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ABSTRACT 

Development of bismuth (oxy)sulfide-based materials for 

photocatalytic applications 

Amal Ali BaQais 

Technologies based on alternative and sustainable energy sources present a vital 

solution in the present and for the future. These technologies are strongly driven 

by the increased global energy demand and need to reduce environmental issues 

created by fossil fuel. Solar energy is an abundant, clean and free-access 

resource, but it requires harvesting and storage for a sustainable future. Direct 

conversion and storage of solar energy using heterogeneous photocatalysts have 

been identified as parts of a promising paradigm for generating green fuels from 

sunlight and water. This thesis focused on developing semiconductor absorbers in 

a visible light region for photocatalytic hydrogen production reaction. In addition, 

theoretical studies are combined with experimental results for a deep 

understanding of the intrinsic optoelectronic properties of the obtained materials. 

The study presents a novel family of oxysulfide BiAgOS, produced by applying a 

full substitution strategy of Cu by Ag in BiCuOS. I was interested to address how 

the total substitution of Cu by Ag in a BiCuOS system affects its crystal structure, 

optical and electronic properties using experimental characterizations and 

theoretical calculations. Single-phase bismuth silver oxysulfide BiAgOS was 

prepared via a hydrothermal method. Rietveld refinement of the powder confirmed 
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that BiAgOS is an isostructural BiCuOS. The diffraction peak positions of BiAgOS, 

relative to those of BiCuOS, were shifted toward lower angles, indicating an 

increase in the cell parameters. BiCuOS and BiAgOS were found to have indirect 

bandgaps of 1.1 and 1.5 eV, respectively. The difference in the bandgap results 

from the difference in the valence band compositions. The hybrid level of the S 

and Ag orbitals in BiAgOS is located at a more positive potential than that of S and 

Cu, leading to a widened bandgap. Both materials possess high dielectric 

constants and low electron and hole effective masses, making them interesting for 

photoconversion applications. BiAgOS has a potential for photocatalytic hydrogen 

evolution reaction in the presence of sacrificial reagents; however, it is inactive 

toward water oxidation. BiCuOS and BiAgOS can be considered interesting 

starting compositions for the development of new semiconductors for PV or Z-

scheme photocatalytic applications.  

The second study investigates the synthesis and characterization of NaBiS2, this 

contains Bi3+, which belongs to the p-block electronic configuration Bi3+ 6s26p0, 

and NaLaS2, which contains La3+ with electronic configuration 6s05d0. Solid-state 

reactions from oxide precursor starting materials were applied for synthesis the 

materials. The sulfurization process was conducted by pressurizing a saturated 

vapor of CS2. The obtained black material of NaBiS2 has an indirect transition with 

high absorption coefficients in the visible region of the spectrum and the absorption 

edge is determined at 1.21 eV. However, NaBiS2 did not show photocatalytic 

activity toward hydrogen production. NaLaS2 is characterized by an indirect 

transition with a bandgap in the UV region at 3.15 eV and can drive the 
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photocatalytic hydrogen evolution reaction in Na2S/Na2SO3 solution. Utilizing the 

solid solution NaLa1-xBixS2 strategy, the absorption properties and band edge 

position for photocatalytic hydrogen evolution reaction were optimized. The results 

indicated that the bismuth content is critical parameter for maintaining the 

photocatalytic activity. The incorporation of low Bi content up to 6% in NaLaS2 

leads to extending the photon absorption from the UV to the visible region and 

enhancing the photocatalytic activity of hydrogen production. In contrast, all the 

solid solutions that have Bi content of more than 12% present absorption edges 

close to that of pure NaBiS2, and they are inactive for photocatalytic hydrogen 

production. Combining the experimental measurements with density functional 

theory calculations, such behavior can be explained by the degree of overlapping 

of Bi and La states on the conduction band minimum (CBM). 

Finally, self-assembly of Bi2S3 nanorods were grown on FG or FTO substrates. 

Bi2S3 thin films were prepared by sulfurization of Bi metal layer using the 

hydrothermal method. The results show that Bi2S3 has absorption up to 1.3 eV and 

has a moderate absorption coefficient in the visible region. The ultraviolet 

photoelectron spectroscopy and photoelectron spectroscopy in air results showed 

that the conduction band minimum of Bi2S3 is located slightly above the hydrogen 

redox potential. However, Pt/Bi2S3 did not evolve a detectable amount of hydrogen, 

suggesting the presence of surface states that can hinder the hydrogen reduction 

reaction.  
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CHAPTER 1  

General Introduction 

1.1. Energy demand and renewable energy for the future 

The demand for energy has increased significantly as essential as the need for 

water and food because of growth in the global population, energy consumption, 

and the industrial revolution. According to a report by the Energy Information 

Administration (EIA) from 20161 the current energy supply mostly depends on 

fossil fuels. It is pointed out, that 81% of the primary energy production across the 

globe is supplied from the burning various forms of fossil fuels, such as natural 

gas, oil and coal. Although fossil fuels are cheap and reliable, there are several 

drawbacks regarding environmental safety and sustainability. Fossil fuel is 

considered a dependent energy system, as it depends on geographically localized 

factors. Generating energy from carbon-based fuels also lead to excessive 

emission of greenhouse gases, such as CO2, into the atmosphere. This contributes 

to the anthropogenic climate change, i.e., the global warming. Moreover, it is 

unlikely that it will be possible to rely on fossil fuel on long term, as it is considered 

a non-renewable resource. The current usage rate of the fossil fuel is much higher 

than that of its production. Therefore, a global movement from fossil fuel toward 

alternative clean and renewable energy resources is a major and urgent challenge 

to compensate for increased energy demands and reduced fossil fuel 

consumption. There are various renewable energy sources, including wind, solar, 

wave, hydroelectric and geothermal energy, and these are generated from ongoing 
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natural processes that are constantly replenished. There are various renewable 

energy sources, including wind, solar, wave, hydroelectric and geothermal energy, 

and these are generated from ongoing natural processes that are constantly 

replenished. Renewable energy resources contributed almost 19% to the global 

energy consumption in 2016.2 Solar energy stands out from various renewable 

energy technologies; with the exception a geothermal heat, all the other 

technologies are derived from solar power, either directly or indirectly. Solar power 

is an inexhaustible natural resource that is clean, inexpensive and distributed 

throughout the globe, regardless of the territory, and it can supply enormous power 

to exceed the energy demand for the present and future. The solar radiation is 

estimated to be 5.4 × 1024 J per year. Considering that 30% of this radiation is 

absorbed into the atmosphere, the total energy of solar power arriving to the Earth 

is 3.85 × 1024 J per year.3-4 This incoming solar energy significantly exceeds the 

projected world energy consumption of 8.6 × 1020 J for 2040, based on an EIA 

report of the annual energy outlook for 2013.5 Therefore, it can be seen that solar 

energy has great potential to be a key to the future of energy. Utilizing solar energy 

requires a proper conversion system, considering its capture, storage, transport, 

cost effectiveness and environmental issues. After the photoelectric effect was 

discovered by Edmond Becquerel in 1839, numerous attempts have been made 

to store sunlight in electric power or in the form of chemical bonds.6 Direct storage 

of the sunlight’s energy in the form of chemical bonds for later application is a 

promising way of overcoming the drawbacks of characteristics of solar energy, 

such as its unstable intensity and discontinuity. Moreover, this technology can 
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resolved solar cells’ disadvantages in terms of high cost and large area of the 

infrastructure that the solar cells are required. Harvesting the energy from sunlight 

and converting it into chemical fuels is inspired by nature through photosynthesis, 

as shown in Figure 1-1. 

 

Figure 1-1. Strategies of solar energy conversion into chemical fuels. 

Adapted from M. X. Tan.7 

The efficiency of the storage an incident solar energy by plants is low and is 

insufficient to produce the energy at the level of demand. Configuring the solar 

photovoltaic (PV) cell with an electrolyzer (E) is also another strategy store the 

sunlight’s energy as chemical fuels. This strategy has been demonstrated to be 

applicable in the future.8-9 However, it has obstacles that need to be resolved for 

large-scale application because of the increased operational cost associated with 

different system components and the need to wire PV with E is required.10 

Therefore, the direct conversion of sunlight into chemical bonds by photocatalyst 

material (semiconductor) seems to be an attractive strategy for the efficient 
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utilization of solar energy. This vision was realized in 1972 when the pioneer 

scientists Honda and Fujishima discovered the direct water-splitting phenomenon 

with solar energy using an electrochemical cell consists of a TiO2 semiconductor 

and platinum electrodes.11 Driven by the need to store sustainable resources and 

reduce carbon emissions, technologies that utilize solar photon energy as a driving 

force for chemical fuel production are being developed in different areas, such as 

the photochemical reduction of chemical feedstock CO2 into useful fuels12-13 and 

hydrogen production from water.14-16 

Hydrogen is the most elemental fuel, and it rarely exists in a purely gaseous form 

in the nature. It has high energy density per unit weight, and it is vastly available 

in plants and hydrocarbon compounds, such as methanol, methane, and higher 

hydrocarbons. Currently, steam reforming of methane is the most widely applied 

method of producing hydrogen from fossil fuels, which results in harmful carbon-

based emission. However, water is the most important hydrogen natural 

resource.12,16 Therefore, hydrogen is considered a promising chemical fuel 

candidate to be extracted by sunlight due to its environmentally friendly lifecycle. 

It can be generated from sunlight and water, and it can produce electricity when it 

is combusted in fuel cells with zero carbon emissions and heat and water as 

byproducts. Moreover, hydrogen can be involved in other hydrogen-based 

technologies, such as a transportation fuel, a feedstock to produce ammonia for 

agriculture applications, and reducing carbon- based feedstocks.17-18  
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Developing effective approaches to direct-driven hydrogen production by 

renewable solar energy using proper photocatalyst materials has been explored 

widely in the last several decades. Recent studies have sought to improve the 

performance for practical implementation and large-scale application. Solar to 

hydrogen (STH) technology relies on the properties of the photocatalyst because 

the sun and water are abundant, inexpensive and inexhaustible natural resources. 

