improved transport 

properties of BiCuOS, and this could open the door towards applications beyond water splitting [3].  

 

                                                
3 This chapter was adopted from our published work in the following paper :  
Lardhi, S., et al., Ab initio assessment of Bi1−xRExCuOS (RE = La, Gd, Y, Lu) solid solutions as a 
semiconductor for photochemical water splitting. Physical Chemistry Chemical Physics, 
2017.(19):p. 12321-12330. 
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6.1 Introduction 

         The search for novel green efficient energy sources has revealed a rapid increase over the 

past years. Investigation and optimisation of existing technologies, such as photovoltaics (PV), 

needs these novel sources to overcome their reported limitation, e.g., transportation issue for PV 

cells. Water-splitting technology would permit a direct conversion of solar energy to hydrogen 

chemical fuel [4]. This technology provides a route for a sustainable production of H2. For this 

purpose, two approaches are used; the first one consists in connecting an electrolyser to a 

photovoltaic cell and the second one consists in making a photoelectrochemical cell. Ideally, the 

second approach must achieve higher efficiencies of H2 production, but currently the best 

efficiencies could be achieved by connecting an electrochemical system to a photovoltaic cell. 

For that reason, the development of new photoelectrochemical catalysts remains an important 

field of research to be deeply explored. 

Heterogeneous photocatalysts developed for those missions have a particular architecture 

consisting of a semiconductor particle functionalized by an electrocatalyst deposited on the surface. 

Semiconductor is the sunlight absorber to create charge carriers (electrons and holes) and facilitate 

their diffusion to its surface. Then, the charge carriers should be quickly transferred to the 

electrocatalyst to complete the two half-reactions defining the water splitting, namely proton reduction 

(reaction (6.1)) and water oxidation (reaction (6.2)). There are two main parts of research for 

developing heterogeneous photocatalysts for water splitting [5-7]. One part is the development of 

efficient semiconductors for sunlight absorption and charge carrier diffusion.  The other one is finding 

an efficient electrocatalysts having low overpotential for the two half-reactions. Here, we mainly focus 

on the development of new semiconductors.  

2H+ + 2e− → H2     (6.1) 
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2H2O → O2 + 4H+ + 4e−    (6.2) 

 
In line with the experimental design of new semiconductors, theoretical efforts have 

committed to great progress in this field, and computational approaches, mainly based on density 

functional theory (DFT), are utilized to compute several key properties of semiconductors [8-10].  

Since some of these properties are somewhat hard to obtain by experiments, such as effective 

masses or exciton binding energies, DFT is used as a complementary tool to the experiment to 

characterize new semiconductors. The required accuracy in computing semiconductor properties 

has been demonstrated by several published studies [11-16], giving the motivation for a 

theoretical design of semiconductors for photocatalytic water-splitting applications.  

Water splitting requires several properties to be addressed. These requirements are clearly 

defined and explained in Chapter 2.  Though, the one on bandgap is certainly more important and 

is going to be reviewed here. The difference of the redox potentials of the two half reactions of 

water splitting is 1.23 V. This means that the potential difference of photogenerated holes and 

electrons must have at least this value and thus the semiconductor should have bandgap, Eg, 

greater than 1.23 eV. Due to the required excess of energy for transferring the photogenerated 

charges toward the electrocatalyst and the kinetic process of the redox reactions on top of the 

electrocatalyst surface, the efficient bandgap for the semiconductor is considered to be in the 

1.8–2.2 eV range. Therefore, any newly developed semiconductor for water splitting should 

ideally hold a bandgap in this energy window. 

In this study, the properties of layered oxychalcogenides MCuOCh (M = trivalent Bi, Y, 

Sc or lanthanide ions; Ch = S, Se, Te) for water splitting are investigated. They have been 

studied for numerous applications, such as transparent p-type semiconductors[17-19], 

thermoelectric materials [20-22] and also for photovoltaics [1]. They have a unique crystal 
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structure classified as a tetragonal system with the P4/nmm space group, made by a stacking of 

MO oxide and CuCh halcogenide layers, as displayed in Figure 6.1.  

 
Figure 6.1. Crystal structureof MCuOCh oxychalcogenides. (2 x 2 x 1) supercell is shown for the 
sake of clarity. M, Cu, O and Ch atoms are represented in green, purple, red and yellow colors, 

respectively. 

 
The standard way to be followed for the preparation of these oxychalcogenides is by 

solid-state reactions with high temperatures [23]. However, in the case of sulfides, like BiCuOS, 

a hydrothermal synthesis route has been advised in the literature resulting in nanometer-sized 

particles commonly more suitable for photocatalysis [24]. BiCuOS has a bandgap of around 1.1 

eV [17, 25] and RECuOS (RE = La, Ce, Pr, Nd) compounds have bandgaps of around 3 eV [25]. 

These materials have too low and too high bandgaps for water splitting applications, 

respectively. So, we studied the possibility to achieve in-silico design of solid solutions having 

the formula Bi1−xRExCuOS (RE = rare earth element) and satisfying all the requirements for 

water splitting with bandgaps in between 1.8 and 2.2 eV. As the solid solution will be a mixture 

of Bi and RE in the sublattice of Bi, the oxidation state of RE will be +3, like Bi, which is an 

isovalent substitution solid solution. Different from the aliovalent doping of MCuOCh 

compounds to tune the extrinsic charge carrier concentration [21, 26, 27], the objective of using 
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isovalent doping is to alter the intrinsic properties of the semiconductor.  Only elements with no 

f-electrons contributing to the frontier states were selected, because localized electrons (like f-

electrons) can create new states acting as recombination centers. La and Lu have respectively 

empty and fully occupied f-orbitals, at the +3 oxidation state, so these orbitals do not involve in 

the frontier states. Y was also elected, even though it is not a lanthanide, but it relates to the 

family of RE elements with no f-orbitals. At last, Gd was also selected as the first f–f transition 

of the Gd(+3) ion is higher than 3.8 eV [28], and so is clearly higher than the targeted bandgap. 

We believe that this f–f transition will not interfere with the valence to conduction band 

excitations. In principle, the rare earth elements will be considered as dopants of the BiCuOS 

structure, even when their concentration is higher than the Bi one.  

This chapter presents the relevant properties of a semiconductor, how they are computed 

and what are the required values for water splitting applications. The computed properties are in 

the following order: thermodynamic stability of the solid solution, bandgaps and density of 

states, effective masses, dielectric constants and exciton binding energies.  

6.2 Structural Models 

All solid solutions were modeled by substituting Bi atoms in BiCuOS structure with the 

corresponding RE atoms. A 2 × 2 × 1 supercell containing 8 Bi positions was constructed to 

reach several Bi/RE ratios for Bi1−xRExCuOS; x = 0.125, 0.25, 0.375, 0.5, 0.625, 0.75 and 0.875. 

For x = 0.125, there is only one possible conformation of substitution as all the 8 Bi positions are 

equivalent. However, for x = 0.25, 0.375 and 0.5, several configurations are possible to locate the 

RE atoms in the structure, as there are several non-equivalent choices for relative positions of RE 

ions, giving respectively 2, 3 and 6 possibilities, as shown in Figures 6.2 and 6.3. Thus, all non-

equivalent structures were examined. In the case of the last three compositions above x = 0.5, the 
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structures were prepared by inverting Bi and RE positions from the corresponding “1−x” 

structures.   

 
Figure 6.2. Example of non-equivalent structures for x=0.375. Bi, La, Cu, O and S atoms are 

represented in green, pink, purple, red and yellow, respectively.  

 

 

Figure 6.3. Overview of all non-equivalent doping configurations for x=0 (a), 0.125 (b), 0.25 (c), 
0.375 (d), and 0.5 (e). Configurations for x=0.625, 0.75, 0.875 and 1 are the same as (d), (c), (b) 

and (a) after inverting Bi and RE atoms, respectively.  

 

Bi layer

pure BiCuOS

37.5% RE doping

Bi layer

(a)

(b)

(d) (e)(c)

(I)

(II)

(III)

(I)

(II)

(III)

(I)

(III)

(V)

(II)

(IV)

(VI)



 

 

195 

Geometry optimizations were performed using the generalized gradient approximation 

(GGA) within the Perdew–Burke–Ernzerhof (PBE) formalism. The corresponding first Brillouin 

zone was sampled by 8 x 8 x 8 Γ-centered k-points mesh. Cut-off energy of the plane wave was 

set to 600 eV and the rest of parameters are defined as in Chapter 3. After optimization, the 

relevant properties of a semiconductor for photocatalysis were computed based on the most 

stable solid solution structure for each composition. It includes the bandgap (noted Eg), the 

effectives masses (noted m*), the dielectric constants including both the electronic (noted ε∞) 

and the vibrational (εvib) contributions and finally the exciton binding energies (noted Eb). 

6.3 Thermodynamics  

For each composition, the most stable conformation of the RE ordering was selected after 

geometry relaxation. As it is known that BiCuOS and RECuOS pure compounds can be 

synthesized, and thus they are likely to be thermodynamically stable. For that, the doping 

reaction (6.3) was considered to ensure whether the solid solution Bi1-xRExCuOS is 

experimentally stable. The energy of the reaction in equation (6.4) was computed from the SCF 

electronic energies. A negative value means that the solid solution is thermodynamically more 

stable than the pure compounds while a positive value indicate that the system would prefer to 

give separated pure compounds rather than a solid solution. The Gibbs free energy (ΔG) 

associated to this reaction was formulated in equation (6.5) by taking into account the mixing 

entropy between two solutions as presented in equation (6.6), where the factor 8 stands for the 8 

sites of the Bi sublattice in the supercell. The temperature in equation (6.5) was 473 K, based on 

the standard temperature of the hydrothermal synthesis of BiCuOS. 