Indeed, developing photocatalysts composed of earth-abundant, non-toxic 

elements that are stable against the corrosion is desired to meet the cost-

effectiveness and environmental-friendliness requirements for the overall system. 

This will make it economically more promising than the other technologies. So far, 

the research on this technology has come a long way in understanding the 

fundamental parameters and thermodynamic requirements for the water-splitting 

process; this is explained in the next section. 

1.2. Overview of solar water splitting 

Mimicking the photosynthetic process by utilizing photon energy to generate free 

charge carriers (photoelectrons and holes) and eventually produce chemical fuels 

is called the artificial photosynthesis process.10,19 Both photosynthetic and artificial 

photosynthesis processes require an energy input with a Gibbs energy ΔG > 0, 

this can be provided by radiant photon energy. Photocatalytic water splitting into 

its main components, hydrogen and oxygen, is one of the most attractive and 

investigated photosynthetic reactions because this generates green solar fuels 

that can be separated later. Photocatalytic water splitting into its main components, 
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hydrogen and oxygen, is one of the most attractive and investigated photosynthetic 

reactions because this generates green solar fuels. Moreover, it can be performed 

at room temperature and it is less complex because no additional electronic 

components are required, and there is direct contact between photocatalysts and 

sole reactant, water, making it an interesting system in terms of scalability and 

reducing the total cost.16,20 To drive the force of redox reactions of water for 

chemical transformation of hydrogen and oxygen, 237.3 kJ mol–1 of energy (Gibbs 

free energy) at 1 atm21 is required, as described by the following equations: 

2 ( ) 2( ) 2( )

1

2
liquid gas gasH O H O     (1-1) 

∆𝐺° = ∆𝐻° − 𝑇∆𝑆° = 286.03 – 48.70 = 237.3 kJ mol–1   (1-2) 

where ∆G° is the standard Gibb’s free energy, ΔH° is the standard enthalpy, and 

TΔS° is the temperature and change in entropy. 

Utilizing the water electrolysis process, the thermodynamic standard cell potential 

E° can be obtained from the standard Gibbs free energy, ∆G°, for water splitting 

reaction in which two electrons are involved, as shown in equation 1-3: 

E° = -∆𝐺°/nF = -1.23 eV                                               (1-3) 

where F is Faraday constant (96,485 Cmol–1). 

The radiant photon energy from solar spectrum corresponds to the wavelengths 

equal to or smaller than 1000 nm can provide the thermodynamic standard cell 
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potential E° to drive the energetically uphill chemical water-splitting reaction as E, 

expressed by 

hc
E h 


          (1-4) 

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

is the photon wavelength. 

The reaction proceeds upon absorption of light from the solar spectrum using 

semiconductor materials, that is, photocatalysts. Hence, the photocatalysts should 

have a bandgap greater than 1.23 eV (thermodynamic requirement) to be able to 

break the water chemical bands and accomplish hydrogen and oxygen photo-

production. 

An overpotential greater than 1.23 eV is needed to overcome the activation energy 

of the photocatalytic process that takes place at the surface of photocatalysts. If 

the free charge carriers are not utilized upon arriving at the semiconductor–liquid 

interface, they are most likely recombined, resulting in reducing the efficiency of 

overall water-splitting reaction.  Commonly, precious metal cocatalysts, such as 

platinum and ruthenium, are used for minimizing the activation energy barrier 

(kinetics overpotential) by providing alternative energetic pathways with a faster 

surface reaction rate toward the desired products.20-23 

Moreover, the overall losses in photosynthetic water splitting are combined with 

other losses, such as entropic losses, reaction ohmic losses, and other parasitic 

losses, which practically led to increasing the overall bandgap requirement.24 
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Compromising the bandgap requirement (thermodynamic requirement and losses) 

and harvesting a large portion of the solar spectrum are tricky parts of the 

photocatalytic water-splitting reaction. Thus, different strategies, such as single 

photocatalysts with bandgaps of 1.6–2.0 eV and dual photocatalysts (tandem 

configurations) with bandgaps of 1.6–2.0 eV/0.8–1.2 eV, have been proposed to 

achieve high efficiency of the water-splitting reaction.24-25  

The irradiation of a semiconductor by suitable photon energy leads to promoting 

the electrons from the valence band to the conduction band. These excited 

electrons leave holes (vacancies) in the valence band that possess positive 

charges. The accomplishment of the water-splitting reaction by a single 

photocatalyst requires that the band edge positions are suitable for the 

electrochemical redox potential needed for the hydrogen evolution reaction (HER), 

and the oxygen evolution reaction (OER)  for direct charge carrier injection to 

achieve the reactions, as shown in Figure 1-2. . Therefore, the valence band of the 

semiconductor should be located at a potential more positive than that of the water 

oxidation reaction, and the conduction band of the semiconductor should be 

located at a potential more negative than that of the hydrogen reduction reaction.26  
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Figure 1-2. Level energy requirements in the semiconductor for 

photocatalytic water-splitting reactions. 

The electronic structure of the semiconductor is extremely important for 

determining the type of reaction that can be performed on the photon absorption 

and how efficient the processes are. 

In the intrinsic semiconductor, the Fermi level is approximately located at the mid-

gap between the conduction and valence bands. The Fermi level can reflect the 

energy states at which the probability of the electron's existence is 50%. This 

suggests that the electronic energy states below the Fermi level (valence band) 

are highly occupied with electrons and the states above the Fermi level 

(conduction band) are unoccupied by electrons.27 The Fermi level can be shifted 

toward the valance band (VB) or conduction band (CB) band by presenting doping, 

surface states, or vacancies in the semiconductor. This refer to a p-type and n-

type semiconductor, respectively.28-31  
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The goal is driving the water-splitting reaction using free charge carriers (electrons 

and holes), so the contact between the semiconductor and reactant (electrolyte) is 

required. The electrochemical potential of the electrolyte is defined by the redox 

potential of the species (the ionic species) in the solution, whereas the 

electrochemical potential of the semiconductor is defined by the Fermi level. 

Therefore, when p- and n-type semiconductors are immersed in the electrolyte, if 

the redox potentials of electrolyte and the Fermi level of the semiconductor are not 

located at same energy level, electric current flows through the semiconductor–

electrolyte interface until reaching an equilibrium state. The net result of 

equilibration is that the redox potentials of electrolyte and the Fermi level of 

semiconductor are equal and the band bending at the semiconductor surface is 

established. In an n-type semiconductor case, the redox potentials of the 

electrolyte are located below the Fermi level of semiconductor, so the electrons 

will be moved toward the solution; here, the Fermi level of semiconductor moves 

down until reaching the equilibrium state, and upward band bending is produced 

at the semiconductor surface. This depletion of the majority charge carrier leads 

to forming a space charge layer in the semiconductor due to the transfer of 

electrons, called a depletion layer (positive charge).32 For a p-type semiconductor, 

the Fermi level is close to the valance band maximum, and it is lower than the 

redox potentials of the electrolyte. Thus, the electrons will be transferred from the 

solution to the semiconductor until reaching the equilibrium state, resulting in 

downward band bending being produced at the semiconductor surface with a 

negative charge depletion layer. Band bending is a high barrier similar to a 
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Schottky barrier that allows electron transfer in one direction, from the conduction 

band to the electrolyte. This is similar to the contact between the semiconductor 

and metal with a high work function.29-32 Based on these concepts, the selective 

materials play an important role in water-splitting technology. Moreover, shifting of 

the Fermi levels by introducing impurities or defects, enhancing of the conductivity 

by doping and making of the semiconductor junctions, leading to the improvement 

of the photon absorption and increasing the charge carrier separation for the 

efficient overall system. In the next section, the electrodes’ architecture and 

configuration are discussed. 

1.2.1. Electrodes’ architecture and configurations 

Upon illumination of the semiconductor with phonon energy equal or greater than 

its bandgap, the electron–hole pairs are generated. The photogenerated electrons 

are excited from the valence band to the conduction band, leaving holes in the 

valence band. The excited electrons in the conduction band will be collected by 

active sites of cocatalysts (usually noble metals) on the semiconductor surface or 

through an external circuit (Pt electrode) to perform the HER and produce 

hydrogen gas, assuming the active metallic sites have an ohmic junction with the 

semiconductor particles The accumulated photogenerated holes at the 

semiconductor surface can oxidize water to generate oxygen gas by the holes’ 

oxidation power in the valence band where the Schottky contact was 

established.10,22,33-35 The reaction rate of the photogenerated charge carriers 

(electrons or holes) with the redox species in the electrolyte is determined by the 
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photoresponse of the photoelectrode, that is because the reactions are driven by 

the minority charge carriers of photoelectrode. When the holes move to the 

semiconductor –electrolyte interface faster than the electrons do, the anodic 

photocurrent results in an n-type semiconductor. In contrast, if the electrons move 

to the semiconductor–electrolyte interface faster than the holes do, then the 

cathodic photocurrent results in the p-type semiconductor.21 In some systems, 

such as TiO2, there is a need to apply external bias to achieve the HER because 

the conduction band lies at a potential that is more positive than hydrogen redox 

potential (0.0 V vs. reversible hydrogen electrode (RHE).11 The photocatalytic 

water-splitting reaction using semiconductors can be classified into two systems, 

as follows: photoelectrochemical (electrode) and a photocatalytic (powder) 

system. They follow the same concept; however, the reduction and oxidation 

reactions in a photoelectrochemical system take place at the photoanode and 

cathode, respectively. Thus, oxygen and hydrogen gas can be collected 

separately. In photocatalytic systems, the catalyst has dual function, since both the 

reduction and the oxidation reaction occur on the powder surface, resulting in a 

mixture of gases.35-36 The water-splitting reaction has been extensively 

investigated in the research, and two basic configurations have been proposed for 

it; these are described below. 