  

1 − x 	BiCuOS + 	x	RECuOS = Bi #V½ RE½CuOS (6.3) 
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∆E = E Bi #V½ RE½CuOS − 1 − x 	E BiCuOS − 	x	E(RECuOS) (6.4)  

∆G = ∆E − T∆S45½ (6.5) 

∆S45½ = 8kÔ[x ln x + 1 − x ln 1 − x ] (6.6) 

 

Based on the calculated electronic energy (equation 6.4) and Gibbs free energy 

(equations 6.5), the thermodynamic stability of all the compounds as a function of the doping 

composition was investigated. Figure 6.4 shows the energy of mixing obtained for the most 

stable conformation of each dopant for a given doping concentration. 

 
Figure 6.4. Computed energy (a) and Gibbs free energy (b) associated to the reaction (3) as a 

function of the doping concentration for the most stable configuration of dopant. 
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Obviously, La doping showed the lowest energies and always considered the most stable 

solid solution. Although La doped BiCuOS was never examined experimentally, the La doping 

of the parent compound BiCuOSe was thoroughly studied in two publications, where up to 

12.5% of La incorporation reported to be stable [29, 30]. Gd and Y doping were also 

thermodynamically stable, but the mixing entropy improved notably the stability of the solid 

solution, as shown in Tables 6.1 and 6.2. For Lu doping, the obtained behaviour was completely 

different from the previous ones. From a purely electronic energy point of view, the mixing was 

thermodynamically unstable for all concentrations. However, the Gibbs free energy became 

slightly negative when the mixing entropy was taken into account. This indicates that the solid 

solution Bi1-xLuxCuOS could be obtained experimentally by working at high temperature to 

favour the entropic contribution.  

 
Bi1-xLaxCuOS Bi1-xGdxCuOS Bi1-xYxCuOS Bi1-xLuxCuOS 

∆E ∆G ∆E ∆G ∆E ∆G ∆E ∆G 

-0.177 -0.300 -0.037 -0.160 -0.022 -0.145 0.111 -0.008 
Table 6.1. Energies and free enthalpies (in eV) of reaction presented in Equation (6.3), for 

systems of x=0.125 doping. These energies were obtained by DFT calculations with HSE06 
functional after geometry optimization using PBE functional. At T=200°C the entropic part is TS= 

-0.123 eV. 

 Bi1-xLaxCuOS Bi1-xGdxCuOS Bi1-xYxCuOS Bi1-xLuxCuOS 

 ∆E ∆G ∆E ∆G ∆E ∆G ∆E ∆G 

(I) -0.541 -0.767 -0.043 -0.269 0.009 -0.217 0.351 0.125  

(II) -0.509 -0.734 -0.126 -0.352 -0.089 -0.314 0.219 -0.007  
(III) -0.578 -0.804 0.041 -0.185 0.106  -0.120 0.482 0.256 
(IV) -0.394 -0.620 -0.079 -0.305 -0.044 -0.270  0.263 0.037 
(V) -0.494 -0.720 -0.124  -0.350 -0.087 -0.313 0.223  -0.003 
(VI)  0.035 -0.191 -0.096 -0.322 -0.094 -0.320 0.130 -0.096 

Table 6.2. Energies and free enthalpies (in eV) of reaction presented in Equation (3), for 
systems of x=0.5 doping. These energies were obtained by DFT calculations with HSE06 

functional after geometry optimization using PBE functional. At T=200°C the entropic part is TS= 
-0.226 eV. The most stable geometry is shown in bold with a blue background. 
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Figure 6.5. Energy of mixing for the 50% doping as a function of the ionic radius of rare earth 

element (+3 oxidation state) relative to the ionic radius of Bi (+3 oxidation state) [31]. 

 

Several conformations were investigated for each doping concentration, as previously 

mentioned and presented in Table 6.1 and 6.2. It is important to mention that the most stable 

conformation for La doping corresponded to a perfect mixture of Bi and La ions in their 

sublattice. On the other hand, for Lu doping the most stable conformation exhibited a clear 

separation of Lu and Bi ions on two separated layers of the sublattice. Intermediate behaviour 

was noticed for Gd and Y doping. A simple understanding of the affinity of Bi with La and the 

repulsion of Bi with Lu can be reached by drawing the energy of mixing computed at 50% 

doping plotted as a function of the ionic radius of the dopant, as shown in Figure 6.5. The similar 

ionic radius of the two ions justifies the stability of the La-Bi mixing, while the difficult Lu-Bi 

mixing was due to a large difference in the ionic radius. Again, the Gd and Y dopings were 

intermediate. 
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6.4 Bandgaps and Density of States 

Eg is computed as the energy difference between the top of the valence band and the 

bottom of the conduction band. Applying the range separated hybrid functional HSE06, it has 

been proven that Eg can be reliably computed with this monoelectronic approximation [17, 25].  

As presented in the Introduction, Eg must be in the 1.8-2.2 eV range for water splitting 

application. Taking into account that the standard deviation of HSE06 functional for Eg is 10%, 

any computed bandgap in the range 1.6-2.4 eV should be considered as suitable for water 

splitting. 

The bandgap obtained for the most stable conformation of each doping concentration and 

each dopant is displayed in Figure 6.6. Only the bandgaps of pure BiCuOS and LaCuOS are 

known experimentally, with values of 1.07 eV and 3.14 eV, respectively. From Figure 6.6a, it 

can be seen that the computed bandgaps for these two compounds are 1.15 eV and 2.95 eV 

respectively, confirming the accuracy of the computational protocols. 

For all RE dopants, the bandgap increased monotonically from the one of pure BiCuOS 

(1.15 eV) to the one of pure RECuOS (around 2.7-2.9 eV). La doping allowed for a smoother 

variation of the bandgap while the bandgap variation of Gd, Y and Lu dopants had more a step 

function variation. This result can be related to the previous thermodynamic analysis. La doping 

introduced well-mixed Bi and La ions in their sublattice whatever the La concentration. This led 

to a smooth bandgap variation, see Figure 6.6a. However, for Gd, Y and Lu dopants, the most 

stable structures were the one having Bi and the RE elements located on separated layers in the 

2x2x1 supercell, and this explained the bandgap variation showing step increments for Gd, Y and 

Lu, see Figure 6.6b-d. When x < 0.5, there are still enough Bi atoms to give a pure Bi layer. This 

was enough to give a pure BiCuOS bandgap around 1.15 eV. While for x > 0.5, the Bi atoms 
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were more diluted in their layer by RE elements, resulting in a bandgap quickly converged to the 

one of RECuOS, which is around 2.9 eV. For water splitting applications, only a few 

compositions for each dopant had a bandgap standing in the window 1.6-2.4 eV, illustrated by 

black horizontal lines of Figure 6.6. The nature of the bandgap was indirect for BiCuOS but it 

was direct for RECuOS (at the Γ point). The bandgap of Bi1-xRExCuOS solid solution generally 

remained indirect like in BiCuOS except for some compositions, marked by an asterisk in Figure 

6.6.   
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Figure 6.6. Computed bandgaps of the solid solution Bi1-xRExCuOS as a function of x at the 
HSE06+Spin Orbit level. The horizontal black lines indicate the target window of 1.6-2.4 eV for 
water splitting application. All bandgaps are indirect, except for the ones marked by an asterisk. 
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The density of states of all doping compositions of Bi1-xLaxCuOS and Bi1-xLuxCuOS 

were calculated and plotted in Figure 6.7 to visualize the evolution of the electronic structure. 

The valence bands (VB) for all these compounds were made by a combination of Cu 3d and S 3p 

orbitals. The conduction band was made only by almost pure Bi 6p orbitals, for pure BiCuOS.  In 

the case of Bi1-xRExCuOS, the conduction bands mainly comprised of pure Bi 6p orbitals for x < 

0.5, whereas a combination of RE 5d orbitals and Bi 6p orbitals was the predominant 

contribution for x > 0.5. By plotting the evolution of the Bi conduction bandwidth (in eV) having 

the conduction bands of Bi1-xLaxCuOS and Bi1-xLuxCuOS as a function of doping content 

(Figure 6.8), it appeared that the Bi bandwidth became narrower and narrower when the doping 

fraction x was increased. This feature was explained by the tight binding theory in solid state, 

where the bandwidth is directly proportional to the number of first neighbours (noted zBi) and the 

resonance integral (noted βBi), see Equation (6.7). As the RE elements took the positions of other 

Bi atoms as first neighbour, the width of the conduction band reduced and the bandgap 

increased.  

WÔ5 ∝ zÔ5. βÔ5                                                             (6.7) 

The La doping led to a better mixing than Lu doping, resulting in more diluted Bi atoms in the 

case of La solid solution as compared to the Lu one. This is the reason that, for a given doping 

fraction, the width of the Bi-conduction band with La doping is thinner than that for the Lu 

doping. 
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Figure 6.7. Computed DOS for La and Lu doping. Black, red, yellow, purple,green and pink lines 

correspond to total DOS and projected DOS on O, S, Cu, Bi and RE respectively. The areas 
below the DOS projected on Bi and RE were filled in green and pink respectively to help the 

visualization. 
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Figure 6.8. Bandwidth, in eV, of the conduction band (mainly localized on Bi atoms) for the La 
(red) and Lu (green) doping.  

6.5 Effective masses 

The calculation of effective masses is not a straightforward task and is a computational 

and time demanding procedure. For that reason, this property was computed only for 

compositions ranging from x = 0% to x = 62.5% of La and Lu dopants, because they are the most 

interesting concentrations for water splitting applications and because La and Lu have the most 

opposite behaviors with respect to the Bi substitution. For Gd and Y doping, only effective 

masses of compositions leading to bandgaps between 1.6 and 2.4 eV were computed, refer to 

Figure 6.6. The effective masses were calculated by fitting the conduction band (for me*) and the 

valence band (for mh*), for intralayer direction of the BiCuOS structure〈110〉and interlayer 

direction〈001〉of the structure. The results for the electron effective masses were displayed in 

Figure 6.9 while the hole and electron effective masses were given in Table 6.3. 
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Figure 6.9. Computed electron effective masses in the intralayer (<110>) and interlayer (<001>) 

directions for La and Lu doping. Letters above each concentration correspond to the k-vector 
notation of the minimum of the conduction band used to extract the effective masses. 