1- Single particle photocatalysts for overall water splitting (One-step 

excitation) 
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The photocatalysts can achieve the overall water-splitting reaction without the 

need of an external bias or redox couple. The absorption and band positions of the 

semiconductor satisfies the thermodynamic requirements for overall water 

splitting, yielding hydrogen and oxygen as green chemical fuels.. Many 

investigations and efforts have been devoted to this system due to its economic 

benefits. . The materials that has been most frequently obtained with a high 

apparent quantum yield (AQY) is metal oxide; for instance, La-doped NaTaO3 with 

bandgap (Eg) = 4.1 eV has presented an AQY of 56% at 270 nm,37 Zn-doped 

Ga2O3 with Eg = 4.4 eV has exhibited an AQY of 71% at 254 nm,38 and Al-doped 

SrTiO3 with Eg = 3.2 eV has shown an AQY of 30% at 360 nm.39 However, these 

materials are limited by ultraviolet (UV) light absorption. The STH is generally set 

to 10% as a benchmark for considering hydrogen production by a photocatalysis 

system competitive within the hydrogen market.4 The theoretical maximum STH 

using UV light is only 3.3% when a 100% quantum yield is assumed. Therefore, 

many attempts have been made to develop semiconductor materials absorbance 

in the visible region to meet the goal of 10% STH. . Different materials have been 

proposed by shifting the absorption from UV into the visible region; for instance, 

for (Zn0.12Ga0.88)(N0.88O0.12), the bandgap is < 475 nm and AQY is 5.9% at 420–

440 nm,40-41 and C Dots–C3N4  has a bandgap of < 620 nm AQY of 16% at 420 

nm, with a 12% STH.42 For a more efficient semiconductor for the practical target, 

the development of new semiconductors and improvement of change separation 

by the deposition of cocatalysts and coating of semiconductor surface by layers 
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with a nanoscale thickness have been proposed for future work for this strategy.43-

44 

2- Combination of two or more semiconductors for overall water splitting. 

(Two-step excitation) 

This strategy was inspired by the natural photosynthesis process, and it is called 

Z scheme water splitting. The Z-scheme principle was proposed by Bard in the 

1980s for the photosynthetic reactions.45 Many attempts have been made to apply 

this principle in the overall water-splitting reaction ever since.46-47 Different 

configurations were proposed in both the photoelectrochemical (electrode) and 

photocatalytic system (powder), as illustrated in Figure 1-3. Here two 

photoabsorbers are involved to eventually achieve overall water splitting. In such 

configurations, the thermodynamic requirements can be overcome regarding the 

band position of the CB and VB respective to the hydrogen or oxygen redox 

potential in a single absorber semiconductor by combining two photoabsorbers to 

separately achieve H2 and O2 reactions.44,48 For a photocatalytic system (powder) 

that is economically favorable, a reversible redox mediator47,49 or solid-state 

electron mediator50-51 is used between two photoabsorber semiconductors to 

complete the photocatalytic cycle. The benefits of this configuration are as follows: 

First, it can expand the choice of semiconductors, such as sulfide,51 oxysulfide,52 

and oxychlorides53 semiconductors to harvest a wide portion of sunlight. Second, 

the photovoltage for driving the reaction produced by this system is higher than is 

the case for a single absorber system. The number of photons required to achieve 
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overall water splitting using a two-step configurations is double that of the one-step 

configuration. Therefore, kinetic control to avoid the backward electron transfer is 

essential for achieving an efficient water-splitting reaction in such case.44 
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Figure 1-3. Two-step photoexcitation (Z-scheme) with (a) an aqueous 

redox mediator, (b) a solid-state electron mediator, and (c) wired 

photoelectrochemical system in tandem configuration. 
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In general, a photoabsorber for application in water splitting should fulfill the 

following requirements: 

1. High light absorption efficiency 

2. Suitable band position for hydrogen reduction/water oxidation 

3. Efficient charge separation and transport through the semiconductor 

4. Consisting of abundant elements  

5. Low toxicity 

6. Low cost for production and infrastructure/scalability. 

The next section quantitatively evaluates some of the above requirements for 

efficient processes. 

1.2.2. Mechanism of overall water splitting for an efficient 

photocatalytic reaction 

Addressing the processes and relevant parameters involved in the photocatalytic 

water splitting reaction are extremely important for understanding the mechanism 

and designing an efficient reaction. Considering a photocatalyst, there are six 

processes involved in photocatalytic water splitting, as follows: 

1. Absorption of photons 

2. Exciton separation 

3. Charge carrier diffusion 
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4. Charge carrier transport 

5. Catalytic efficiency 

6. Mass transfer of the reactants 

 

Figure 1-4. Scheme of photon-induced reaction process for overall water 

splitting by a solid photocatalyst. Adapted from K. Takanabe.4 

The affected processes are presented in Figure 1-4. In general, the processes can 

be separated into three categories according to the spatial position that are 

occurred. The timescale of these processes becomes slower by moving from the 

bulk semiconductor to the catalyst–electrolyte interface. These categories are as 

follows: 
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1. The bulk of the semiconductor, where the absorption, exciton separation 

and charge carrier diffusion processes take place. These are referred to 

as photophysical processes 

2. The semiconductor–catalyst interface, it involved in the charge carrier 

transport and catalytic efficiency processes. These are the 

photochemical processes 

3. The catalyst–electrolyte interface, involving the catalytic efficiency and 

mass transfer of the reactant process. These are referred to as 

electrochemical reactions. 

Upon the absorption of photon energy, an excited electron and hole are 

generated on the bulk semiconductor on the femtosecond timescale and move 

to the semiconductor surface by different processes at a slower timescale. After 

the absorption process, an exciton (electron and hole pair) will relax to the 

conduction and valence bands, respectively, in the timescale from femto- to 

picoseconds. Then, in the nano- to microsecond timescale, an exciton will be 

separated into free charge carriers, and they will move to the semiconductor–

catalyst interface toward the active site (catalyst) of the HER and OER oxygen 

evolution reaction. Eventually, the charge carriers are injected into the 

electrolyte to consume the electron and hole in the electrochemical reactions 

(reduction and oxidation reaction) on the timescale from milliseconds to 

seconds.10,54  
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Generally, these processes are affected by the electronic structure, crystallinity 

of the semiconductor, and properties of the electrolyte used in the reaction, as 

discussed in the next section. 

1.2.2.1. Absorption of photons 

Absorption of sunlight is the first step in deriving the photocatalytic reaction via 

the photogenerated free charge carriers. The sunlight spectrum (AM 1.5G) can 

be divided into three regions, as follows: the UV range (λ ˂ 400 nm), visible 

region (800 ˂ λ ˃ 400 nm) and infrared (IR) region (λ ˃ 800 nm), which account 

for 9.3%, 45.1%, and 36.6% of the sun’s radiation, respectively.55 The STH 

conversion efficiency is determined by the generated hydrogen divided by the 

total sun irradiation. Assuming the quantum efficiency is 100% at each 

wavelength, the theoretical maximum STH efficiency from the UV to IR region 

at 1,000 nm is 48%, as shown in Figure 1-5. With the integration of the UV 

region, the maximum STH efficiency is only 3.3%, which is lower than the 10% 

STH benchmark. Integrating the spectrum up to visible light at 600 nm results 

in a maximum STH efficiency of 17%, which meets the goal of the STH 

benchmark.20,22  
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Figure 1-5. The photon number of AM 1.5G as a function of the 

photon wavelength and the theoretical maximum solar-to-hydrogen 

(STH) efficiency from 300 to 1000 nm, assuming quantum 

efficiency are 30% solid blue line and 100% solid red line.20 

Therefore, designing semiconductors for harvesting large portions of the solar 

spectrum is the first step that should be considered for achieve high STH 

conversion. Considering the thermodynamic requirements of the water-splitting 

reaction and kinetic overpotential (single absorber), the absorption of the 

semiconductor in the visible light region is essential for high-efficiency conversion. 

Generally, the bandgap of the semiconductor depends on the electronic structure. 

Once the incident photon energy I  strikes the semiconductor, different processes 

occur, such as absorbance (A%), transmittance (T), specular reflection (Rs), 

forward scattering (S), and backscattering (Rd), as shown in the following 

relationship: 
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 %    =    o dsI A T R S R       (1-5) 

The absorption spectra carry information about the consequences bandgap 

excitation, the excitations associated with defect states, d-d transitions, and 

phonon absorptions. The absorption coefficient (α) is a significant parameter that 

can be deduced from the absorption spectra. It indicates how far how far photons 

of a particular wavelength can penetrates through the material before being 

absorbed, and it can be calculated as a function of the wavelength by knowing the 

thickness of the absorber, where T is the transmittance and R is the reflectance.4,10 

A simplification of equation 1-5 is described elsewhere;4,56 this can be used to 

calculate the absorption coefficient α as follows: 

2

1
ln

(1 )

T

d R
  


      

where d is the thickness of the absorber, T is the transmittance, and R is the 

reflectance. A uniform thin film system is more favorable for extracting precise 

information of the absorption coefficient because the scatting contribution is 

diminished, and the thickness is well defined. 

Since transmittance in powder photocatalyst systems is difficult to determine and 

the scattering contribution is maximized, it is difficult to determine the accurate 

absorption coefficient from equation 1-6. Here, the determination of the absorption 

band edge relies on the diffuse reflectance R using the Kubelka−Munk function 

f(R):57  
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        (1-7) 

where s is the scattering coefficient, assuming it is independent on the wavelength, 

and f(R) has a proportional relation to absorption coefficient α. 