There was a strong anisotropy of me* for pure BiCuOS as already mentioned in a 

previous report [1]. This is due to the anisotropy of the structure that favours the intralayer 

charge transport compared to interlayer transport. Interestingly, while all RECuOS compounds 

have also this anisotropy of me*, it is much less noted as compared to BiCuOS. This is ascribed 

to the different nature of the orbitals involved in the conduction band of BiCuOS (Bi 6p orbitals) 

and RECuOS (La 5d orbitals) and the different nature of k vector where the conduction band is 

minimum, Z point for BiCuOS and Γ point for RECuOS. 
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The effective masses are affected by doping. The variation in our case was more difficult 

to explain than for the bandgap. Several factors contribute the effective masses evolution upon 

doping  

clarifying this difficulty of interpretation. The three main parameters involved in this 

variation are the Bi-Bi distance, the average number of Bi neighbours close to one Bi atom, and 

the different nature of k vector for the minimum of conduction band depending on the 

composition. Though some general trends can be described. Surprisingly, for low RE doping 

(x=12.5%), me* reduced. This was ascribed to the reduction of the shortest Bi-Bi distance from 

3.770 Å in pure BiCuOS to 3.740 Å in Bi0.875La0.125CuOS and 3.751 Å in Bi0.875Lu0.125CuOS that 

increased the Bi-Bi interaction leading to lower effective masses.  This surprising behaviour had 

been observed experimentally for La doped BiCuOSe by Liu et al. who measured an increase of 

the conductivity for doping concentration going from 0% to 12.5% [29, 30].  For La doping, the 

general trend was an increase of the effective masses compared to BiCuOS for x > 12.5% for the 

intralayer direction while the interlayer direction was less affected. Regarding the Lu doping, for 

x < 50%, the effective masses were lower than for pure BiCuOS. The cause of this behaviour is 

the segregation of Lu dopants in one layer, keeping one full layer of Bi atoms as in pure BiCuOS 

except where the Bi-Bi distance were reduced due to the cell parameters decrease. Above 50% of 

doping, there was no longer pure Bi layers and the effective masses started to increase 

significantly. 
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Table 6.3. Computed effective masses of the most stable structure for selected compositions. 

 
 

Pure Systems 
 me*<110> me*<001> mh*<110> mh*<001> 
BiCuOS  0.38 1.48 0.38 2.44 
LaCuOS 0.58 2.42 2.68 3.61 
GdCuOS 0.66 2.75 1.54 2.75 
YCuOS  0.68 7.15 1.31 5.92 
LuCuOS  0.53 1.91 1.13 1.75 

La-doping 
x = 0.125 0.24 0.93 2.10 2.86 
x = 0.25 0.93 1.28 0.87 3.13 
x = 0.375 0.74 1.09 0.73 2.40 
x = 0.5  2.78 1.3 4.23 2.45 
x = 0.625     
x = 0.75     
x = 0.875     

Gd-doping 
x = 0.125     
x = 0.25     
x = 0.375     
x = 0.5  0.7 2.4 1.01 4.73 
x = 0.625 0.66 2.75 1.54 9.88 
x = 0.75     
x = 0.875     

Y-doping 
x = 0.125     
x = 0.25     
x = 0.375     
x = 0.5      
x = 0.625 0.68 7.15 1.31 5.92 
x = 0.75     
x = 0.875     

Lu-doping 
x = 0.125 0.28 0.7 0.4 1.62 
x = 0.25 0.28 0.67 0.65 1.58 
x = 0.375 0.52 1.13 1.01 0.92 
x = 0.5  1.94 0.54 1.13 1.75 
x = 0.625     
x = 0.75     
x = 0.875     
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6.6. Dielectric Constants 

Both the electronic contribution (ε∞) and total dielectric constants (εr) were computed in 

the three principal directions for the most stable doped conformations. The computational 

protocol followed here, was mainly based on DFT-HSE06 for the electronic part and DFPT-PBE 

for the vibrational part. It has been tested on several Bi-based semiconductors highlighting its 

reliability [1, 15]. The results were presented in Figure 6.10 and listed in Table 6.4.  ε∞ and εr of 

the pure compounds were notably higher for BiCuOS than for pure RECuOS. This is ascribed to 

the larger polarizability of Bi as compared to RE (influencing ε∞) and vibrational modes, which 

were softer for Bi-based compounds than for RE-based compounds as Bi is heavier than rare 

earth elements. For the solid solution, ε∞ decreased almost linearly with increasing the doping 

concentration going from pure BiCuOS to pure RECuOS, regardless of the chemical nature of 

the dopant. In contrast, the vibrational contribution that is the major contribution to εr was more 

sensitive to the doping concentration as well as to the nature of the dopant. For x > 0.5, εr 

became very close to those of pure RECuOS. At last, whatever the doping fraction, the final εr 

was always higher than 10 identifying an efficient screening of the electron-hole pair by the 

semiconductor for all the solid solution considered. But obviously, the higher the Bi molar 

fraction, the better will be the screening and the exciton dissociation, leading to a conclusion that 

the Bi molar fraction should be kept as high as possible. 
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  Vibrational 
contribution of 

dielectric constant  

Electronic contribution 
of dielectric constant 

Total dielectric 
constant 

Pure systems 
BiCuOS 76.68 9.44 86.12 
LaCuOS 16.50 5.92 22.42 
GdCuOS 15.24 5.99 21.23 
LuCuOS 11.70 5.99 17.69 
YCuOS 20.26 6.00 26.26 

La-doping 
x = 0.125 50.76 8.79 59.55 
x = 0.25 36.42 8.13 44.55 
x = 0.375 27.29 7.61 34.90 
x = 0.5 22.41 7.11 29.52 
x = 0.625 19.89 6.74 26.63 
x = 0.75 18.34 6.42 24.76 
x = 0.875 17.52 6.15 23.67 

Gd-doping 
x = 0.125 52.16 8.85 61.01 
x = 0.25 41.41 8.35 49.76 
x = 0.375 33.11 7.93 41.03 
x = 0.5 26.28 7.36 33.64 
x = 0.625 21.50 6.97 28.47 
x = 0.75 18.81 6.64 25.45 
x = 0.875 16.67 6.29 22.96 

Y-doping 
x = 0.125 54.01 8.84 62.85 
x = 0.25 44.92 8.33 53.25 
x = 0.375 35.49 7.89 43.38 
x = 0.5 30.78 7.50 38.28 
x = 0.625 23.99 6.92 30.91 
x = 0.75 21.13 6.57 27.70 
x = 0.875 18.66 6.20 24.86 

Lu-doping 
x = 0.125 61.17 8.88 70.05 
x = 0.25 58.15 8.40 66.55 
x = 0.375 40.76 7.96 48.72 
x = 0.5 33.88 7.57 41.44 
x = 0.625 31.70 7.08 38.78 
x = 0.75 27.16 6.66 33.82 
x = 0.875 23.07 6.27 29.34 
Table 6.4. Computed electronic and vibrational parts and total dielectric constants of the most 

stable structure for each composition. 
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Figure 6.10. Variation of the electronic (a) and total (b) dielectric constants as a function of the 

doping fraction. 

 

6.7 Exciton Binding Energies 

The binding energy was obtained by the Mott-Wannier model of the exciton using 

equations (6.8) and (6.9) involving the computed dielectric constant and effective masses 

discussed in the previous section. The variation of the binding energy was computed only for the 

compositions on which the effective masses were evaluated. The values are shown in Figure 

6.11. From a quantitative point of view, excitons having a binding energy lower than the room 

thermal energy (~25 meV) are considered to be efficiently dissociated.  

EÛ = 13.6 µ
εr2

           (6.8) 
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The exciton binding energy of pure BiCuOS was very low, mainly due to the high 

dielectric constant of this compound. Also, Pure RECuOS had relatively low exciton binding 

energy as a result of the low reduced mass of the exciton that compensates the decrease of the 

dielectric constant in comparison to BiCuOS. For Bi1-xLaxCuOS the exciton binding energy 

increased upon doping for two reasons. The dielectric constant was decreasing and second the 

exciton reduced mass was increasing due to increase of electron and hole effective masses. Eb 

even predicted values higher than 26 meV for Y doping. Keeping in mind that room thermal 

energy is around 25 meV, one can conclude that exciton dissociation for systems having a dopant 

fraction around 50% could decrease the efficiency of the final device. 

 
Figure 6.11. Variation of exciton binding energy as a function of the doping fraction.  
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6.8 Conclusions 

Key fundamental properties of the solid solutions Bi1-xRExCuOS (RE=La, Gd, Y and Lu) 

were investigated by means of periodic DFT and DFPT calculations using the well tested range-

separated hybrid functional HSE06 and the standard PBE one. The properties selected are the 

most appropriate ones for photocatalysis, especially for light induced water splitting. The aim of 

this work was to tune the bandgap of Bi1-xRExCuOS between the one of pure BiCuOS (~1.1 eV) 

to the one of pure RECuOS (~2.9 eV) and to interpret the evolution of the other properties 

induced by this tuning. 

We found that the most favoured doping was La while Lu doping appears very difficult 

and achievable only at high temperature. The bandgap of their solid solutions varied smoothly 

from the two extremes compounds due to the good La and Bi mixing in their sublattice. In 

contrast, the bandgap of the other solid solutions varied sharply between the two pure 

compounds. This could be ascribed to the dopant tendency to segregate, leaving a part of the Bi 

sublattice unaffected (for x<50%). The dielectric constants, both the electronic one (ε∞) and 

static one (εr), varied smoothly upon doping, whatever the dopant nature. Due to the fact that a 

high dielectric constant is always beneficial, the Bi content must be kept as high as possible for 

this property. 

The conductivity of charge carriers is also affected by doping both for electrons and 

holes. For low dopant concentration, a reduction in me* was predicted due to the reduction of the 

Bi-Bi bond length and the segregation of Bi layers, favouring such electron delocalization. 