The bandgap of semiconductor and the nature of the transition can be defined 

using the absorption coefficient α from the Tauc plot, as described in the following 

equation:58  

1

( )n
gh h E           (1-8) 

where հν is the incident photon, Eg is the bandgap, and n can take the value of 3, 

2, 3/2, or 1/2, according to whether the transitions are indirect (forbidden), indirect 

(allowed), direct (forbidden), or direct (allowed), respectively. Commonly, the basic 

absorption processes are attained by the allowed transitions for n, namely 2 or 1/2. 

Plotting (𝛼հ𝜈)
1

𝑛 versus հν results in a Tauc plot; the bandgap value is extrapolated 

from the intercept of a tangent to the slope in the linear region of the absorption 

onset with the baseline.4 

The nature of the transition can be divided into direct and indirect transitions, which 

are referred as direct and indirect bandgaps. These transitions originate from the 

energy band dispersion in the Brillouin zones, which arise from the symmetry in 

the crystal lattice. They primarily depends on the electronic structure of the 

semiconductor. For direct transitions, the valence band maximum (VBM) and 

conduction band minimum (CBM) are located at the same wave vector (k) value. 
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Then, the photon energy is sufficient for direct excitation of the electrons through 

the crystal’s bandgap. However, the indirect transition proceeds when the valence 

band maximum and conduction band minimum lie at different wave vector (k) 

values. Therefore, the electrons need a change in k to be excited to the conduction 

band minimum. This extra energy and changing in k are acquired by the photon’s 

interaction with the phonon in the vibration state. The corrected wave vector occurs 

at the same instant as the photon absorption process to excite the electrons. 

Therefore, the absorption in such an indirect bandgap semiconductor is weaker 

than the direct bandgap, thus, the absorption coefficients of the indirect transition 

are lower than the direct one. 

For semiconductors, the absorption coefficient is a useful parameter for defining 

the penetration depth α–1; this is determined simply by taking the inverse value of 

the absorption coefficient. The penetration depth is an indicator of how thick the 

semiconductor should be for efficient charge carrier generation. Generally, the 

direct bandgap semiconductors exhibit high absorption coefficients in the range 

104 to 106 cm-1, so a thickness of the film or particles up to 1 μm is sufficient for 

efficient charge carrier generation.4 However, a thickness of a few hundred 

micrometers is required for an indirect bandgap semiconductor59 to compensate 

for the weak absorption by increasing the volume, which leads to increasing the 

opportunity for charge carrier generation from the photon absorption. The 

thickness of the photocatalytic materials is critical when the charge carrier 

transport is poor. Thus, thin films or small particles are needed for optimal 

performance. 
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Recently, the electronic structure of the semiconductors has been calculated using 

density function theory (DFT) calculations. This provides an accurate, reliable 

estimation for the optoelectronic properties, such as the bandgap energy, band 

positions (vs. vacuum), nature of the transition, and absorption coefficient as a 

function of wavelength.60 It is a useful tool for gaining a deep understanding of the 

existing materials and define the defected parameters through the whole process. 

Furthermore, it helps to design new materials and predict the parameters to guide 

researchers in the PV and photocatalytic fields. 

1.2.2.2. Exciton separation 

After generating the photoexcited electron–hole pair (exciton) by photon 

absorption, these excitons should be dissociated to produce free charge carriers 

before they are recombined again. The exciton binding energy is a critical 

parameter for describing the exciton separation process. It is defined as the energy 

amount required to ionize an exciton from the lowest energy level.4,61 For sufficient 

separation, the binding energy should be as low as possible. If considering that the 

separation will occur by thermal energy, the binding energy should be lower than 

25 meV (thermal energy, kbT, at room temperature).10,60 There are two types of 

excitons in the materials, namely the Mott–Wannier exciton model and Frank 

exciton model. The Mott–Wannier type is common in inorganic semiconductors, 

where the exciton radius is ⁓10 nm and the typical binding energy is less than 10 

meV. In contrast, the Frank exciton model is characteristic of excitons in organic 

polymers. It possesses a small exciton radius of ⁓1 nm and high binding energy 



48 
 

greater than 1 eV.4,60,62-63 The exciton binding energy value ( 1 s state of the 

exciton)  primarily depends on the dielectric constant of the material and effective 

masses of the electron and hole, as illustrated in the following equation:   
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where Rex is the exciton binding energy, m* is the reduced effective mass of the 

electron– hole system (
1

𝑚∗ =
1

𝑚𝑛
∗ +

1

𝑚𝑝
∗ ), e is the elemental charge, and հ is Planck’s 

constant.  

As equation 1-9 shows, the value of the binding energy is reduced when the 

dielectric constant of the semiconductor is increased. From the literatures, a 

dielectric constant value of 10 or more is sufficient for attaining a binding energy 

lower than 25 meV.   

The dielectric constant represents the capability of the dielectric material to reduce 

the applied electric field inside the material by polarization. This polarization 

originates from the organization of the electronic density or from the ionic motions 

in the material. The electronic polarization appears at high frequency, and it makes 

a high contribution to elements with high polarizability, such as those at the bottom 

of the periodic table. The ionic contribution is obtained at vibrational modes, that 

is, at low frequency. Usually, oxide semiconductors are very ionic due to the high 

electronegativity of oxygen.60,64  
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Thus, the dielectric constant εr includes the electronic density ε∞ and the 

contribution coming from the ionic motions εvib: 

  r vib           (1-10) 

The electronic structure predominantly determines both the dielectric constant and 

effective masses properties. DFT calculations help to estimate the values and 

anisotropic nature of these optoelectronic properties in the different crystal 

orientations. 

1.2.2.3. Charge carrier diffusion 

The free charge carriers in a bulk semiconductor have to diffuse to the surface, 

where the photocatalytic reactions take place. The free charge carriers’ ability to 

move around in the semiconductor is called mobility.4,33,60 The relationship 

between the carriers’ mobility μ and diffusion coefficient D is described by Einstein 

relations: 

bk T
D

e
         (1-11) 

where kb is the Boltzmann constant and e is the elemental charge. The carrier 

mobility in a specific direction can be described as 

*

ce
m


          (1-12) 

where τc is the collision time of the charge carrier and m* is the effective time. 
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The flow of the free charge carriers (electron or hole) in a given direction generats 

current in the semiconductor. The driving force for the carrier movement can either 

be the concentration gradient or external electric field. The diffusion current results 

from the concentration gradient, where the free charge carriers distribute 

themselves by the thermal motion from the high concentration to low concertation 

region. The drift current is produced from the potential gradient when an electric 

field is applied. Thus, the total current density in the semiconductor is established 

from the diffusion and drift currents. Under the equilibrium conditions, the total 

current density is equal to zero.65-66 In the powder system, the carrier mobility 

mainly relies on the diffusion current where there is no external electric field. In 

general, the carrier mobility is affected by the temperature, applied potential, and 

doping concentration.4 

The effective masses of the electrons and holes have a significant influence on the 

carrier mobility; as presented in equation 1-12, the carrier mobility increases when 

the effective masses of the electrons and holes are small. The effective masses of 

the electrons and holes can be determined from the curvature of the conduction 

band minimum and valance band maximum in the electronic structure.66-67 A high 

curvature of the minimum and maximum bands’ energy is favorable because this 

will involve low effective masses. This is an intrinsic property; thus, a 

semiconductor with a high effective mass has poor transport process regardless 

of the defect or trap sites. However, the semiconductor will have a potential for 

good transport processes when the high effective mass is low, and then, the 
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recombination at defect or trap sites can be controlled. The charge transport is 

considered efficient if the effective mass is less than 0.5 (m* ˂ 0.5 me).10,60  

Carrier mobility is affected by the minority carrier lifetime τc, as shown in equation 

1-12. The carrier lifetime is defined as the average time the minority charge carrier 

remains before recombination. It depends strongly on the trap sites’ density or 

recombination sites in the material.10 Defining the carrier lifetime is important for 

calculating the minority carrier diffusion lengths Ln and Lp: 

n n nL D   , 
p p pL D        (1-13) 

where Ln and Lp are the diffusion lengths for electrons in p-type semiconductors 

and for holes in n-type semiconductors, respectively. The minority carrier diffusion 

length is a critical parameter for estimating how thick the semiconductor should be 

for successful photocatalytic water splitting. It represents the average distance that 

the excess minority carrier travels from where it was generated to where it is 

annihilated. 

There are different mechanisms for impeding the free charge carrier by 

recombination; however, high crystallinity and minimal sites of defects improve the 

photocatalytic efficiency.4,10 In summary, the charge carrier diffusion process is 

mainly controlled by the carrier’s mobility, including the diffusion coefficient, 

effective masses, and minority lifetime, which comprises the minority diffusion 

length.  
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1.2.2.4. Charge carrier transport 

Charge carrier transport has a direct effect on the overall photocatalytic efficiency. 

For intact semiconductors, the electrons and holes transfer by carrier diffusion in 

association with the carrier lifetime. To further improve the change transport, the 

charge carrier needs to be oriented toward the active sites on the photocatalyst 

surface by surface modification. Doping or decorating of the photocatalyst surface 

can create an electric field (potential gradient) that facilitates the electron and hole 

transfer at the metal–semiconductor, semiconductor–electrolyte, and 

semiconductor–semiconductor interfaces and decoration of the semiconductor 

surface can reduce the number of surface recombination sites.4  

The contact between the semiconductor and electrolyte or metal (cocatalyst) forms 

band bending, as described above. The band bending is the driving force for the 

carrier charge separation and transfer due to the electric field inside the space 

charge layer (depletion layer). The Poisson equation describes band bending as 

follows:65 
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         (1-14) 

where e is the elementary charge, ND is the majority carrier density, W is the width 

of the depletion layer, and ɛ˳ and ɛr are the primitively on the vacuum and dielectric 

constant of the semiconductor, respectively. Solving equation 1-14 when x = W 

results in 
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where Vb is the potential drop in the depletion layer or band bending. It is the 

potential barrier height that the majority carrier should overcome to have the ability 

to transfer from the semiconductor to the solution. 