BiCuOS and related compounds (like BiCuOSe and BiCuOTe) were studied for 

thermoelectricity due to their low bandgap. It was reported that by a small RE doping, the low 



 

 

213 

bandgap of these compounds was conserved but the mobilities of charge carriers were improved, 

as observed experimentally for La-doped BiCuOSe [29, 30].  
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Chapter 7 Conclusions and Outlook 

“It is clear that in the years ahead we must increasingly rely on those sources of power which 

are renewable. The transition to widespread use of solar energy has already begun. Our task is 

to speed it along. True energy security—in both price and supply—can come only from the 

development of solar and renewable technologies. In addition to fundamental security, solar and 

renewable sources of energy provide numerous social and environmental benefits.”  

— President Jimmy Carter, 1979 
 

 
  Direct conversion of sunlight into chemical energy is a preferred method for clean and 

safe environmental remediation in future. Hydrogen production through photocatalytic 

application provides a sustainable, cost-effective and storable fuel. Best efficiencies have not 

been yet reached due to the need for overall enhancement in the photocatalytic fundamental 

processes implemented by the semiconductor and co-catalyst. Bulk semiconductors are the core 

of any photocatalytic system. Semiconductor photocatalytic efficiency is controlled by several 

factors involved in the photon absorption, charge separation and the charge carrier diffusion 

towards the surface processes.  My thesis focuses on theoretical investigation of a series of 

promising Bismuth-based metal oxide and sulfides semiconductors using Density Functional 

Theory (DFT) including spin orbit coupling effect.  Those bismuth-based semiconductors are 

well known for their wide spread applications in photocatalysis, ionic conductors and 

ferroelectric ceramics. However, these semiconductors need further analysis and improvement in 

their optical, electronic and transport properties. For instance, to enable visible light harvesting 

and prevent the recombination of photogenerated electron-hole pairs, proper modification should 

be performed. Altering the stoichiometry of the semiconductor by introducing defect (doping) is 
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one of the common ways enabling an enhancement of its visible-light response and allowing 

good carrier separation. In our study, it has been seen that the electronic properties of a given 

structure can be tuned by choosing the right type of defect and the right dopant. Two strategies 

have been experienced throughout my thesis. The first one is the investigation of the effect of 

intrinsic defects on structures with reported discrepancy in their optoelectronic properties. The 

second is designing new doped ternary semiconductors by extrinsic impurities.  

After having introduced two Chapters on the basic concepts of photocatalysis, we have 

shown that our computational methodology using the HSE06 screened hybrid functional can lead 

to a good description of the optical gap in a wide range of semiconducting compounds. The 

frequency dependence of the optical properties is reproduced with a very good accuracy using 

HSE06 functional. Such accurate functionals also help clear out the inconsistency reported for 

those properties in literature.  

The discussion part of my thesis began by studying three phases of bismuth titanate; 

pyrochlore, sillenite, and perovskite-like structures. As we know, it is difficult to compare 

properties among different crystal phases of bismuth titanate obtained by various methods 

because the structural properties are dominant factor determining the optoelectronic properties. 

Thus, a joint experimental and theoretical study was conducted to understand the relationship 

between unique crystal structure and photocatalytic activity and to clarify the reported 

discrepancy in the electronic properties of these compounds. Our study is to calculate first the 

dielectric constant and transport properties as well as its effect on the photocatalytic activity. 

Sillenite and perovskite-like crystalline phases of bismuth titanate exhibit relatively large optical 

bandgaps in the UV light spectra: 3.1 eV for sillenite and 3.6 eV for perovskite-like structures, 

respectively. In all the phases, the valence band is mainly dominated by O 2p orbitals with 
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negligible contributions from Bi 6s orbitals. The direct bandgap of sillenite originates from the 

direct O 2p6 – Bi 6p0 orbital transitions offering the smallest bandgap among the others. The 

indirect bandgap of the perovskite-like structure characterized by transitions from O 2p6 to Ti 3d0 

orbitals, similar to the pyrochlore structure in spite of it direct bandgap at the Г or X point.  

Bi12TiO20 provides lower effective masses, which ensures better transport properties for charge 

carriers. Bi4Ti3O12 has higher dielectric constant and notably small effective mass reaching 0.014 

m0 in the z direction. It is found that sillenite and perovskite-like structures have low exciton 

binding energy values of 2.1 and 0.9 meV, respectively, confirming easy exciton dissociation 

into free charge carriers using these compounds.  

The pyrochlore phase in its stoichiometric form was difficult to be obtained 

experimentally as confirmed by previous reports. The non-stoichiometric Bi1.75Ti2O6.62 structure 

was synthesized using 16% excess of titanium to achieve a single-phase material. The 

stoichiometry was confirmed by Rietveld refinement and ICP measurements. A clear distinction 

between Bi2−xTi2O7−1.5x structure (x = 0.25) and the ideal perfect stoichiometric configuration (x 

= 0), was observed. Our calculated results for the bandgap and absorption coefficient of the non-

stoichiometric structure (Bi1.75Ti2O6.62) exhibited excellent agreement with the bandgap of 3.3 eV 

measured via ellipsometry. This bandgap value was narrower than that computed for the 

stoichiometric Bi2Ti2O7 material (3.6 eV). Our calculated static dielectric constants exhibited 

high values of up to 80.1 for Bi1.75Ti2O6.62. The results indicate that the material is highly 

anisotropic, with large effective electron and hole masses in certain directions, which may result 

in low charge-carrier mobility. Accuracy of the approach is proved by the good agreement 

between the experimental and calculated values making it an efficient tool for properties 

prediction of photocatalysts. Generally, the good optoelectronic properties for titanate was 
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identified which should be utilized to design photovoltaic perovskite-like ferroelectrics or 

photocatalytic applications.  Besides, flat band potential of the three structures is negatively 

higher than that of the TiO2, which opens the door for potential applications. 

The bismuth-based semiconductor that records one of highest photon-to-current 

conversion efficiencies (>40%) is bismuth vanadate.  BiVO4 has been investigated for its known 

low bandgap and reasonable band edge alignment for the water redox potentials. However, there 

is a variation of the experimentally and theoretically reported direct and indirect bandgap 

energies of BiVO4. The unavailability of accurate theoretical study was the main drive to 

systematically investigate all possible intrinsic defects in BiVO4 including vacancies, interstitial 

and substitutional defects.  Most of the investigated defective structure revealed new states in the 

bandgap that can act as traps for electron/hole recombination. A candidate defective structure 

(Bi0.6875V1.1875O4) was proposed for an efficient photocatalytic performance.  The corresponding 

effect on the dielectric and transport properties was also investigated. The top of the valence 

band all structures is formed by both O 2p and Bi 6s orbitals, while V 3d orbital is the dominant 

at the conduction band edge. Bi0.6875V1.1875O4 has a bandgap of 2.25 eV narrower than 3.0 eV of 

the pristine structure of BiVO4. Besides the calculated dielectric constant of our candidate, it has 

lower electron mobility due to the high effective mass as experimentally reported. As a way to 

overcome the carrier transport limitation, a mild hydrogen treatment was introduced to bismuth 

vanadate. Carrier lifetime is enhanced due to a significant reduction of trap-assisted 

recombination, either via passivation of deep trap states or reduction of trap state density.  

Density functional theory calculations prove the association to vanadium anti-site on bismuth or 

vanadium interstitials. 
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The second strategy mentioned earlier was also applied for an accurate theoretical study 

to design a new family of semiconductors with enhanced optoelectronic properties.  The starting 

structure was the ternary BiCuOCh (Ch = S) semiconductor as it has a great potential for 

thermoelectric or photovoltaic applications. These materials can also be considered for photochemical 

water splitting when developed with a bandgap, Eg, at around 2 eV.  A way to engineer the bandgap is 

through the formation of solid solutions from semiconductors with similar crystal structure. The solid 

solutions Bi1−xRExCuOS (RE = Y, La, Gd and Lu) from pure BiCuOS (Eg ∼ 1.1 eV) to pure RECuOS 

compositions (Eg ∼ 2.9 eV) were modeled and optimized with several Bi/RE ratios; x = 0.125, 0.25, 

0.375, 0.5, 0.625, 0.75 and 0.875. Highly accurate and expensive functionals were applied to 

calculate several properties such as the bandgaps, dielectric constants, effective masses and exciton 

binding energies. La doping had the lowest energies and always considered the most stable solid 

solution, unlike Lu doping due to the similar ionic radius of Bi and La ions, while Lu-Bi mixing 

was difficult due to a large difference in the ionic radius.  Gd and Y doping were also 

thermodynamically stable. The effect on these properties based on the relative organization and 

density of Bi and RE atoms in their common sublattice was discussed to offer a physical 

understanding of the influence of thee RE doping of BiCuOS. We found that at low RE fractions the 

transport properties of BiCuOS were improved opening the door for applications beyond water 

splitting. To achieve materials having a bandgap in the range 1.6-2.4 eV, so interesting for water 

splitting, the dopant concentration must be around 50%. At this concentration, the effective 

masses and exciton binding energies are notably increased meaning that, to obtain efficient water 

splitting photocatalysts with these materials a bulk heterojuction like architecture must be used. 

Drawbacks of wide bandgap and low charge separation efficiency inhibit the further 

development of these semiconductors as superior photocatalysts. As a future plan. Proper 
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semiconductor combination is another effective method to promote photogenerated charge 

separation with a formation of a heterojunction structure. This type of architecture has been 

developed for organic photovoltaic to overpass the low charge carrier mobilities and high exciton 

binding energies of the materials used for this application. For water splitting, this type of 

architecture starts to be used also for materials having a high exciton binding energy like 

carbonitrides. The combination of various strategies, such as doping, heterojunction and co-

catalyst engineering, induces an exciting beginning for exploring visible light active and highly 

efficient photocatalysts for solar energy applications. 
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