The band becomes flat when the band bending is diminished; this is called flat 

band energy, EFb. The flat band potential is used to determine the intrinsic band 

edge of the majority carriers, assuming the surface potential is affected by the 

surface state.32,68  

These band edge positions should be satisfied the thermodynamic requirements 

to achieve the water-splitting reaction. The band edge positions can be determined 

by extrapolating the flat band potential from the Mott–Schottky measurements. The 

flat band potential EFb for an n-type semiconductor is estimated by measuring the 

space charge capacity C using the Mott–Schottky equation:69  
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where A is the surface area and Eapp is the applied potential. When 
2

1

C
= 0, the 

intercept with the X-axis is EFb. This analysis also gives information about the 

conductivity nature of the semiconductor from the direction of the slope, as well as 

the majority carrier concentration if and ɛr and A are known. 
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When the semiconductor has contact with the metal, the energy barrier at the 

interface is established as in the semiconductor–electrolyte interface. However, 

the newly created electronic structure at the semiconductor–metal interface is 

induced by the relative positions between the Fermi level in the semiconductor and 

work function of the metal. There are two interface contacts can be formed. First, 

ohmic contact is considered an energetically smooth contact. Thus, it is favorable 

for electron transfer from semiconductor to metal, and it is formed when ɸm < ɸsc(n-

type) or ɸm > ɸsc(p-type). The second type of contact is barrier formation, which is not 

favorable for electron transfer; this is the so-called Schottky barrier, and it occurs 

in the opposite manner compared with ohmic contact.70 It has been reported that 

ohmic contact tends to improve the extraction of charge carriers from the 

semiconductor surface, such as for a thin layer of ZnO:Al on a copper oxide 

semiconductor and back contact of Ti or Ta metal underneath SrTiO3 or 

LaTiO2N.71-73 

1.2.2.5. Catalytic efficiency and mass transfer (ion diffusion) 

At this stage, the photogenerated electrons and holes at the surface are ready for 

direct injection to the relevant reactants to achieve efficient water splitting; this 

case is realized when these is no overpotential for the electrocatalysis. Practically, 

the electrocatalysts are required to minimize the overpotential for the 

electrocatalysis reaction. The mismatch between the timescales of the charge 

transfer and electrocatalysis results in accumulation of the charge carriers 

(electrons and holes) at the active sites of redox species at the surface; therefore, 



55 
 

a potential shift is created on the cocatalysts.10 At a given potential, the cocatalyst 

should electrocatalyze the HER and OER. The exact values of the applied potential 

can be determined using the electrochemical measurements.74 When the 

photocatalyst is used, it spontaneously provides an external potential by the 

photoexcitation.   

The water-splitting reaction results in hydrogen evolution and oxygen evolution by 

two half-reactions. The pH of the electrolyte should be considered in the 

electrocatalytic process because different reactants produce hydrogen and 

oxygen. In general, hydronium ions are easier to reduce than water molecules are, 

and hydroxide ions are easier to oxidize than water molecules are.75-76  

The efficiency of the electrochemical reaction can be obtained from the Tafel 

equation, which describes the rate of the half-reaction (only for the forward 

reaction).74,77 For the HER, the electrocatalytic activity of the materials is described 

based on Sabatier’s principle, and the hydrogen–metal bond strengths 

characterize the exchange current density. The volcano plot shows that there is an 

optimal value for the free energy of hydrogen adsorption on the metal.78 For the 

OER, the oxygen–metal, hydroxide–metal, and oxyhydroxide–metal bond 

strengths of the catalyst characterize the catalyst’s electrocatalytic activity. A 

volcano-shaped curve for metal oxides as a function of several thermodynamic 

descriptors has been reported by the some authors.79-82 The stability of the 

cocatalyst, especially in acidic conditions, abundance and cost are also considered 

as important criteria for practical applications. Many efforts have been devoted to 
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developing alternative Pt cocatalysts, including metal sulfides,83 carbides,84-85 

phosphides,86 and (Ni and Co)-based materials.87-88 A core shell nanolayer 

strategy (over the noble metal) has been reported for improving the overall water 

splitting by preventing dark reactions (H2 and O2 going back to H2O).43,89  

The HER causes an increase in the local pH around the electrode. Similarly, the 

OER causes a decrease in the local pH around the electrode. Here, the overall 

water-splitting efficiency is affected by the mass transfer (ion diffusion) 

contribution. This creates an additional overpotential, called a concentration 

overpotential, that can shift the thermodynamic overpotential by 59 mV pH–1.  

The approaches to minimizing the concentration overpotential involve solution 

engineering (physical properties), adding supporting electrolytes, applying the 

membranes, cell engineering, and using a buffered solutions.75,90 Interestingly, the 

concentration overpotential does not exist when the cogeneration of hydrogen and 

oxygen occur because the nanometer separation between reduction and oxidation 

sites lead to minimizing the concentration gradient of the ions.4,10  

To conclude, the previous six components have greatly impact on the overall 

water-splitting efficiency. Defining the fundamental parameters that drive these 

components has a strong influence when it comes to understanding or designing 

photocatalysts, leading to improvements in the photocatalytic efficiencies and 

matching the energy demand for hydrogen production from the sun. 
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1.3. Strategies toward visible light–absorbing materials  

Since the pioneering work on TiO2 by Honda and Fujishima for 

photoelectrochemical water splitting,11 various metal oxides materials have been 

well investigated in photocatalytic water-splitting reactions over the past decades. 

Most of them have consisted of abundant and cost-effective elements, satisfied 

the thermodynamic requirements for water-splitting reactions, and exhibited good 

stability over a wide pH range; such materials include the Ta2O5, NaTaO3, SrTiO3 

and Ga2O3 families.76,91-93 Generally, the metal cations in these metal oxides 

contain either a d0 or d10 electronic configuration at the highest oxidation states. 

The bottom of the conduction band is mainly composed of the empty d orbitals (d0) 

for transition metal cations like Ti4+, Zr4+, Nb5+, Ta5+, and W6+, whereas it consists 

of empty s and p orbitals for the filled d10 orbitals of typical metal cations, such as 

Ga3+, In3+, Ge4+, Sn4+, and Sb5+. The top of the valence band for both 

predominantly consists of O 2p orbitals and is located around 3 V versus Normal 

hydrogen electrode (NHE).22 The bandgap energy of this electronic structure 

exceeds 3 eV for these materials. The large bandgap and consequently UV limits 

the photocatalytic efficacies because the solar energy in the UV portion is minimal. 

Extending the absorption to the visible light region is necessary to harvest a large 

portion of solar irradiant and meet the benchmark efficiency of 10% STH for the 

energy demands. 
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As discussed above, the absorption process is mainly affected by the electronic 

structure of the absorber. Several strategies have been adopted for modifying the 

electronic band structure for the visible light response, as follows: 

1. Doping the metal or non-metal ions within wide bandgap materials 

2. Valence band or conduction band engineering 

3. Solid solution formation 

1.3.1. Doping the metal or non-metal ions within wide bandgap 

materials 

Introducing of the impurities (dopants) within the forbidden band is an effective 

method of make UV materials active in the visible region. This can be attained by 

either creating a donor level above the valence band maximum or an acceptor 

level below the conduction band minimum by doping d1-d9 metal cations or non-

metal anions, such as C and N.94-98 The visible response is attributed to the 

excitation from the donor level to the original conduction band of the host material 

or from the original valence band of the host material to the acceptor level of the 

dopants. These excitations are distinguished from the original bandgap of the 

material because the dopant levels do not from a complete band. Therefore, even 

if the visible light absorption has been achieved, the absorbing quantity by the 

transition from or to the dopant levels are low. The doping strategy applied to obtain 

visible light-responsive photocatalysts such as  (Ni, Rh or Cr)-doped TiO2,99,100-102 

(Mn, Ru, Ni or Cr)- doped SrTiO3,101,103 (Cr or Fe)- doped La2TiO7,104-105 and (Cu 
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or Ni)-doped ZnS.106-107 One main negative effect of the doping strategy is that 

some dopants led to creating vacancies in the crystal lattice act as recombination 

centers for photogenerated electrons and holes. Thus the carrier recombination 

rate increases and the photocatalytic activity drastically decreases. For instance, 

replacement of Ti4+ in TiO2 or SrTiO3 materials with Cr3+, Rh3+, or Ni2+ results in 

visible light response without photocatalytic activity. Co-doping with Ta5+, Nb5+, 

and Sb5+ maintains the charge balance and suppresses the formation of 

recombination centers, resulting in efficient hydrogen or oxygen evolution from 

water.108 To circumvent the low visible absorption and recombination site 

drawbacks, the narrowing of the bandgap can be obtained via shifting the valance 

band or conduction band edge by full or partial ion substitution.  

1.3.2. Valence band and conduction band engineering 

Valance band engineering is one the most extensively studied strategies for 

narrowing the bandgap of metal oxide with UV responsible. The deep valence 

band maximum level in the metal oxide is predominantly composed of O 2p 

orbitals. Substitution of O with other elements, with lower electronegativity than 

oxygen such as N 2p or S 3p, leads to shifting of the valence band at a more 

negative potential than a band composed of O orbitals. While the conduction band 

is largely unchanged by N or S substitutions.109-112 The total replacement of O with 

N or S leads to forming a series of nitride and sulfide materials .Taking into 

consideration the thermodynamic requirements of band edge positions for water 

splitting, the partial substitutions of oxygen with nitrogen or sulfur to produce 
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oxynitrides and oxysulfides is more favorable in terms of stability and activity 

toward the water-splitting reaction.110,112 The bandgap of Ta2O5 3.9 eV is shifted to 

the visible range at 2.5 eV and 2.1 for TaON and Ta3N5, respectively, by the 

nitridation process in NH3 atmosphere at high temperature. Both TaON and Ta3N5 

exhibits photocatalytic activity toward hydrogen and oxygen evolution in the 

presence of sacrificial reagents. However, the activity toward oxygen evolution is 

higher in the TaON case.110  

Due to the difference in the oxidation state between O2– and N3–, the structure of 

oxynitride is modified to compensate for the charge and maintains the total 

electroneutrality through three possible mechanisms:113-115  

1. The replacement of 3O2- with 2N3- as of La2Ti2O7 and LaTiO2N  

2. Variation in the oxidation state of the transition metal such as LaV5+O3 and 

LaV3+ O2.78N0.10  

3. The formation of oxygen vacancies in the crystal lattice 

Sulfide photocatalysts are not suitable for water oxidation because energy level of 

S 3p orbital is located at a more negative potential than O 2p, therefore, they suffer 

from photocorrosion. The oxysulfide materials are proposed to suppress self-

oxidation by hybridization of the S 3p and O 2p orbitals. Sulfurization of UV 

responsible material Sm2Ti2O7 (350 nm) produces SmTi2S2O5, with an absorption 

edge around 580 nm. It has been proven that SmTi2S2O5 is suitable and stable for 

hydrogen and oxygen evolution under visible light.116-117 
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Substitution of S with other chalcogenides (Se or Te) leads to moving the VBM 

upward because the Se 4p and Te 5p orbitals have much higher energy than that 

of S 2p. An obvious red-shift has been observed in the optical properties of 

cadmium chalcogenides at 2.4 eV, 1.7 eV, and 1.5 eV for CdS, CdSe, and CdTe, 

respectively.118 It has been reported that La5Ti2Cu(S1-xSex)5O7 possesses 

bandgaps from 650 nm for pure S up to 820 nm for pure Se, which are 

photocatalytically and photoelectrochemically active for the HER.119 Moreover, 

copper-based materials have been reported, such as CuGaS2 with a bandgap of 

2.2 eV and CuGaSe2 with 1.6 eV, both of which are applicable for 

photoelectrochemical HER.120-123 Generally, chalcogenide materials are not 

applicable for water oxidation due to photocorrosion.123-124 

The valence band engineering strategy was applied to narrow the bandgap of 

BiCuO(S, Se, and Te) materials. The oxysulfide phase of BiCuOS has a bandgap 

of 1.1 eV; however, BiCuOSe and BiCuOTe possess 0.8 and 0.5 eV, 

respectively.125-128 A series of isostructural materials with formal LnCuO(S, Se, and 

Te) Ln: La – Ho and Y can be obtained and the optical property trends to shifting 

to the red absorption region by Se and Te substitutions.129-131 These materials 

have not been reported yet in photocatalytic applications. Generally, chalcogenide 

materials have great potential in solar cell applications and the formation of p-n 

junction PV solar cells.132-134 

Another common strategy for valence band engineering is introduce a shallower 

valence band than O 2p is by hybridization of O 2p with nS2 orbitals for typical 
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cation metals (6s2 Bi3+, 6s2 Pb3+, and 5s2 Sn2+) or ns2nd10 orbitals for the transition 

cation metal (4d10Ag+). For example, BiVO4,135-136 Bi2WO6,137 PbBi2NbO9,138 

AgNbO3,139 Ag3VO4,140 SnWO4,141 and SnNb6O7
142 exhibited photocatalytic activity 

in the visible light region. 

An additional strategy for shifting the bandgap of the materials toward the red 

absorption region involves lowering the CBM. This can be done by introducing 

cations that have conduction bands in a less negative potential than that of the 

cation composing the bottom of the conduction band in the material. The change 

in the bandgap from 3.52 eV for ZnS to 2.26 for CdS is mainly attributed to 

changing in the conduction band level. The valence band of these materials is 

mainly composed of S 3p orbitals, while their conduction band states are 

significantly different because they are controlled by the Zn 4s4p orbitals in ZnS 

and the Cd 5s5p orbitals in CdS. Cd 5s5p orbitals are located at a less negative 

potential than Zn 4s4p orbitals.143 Both materials exhibit photocatalytic activity for 

hydrogen evolution in the presence of sacrificial reagents.144 Similarly, for AgMO2; 

M (Al, Ga, and In) photocatalysts, the bandgap of the AgMO2 system is narrowed 

from 2.38, 2.19, and 1.90 eV in the order of Al, Ga, and In. The VBM of AgMO2 is 

mostly predominated by Ag 4d and O 2p orbitals and the CBM is constituted of Ag 

5s5p with Al 3s3p, Ga 4s4p and In 5s5p orbitals.145-147 For the similar reason the 

AgGaS2 possesses bandgap 2.7 eV and the bandgap of AgInS2 is 1.9 eV.148 

It has been reported that NaInS2 and NaBiS2 have bandgaps of around 2.3 and 

1.4 eV, respectively. The shifting of the bandgap originates from the conduction 
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band of In3+ 5s5p being located at a more negative potential than that of Bi3+ 6p.149-

150 It is worth noting that Pt/NaInS2 shows high performance for photocatalytic 

hydrogen evolution in aqueous (K/Na)2SO3 solution149,151 while no information is 

available on the photocatalytic activity of NaBiS2. 

Substitution of p-block cations, such as Bi3+ (6s26p0), in the place of rare earth 

cations that have noble gas configurations, such as [Xe] 6s05d0 for La3+, Gd3+ and 

Lu3+, or [Kr] 5s04d0 for Y3+, vastly affects the bottom of the conduction band.128,152-

153 The absorption is shifted by substitution of Bi in LaCuOS from 3 eV to 1.1 eV 

for BiCuOS.126,154 The studies of the photocatalytic activities of these systems are 

still lacking in the literature. 

Eventually, valence and conduction bands engineering strategies are applied for 

narrowing the bandgap and tuning of the transport properties of the materials. For 

this, the formation of a solid solution is considered a good approach for efficient 

photocatalytic water splitting. 

1.3.3. Solid solution formation 

The formation of a homogeneous crystalline structure by partial substitution of one 

or more atoms in the compound without changing the crystal structure and causing 

variation in the lattice parameters is called a solid solution. Applying a solid solution 

strategy has three major advantages. One is bandgap tailoring with adjusting the 

band edge positions to be suitable for HER and OER. Second, this is a way to tune 

the transport properties, such as mobility, effective masses, and vacancies or 

defects. Third, improve the reduction or oxidation ability of the obtained compound. 
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The solid solution can be formed by tuning the valence band, conduction band, or 

both. The (Zn1-xGax)(O1-xNx) solid solution is one of the well-known photocatalysts 

that can achieve overall water splitting using visible light. It is composed of the UV 

responsive compounds ZnO (3.2 eV) and GaN (3.4 eV). Introducing Zn and O 

content into the GaN compound results in N 2p – Zn 3d repulsion that causes 

significant upward movement of the VBM in energy. The maximum quantum 

efficiency of the solid solution (Zn0.12G0.88)(N0.88O0.12) and cocatalyst Rh2-yCryO3 is 

5.9% at 420 – 440 nm.40-41 AgGa1-xInxS2 solid solution is an example of bandgap 

engineering with a suitable band edge position. AgInS2 has a favorable bandgap 

in the visible region; however, is inactive toward HER due to the position of the 

bottom of the conduction band. Presenting Ga in the structure elevates the 

conduction band, making the material active for hydrogen evolution and leading to 

a widening of the bandgap. AgGa0.9In0.1S2 solid solution has shown the highest 

photocatalytic activity for H2 production from Na2S/Na2SO3 solution under visible 

light irradiation due to the tailoring of absorption properties simultaneously with the 

band edge position.155  

Utilizing the reduction capability of the ZnS photocatalyst to generate hydrogen is 

the motivation behind the formation of Cd1−xZnxS solid solution. ZnS and CdS 

photocatalysts stratify the band edge position requirement of the hydrogen 

production. The ZnS photocatalyst possesses a wide bandgap and can produce 

hydrogen from the less reducing regents, such as thiosulfate; the presence of 

cocatalysts, such as Pt, is not necessary. However, this cannot be realized in CdS 

although it has better absorption properties. Therefore, Cd1−xZnxS solid solution 
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exhibits relatively higher quantum yield compared with ZnS and CdS. Cd0.8Zn0.2S 

solid solution exhibits the highest quantum yield of 10.23% at 420 nm for hydrogen 

generation without requiring noble metal as a cocatalyst.144,156-157 

1.4. Scope of the Thesis 

The thesis focuses on designing of visible light-responsive photocatalysts for 

hydrogen production. In general, I am interested in synthesizing and characterizing 

several bismuth (oxy)sulfide-based materials, including BiCuOS, BiAgOS, NaBiS2, 

NaLa1-xBixS2 and Bi2S3. In addition, a NaLaS2 photocatalyst is included in the study 

as an isostructural NaBiS2. The research methodology applied in this work includes 

two directions, as follows: The first is synthesizing the semiconductors as a powder 

system and collecting the relevant experimental results, such as XRD 

measurements, Rietveld refinements, UV-Vis absorption data, stoichiometric 

composition analysis, morphology analysis, and photocatalytic activity. The 

second is combining the experimental results with DFT calculations for 

quantitatively elucidated electronic and photophysical properties, such as 

absorption coefficients, electronic structure, transition nature, binding energy, 

effective masses, and dielectric constants. 

In chapter two, the total substitution strategy is applied for replacement of Cu 3d 

by Ag 4d in BiCuOS material via the hydrothermal approach. A novel family layered 

structure of BiAgOS is obtained with a bandgap of 1.5 eV. This investigation 

presents extensive information about crystal structure parameters, band position, 

optoelectronic properties, and photocatalytic activity for BiCuOS and BiAgOS.   
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Chapter three presents the optimal conditions for synthesis of NaBiS2 and NaLaS2 

materials using a solid-state reaction method. NaBiS2 exhibits photon absorption 

up to 1.2 eV; however, the conduction band minimum is not enough for performing 

photocatalytic HER. In contrast, NaLaS2 exhibits an absorption edge at the UV 

region of 3.15 eV, and it is active for producing hydrogen under UV irradiation. In 

addition, the DFT calculation results indicate that NaBiS2 has more favorable 

optoelectronic properties for the water-splitting reaction than NaLaS2 does. 

Because the NaLaS2 and NaBiS2 materials have identical crystal structures, the 

solid solution strategy is applied to optimize the absorption and band edge position. 

Successful solid solutions are obtained by varying of the Bi content in NaLaS2; this 

is confirmed by XRD, Rietveld refinement, ICP analysis and optical properties. The 

photocatalytic activity toward the hydrogen evolution of the solid solution strongly 

depends on the bismuth concentration. In this study, the computational method is 

combined with the experimental results to produce the electronic structure and 

optoelectronic properties of the pure NaBiS2 and NaLaS2 materials and the series 

of stoichiometric solid solutions NaLa1-xBixS2. 

The thesis work includes the preparation of Bi2S3 thin films on fused glass or FTO 

substrates using the hydrothermal method. The absorption properties, band edges 

positions, photoelectrochemical activity, and photocatalytic activity of the Bi2S3 

material are investigated. 
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CHAPTER 2  

Bismuth Silver Oxysulfide for Photoconversion Applications: 

Structural and Optoelectronic Properties 

Single-phase bismuth silver oxysulfide (BiAgOS) was prepared by a hydrothermal 

method. Its structural, morphological, and optoelectronic properties were 

investigated and compared with those of bismuth copper oxysulfide (BiCuOS). 

Rietveld refinement of the powder X-ray diffraction measurements revealed that 

the BiAgOS and BiCuOS crystals have the same structure as ZrSiCuAs, tetragonal 

space group P4/nmm. X-ray photoelectron spectroscopy analyses confirmed that 

BiAgOS has a high purity, in contrast with BiCuOS, which tends to have Cu 

vacancies. The Ag has a monovalent oxidation state, whereas Cu is present in the 

+1 and +2 oxidation states in the BiCuOS system. Combined with experimental 

measurements, density functional theory calculations employing the range-

separated hybrid HSE06 exchange-correlation functional with spin−orbit coupling 

quantitatively elucidated photophysical properties such as absorption coefficients, 

effective masses, and dielectric constants. BiCuOS and BiAgOS were found to 

have indirect bandgaps of 1.1 and 1.5 eV, respectively. Both possess high 

dielectric constants and low electron and hole effective masses. Therefore, these 

materials are expected to have strong exciton dissociation capabilities and 

excellent carrier diffusion properties. This study reveals that BiAgOS is a promising 

candidate for photoconversion applications. 
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 2.1. Introduction 

Technologies dedicated to light conversion, such as photovoltaics or 

photocatalysis, frequently involve a semiconductor. The need to develop these 

devices is a powerful driving force for developing new families of semiconductors. 

For instance, photocatalytic water splitting is one of the most important reactions 

currently being investigated because it generates sustainable H2 fuel, which may 

originate from abundant solar energy.1,2 Heterogeneous photocatalysts consist of 

semiconductors that absorb sunlight, on the surface of which are generally 

deposited electrocatalysts that facilitate surface redox reactions.3-8 Recent efforts 

aimed at the synthesis and characterization of suitable semiconductors led to the 

development of several material families, including oxynitrides,9,10 oxysulfides,11,12 

and carbonitrides,12−14 for water splitting. Despite the effort devoted to this 

research, the maximum photoconversion efficiency obtained experimentally is still 

far from the ideal one predicted by thermodynamics.15,16 Thus, the development of 

new semiconductors is still an important field of research. In this context, BiCuOX 

(X = S, Se, or Te) semiconductors belong to a family that has attracted a great 

deal of interest because of their optical, dielectric, and electronic properties.17−23 

Their crystal structures belong to the P4/nmm space group, corresponding to the 

ZrSiCuAs crystal type, and are characterized by [Bi2O2]2+ and [Cu2X2]2− layers 

perpendicular to the c axis (Figure 2-1.). In this structure, Bi is a trivalent ion 8- fold 

coordinated and Cu is a monovalent cation surrounded by a tetrahedron of sulfur 

atoms. 
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Figure 2-1. BiCuOS crystal structure (2 × 2 × 1 supercell) in which 

green, gray, yellow, and red atoms are Bi, Cu, S, and O, respectively. 

Only Bi−O and Cu−S bonds are drawn for the sake of clarity. 

The low bandgaps of the selenide (Eg = 0.8 eV)17,24 and telluride (Eg ∼ 0.5 eV)17 

representatives of this family were the reason they attracted attention for 

thermoelectric applications. In contrast, with a bandgap of approximately 1.2 eV, 

BiCuOS was considered for photovoltaic applications. On the other hand, for 

photocatalytic application, to achieve useful redox reactions, these bandgaps are 

often too small for a one-semiconductor-based device, necessitating the use of 

specific architecture like a tandem cell or Z-scheme strategy, combined with 

another semiconductor.15,25 Nevertheless, all the other electronic and dielectric 

properties associated with photoconversion (effective masses, exciton binding 

energies, dielectric constants, etc.) are suitable for photocatalytic applications. 

Thus, I attempted to perform bandgap engineering on BiCuOS by a judicious 

chemical substitution, the product of which could be directly used for photocatalytic 
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applications. Two strategies can be considered for bandgap tuning, i.e., increasing 

the conduction band energy or decreasing the valence band energy. Recently, the 

density functional theory (DFT) calculations proved that the BiCuOS conduction 

band potential, mainly constituted by Bi 6p orbitals, could be positioned more 

negatively by creating a solid solution with a rare earth element (such as La). ).26 

However, no useful method for valence band tuning has been revealed. Knowing 

that the valence band of BiCuOS is made of a combination of S 3p orbitals and Cu 

3d orbitals. So, substituting Cu with other elements could change the valence band 

position. In this work, the investigation of the total substitution of Cu with Ag to 

obtain BiAgOS was performed because it expects this isovalent substitution led to 

preserving the semiconducting nature of the original material with its favorable 

electronic and dielectric properties. Because the energy of the Ag 4d orbitals is 

lower than that of the Cu 3d orbitals, this substitution could potentially lead to a 

larger bandgap material. This study addresses how the complete substitution of 

Cu with Ag in BiCuOS affects its electronic structure using both experimental and 

theoretical characterizations. This joined experimental and theoretical procedure 

leads to the full characterization of the semiconductors for photoconversion 

applications and has already been applied to several semiconductors, including 

SrTaO2N,27 C3N4,14 and CuGaS2.28 The optical, electronic, and dielectric properties 

of BiCuOS and BiAgOS are compared. This report discusses their crystal 

structures, electronic structures, absorption coefficients, dielectric properties, 

effective masses, and potential photocatalytic activities. 
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 2.2. Methodology 

2.2.1. Synthesis of BiCuOS and BiAgOS 

BiCuOS and BiAgOS were synthesized using the hydrothermal protocol proposed 

by Sheets et al.21 Bi2O3 and Cu2O (or Ag2O) were the oxide precursors. Sodium 

sulfide was used as the sulfur source. Stoichiometric amounts (0.92 mmol, 

99.99%, Aldrich) of the oxide precursors were thoroughly ground in an agate 

mortar for 15 min, and then 1.84 mmol of Na2S· 9H2O (98%, Strem) was added to 

the mixture. This mixture was transferred into a 100 mL poly(tetrafluoroethylene)-

lined pressure vessel (Parr Instruments), which was filled with 70 mL of Milli-Q 

water. The pressure vessel was sealed and heated to 248 °C for 17 h for BiCuOS 

and 240 °C for 12 h for BiAgOS with a heating rate of 2 °C min−1 . The precipitated 

solid products were recovered by filtration and then rinsed three times with Milli-Q 

water. The recovered powder was dried overnight at 60 °C, and the mass yield of 

the recovered powder was calculated on the basis of the Bi content. 

2.2.2. Characterizations 

 2.2.2.1. X-ray Diffraction (XRD)  

The powder XRD patterns were collected on a Bruker D8 Advanced A25 

diffractometer equipped with a Cu X-ray tube (Cu Kα; λ = 0.154 nm) operated at 

40 kV and 40 mA in the Bragg−Brentano geometry using a linear position-sensitive 

detector with an opening of 2.9°. The diffractometer was configured with a 0.44° 

divergence slit, a 2.9° antiscatter slit, and 2.5° Soller slits. A nickel filter was used 

to attenuate the contributions from the Cu Kβ fluorescence. The data sets were 
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acquired over the 2θ range of 5−80° with an integration step size of 0.01°, resulting 

in a counting time of 0.50 s per step. The Rietveld analysis was performed with 

Fullprof version 6.00. 

Rietveld analysis of BiAgOS. Rietveld refinement was performed using the FullProf 

suite, which allows the refinement of atomic coordinates, site occupancies, atomic 

displacements and profile parameters (instrument parameters, background, lattice 

constants, full width at half maximum of the Bragg peaks and peak shapes). The 

PXRD profiles were fitted with the Thompson-Cox-Hastings pseudo-Voigt profile 

convoluted with axial divergence asymmetry.  

2.2.2.2. Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES) 

The stoichiometric molar ratios of BiAgOS and BiCuOS were determined by ICP-

OES using a Varian 720-ES instrument. Prior to the analysis, a known amount of 

the material was digested by microwave radiation in 5 mL of concentrated (70%) 

nitric acid using 1000 W of power and a high temperature (220 °C) for 20 min in 

an ETHOS 1 microwave digestion system from Milestone. The solution was 

subsequently diluted with Milli-Q water to 25 or 50 mL before the ICP-OES 

analysis. 
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2.2.2.3. Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM) Imaging 

The size and morphology of the particles were studied by field emission SEM at 5 

keV on a Nova Nano 630 instrument from FEI. The powders were directly pressed 

onto the SEM stub for analysis. Bright-field (BF) TEM, selected area electron 

diffraction (SAED), and X-ray energy dispersive spectroscopy (EDX) 

measurements were conducted using a Titan 80-300 CT transmission electron 

microscope equipped with a field emission gun with an accelerating voltage of 300 

kV. Prior to the analysis, the samples were dispersed in acetonitrile and sonicated 

(at 144 W) for 10 min in a bath at 35 kHz. A drop of the solution was placed on a 

Holey carbon film supported on a nickel grid. The grid was dried in air prior to the 

TEM observations. The proper microscope settings and magnification range were 

selected to obtain the morphology and high-resolution TEM (HRTEM) information. 

The interplanar d spacings were obtained from both the SAED patterns and the 

fast Fourier transform (FFT) of the HRTEM micrographs. Elemental mapping of all 

elements present in the samples was performed using a postcolumn energy filter 

(GIF Tridiem 863 from Gatan, Inc.). The entire TEM analysis was performed using 

the Gatan Microscopy Suite (GMS version 1.83) software package from Gatan, 

Inc. 

2.2.2.4. Ultraviolet−Visible (UV−vis) Spectroscopy 

 The optical properties were obtained via diffuse reflectance UV−vis spectrometry. 

Diffuse reflectance data were collected using a JASCO model V-670 
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spectrophotometer along with an integrating sphere. The spectra were recorded 

over the range of 300−1100 nm using halogen and deuterium lamps as the light 

sources. The reflectance data were transformed into absorption data (α/S) using 

the Kubelka−Munk transformation f(R)=(α/S) = (1 − R)2 /2R, where α is the 

absorption coefficient, S is the scattering coefficient, and R is the diffuse 

reflectance at a given photon energy. Assuming that the scattering coefficient is 

independent of wavelength in the range considered, f(R) becomes proportional to 

α. The bandgap energy (Eg) was determined by Tauc plots from the intercept of a 

straight line tangential to the low-energy region of a plot of [f(R) × hν] 1/2 versus hν 

adapted for indirect bandgap semiconductors, where hν is the energy of the 

incident photons. 

2.2.2.5. Brunauer−Emmett−Teller (BET) Measurement 

 N2 sorption studies were conducted using a Micromeritics ASAP 2420 instrument 

to determine the BET surface areas of the samples. Prior to the analysis, the 

samples were degassed overnight at 150 °C under vacuum. 

2.2.2.6. Thermogravimetric Analysis (TGA) 

TGA was conducted with a Mettler-Toledo TGA/DSC1 Star system in the 

temperature range of 30−750 °C in an air and N2 atmosphere with a flow rate of 

50 mL min−1 and a heating rate of 10 °C min−1 . 

2.2.2.7. X-ray Photoelectron Spectroscopy (XPS) 

XPS studies were conducted with a Kratos Axis Supra spectrophotometer 

equipped with a monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 
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150 W, a multichannel plate, and a delay line detector under a vacuum of ∼10−9 

mbar. All the spectra were recorded using an aperture slot of 300 μm × 700 μm. 

The survey and high-resolution spectra were collected at fixed analyzer pass 

energies of 80 and 20 eV, respectively. Samples were mounted in floating mode 

to avoid differential charging. Charge neutralization was required for all samples. 

Binding energies were referenced to the C 1s binding energy of adventitious 

carbon contamination, set at 285.0 eV. 

2.2.2.8. Mott−Schottky Characterization 

Electrochemical measurements were performed using a regular one-compartment 

electrochemical cell with a three-electrode configuration. A pellet of the material to 

be analyzed was used as a working electrode. A Pt wire and a Ag/AgCl (saturated 

KCl) electrode were used as the counter and reference electrodes, respectively. 

The working electrodes were prepared by cold-pressing the powder into pellets 20 

mm in diameter and 4 mm in thickness. The resulting pellets were sintered in an 

oven at 400 °C for 6 h under a nitrogen atmosphere. The pellet was mounted onto 

tantalum foil using silver paste to ensure a good contact and to avoid a Schottky 

contact between the pellet backside and the tantalum foil. A 0.2 M Na2SO4 solution 

(pH 6) was used as an electrolyte in all the electrochemical experiments. These 

experiments were performed using a 16-channel research-grade potentiostat 

system (VMP3), an electrochemical interface, and an impedance analyzer from 

Bio-Logic Science Instruments. The potentials were recorded against the 

reference electrode, which was reported on the reversible hydrogen electrode 

(RHE) scale. 



88 
 

   /  + 0.198 V +(0.059 )RHE Ag AgClV V
E E V pH    (2-1) 

Electrochemical impedance spectroscopy was performed to estimate the flat band 

potential of the prepared electrode. Prior to impedance spectroscopy, cyclic 

voltammetry was conducted under Ar bubbling at a scan rate of 10 mV s−1 to 

determine the potential window for the Mott−Schottky analysis, corresponding to a 

range of potentials with no electrochemical reaction in which the faradic current 

remains negligible. Impedance spectra were recorded at 1 kHz, and the amplitude 

of the superimposed sinusoidal potential signal was 5 mV for each of the 70 steps 

under dark conditions. 

2.2.2.9. Photoelectron Emission Spectroscopy in Air (PESA)  

The valence band position was determined by PESA on a Riken Keiki AC-2 

photoelectron spectrometer. The powders (approximately 50 mg) were dissolved 

in 50 mL of acetonitrile, sonicated for 5 min, and then drop-cast on ITO substrates 

(2 cm × 1 cm) using a pipet. The standard hydrogen potential was calculated 

relative to the absolute vacuum potential.29 

4.44 abs SHE VE E         (2-2) 

 

2.2.3. Photocatalytic Reaction 

 The photocatalytic reactions were performed in a recirculating batch reactor 

connected to a gas chromatography (GC) unit equipped with a vacuum line.30 The 

reactant solution was maintained at room temperature using a flow of cooling water 

during the reaction. Before irradiation, the reaction vessel was degassed several 
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times to remove air, followed by the introduction of 100 Torr of Ar gas into the 

photocatalytic system. A Xe lamp (CERMAX PE300-BF, 300 W) was used as a 

light source, and the irradiation wavelength was controlled with a combination of a 

cold mirror and a water filter (300 nm < λ < 800 nm). The homogeneity of the 

solution during the reaction was maintained by agitation with a magnetic stirrer. 

The gases evolved were analyzed by GC (Bruker 450 GC, TCD, Ar gas, molecular 

sieve 13×). The reactant solution was maintained at room temperature using a flow 

of cooling water during the reaction. Typically, 50 mg of the powder sample was 

dispersed in 25 mL of 0.05 M Na2S and 0.3 M Na2SO3 with 49.5 μL of 0.1 M 

RuCl3·xH2O solutions (1 wt % Ru with respect to the catalyst used) and then 

sonicated for 15 min in an ultrasonic bath. This Ru solution was used as a source 

of Ru cocatalyst that was photodeposited during the reaction. 

2.2.4. Computational Details (Collaboration with Dr. Le Bahers 

and his team at ENS Lyon) 

 The computational details are identical to those used to compute the electronic 

properties of BiCuOS presented in the literature.31 Here, the computational data 

was provided by A. Curutchet and T.Le Baher. For bulk semiconductors, geometry 

optimizations and frequency calculations were performed with global hybrid 

functional PBE032 along with the ab initio CRYSTAL14 code,33,34 using localized 

(Gaussian) basis sets and solving self-consistently the Hartree−Fock and 

Kohn−Sham equations to efficiently use the hybrid functionals. For the O, S, and 

Cu atoms, the all- electron triple zeta valence basis sets 8-411G(d),35 6-311G(d),36 

and 86-411G(2d)37 were used, respectively. For the Bi atom, a modified version of 
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the Hay and Wadt pseudopotential was used with the 31G(d) basis set for the 

valence electrons (five valence electrons).38 For the Ag atom, the Hay and Wadt 

small core pseudopotential was used with the 311G(2d) basis set for the valence 

electrons (18 valence electrons).39 The reciprocal space was sampled with a 12 × 

12 × 12 k-point mesh for both geometry optimization and vibrational calculations. 

The convergence criterion for the SCF cycle was fixed at 10−10 Ha per unit cell 

for geometry optimization and frequency calculations. The calculation of 

frequencies was performed within a harmonic approximation of the lattice potential, 

and the infrared intensities were obtained through the Berry Phase method.40 The 

vibrational contribution to the dielectric constant (εvib) was computed with PBE0 

using CRYSTAL14 code. 

 All the electronic properties were computed using the HSE0641,42 functional on the 

experimental geometries. To consider the relativistic effects involved with the 

bismuth atom, calculations of the electronic properties were performed with VASP 

(version 5.2)43−46 along with relativistic pseudopotentials and the noncollinear 

formalism47 to consider the spin−orbit coupling, because CRYSTAL14 cannot 

handle this relativistic effect. For the dielectric constants and effective mass 

calculations, a 9 × 9 × 9 k-point mesh was used, whereas a 12 × 12 × 12 k-point 

mesh was used for the bandgap calculations; both with a 400 eV energy cutoff. 

The core electrons for each atom were described with the projector augmented 

plane wave (PAW) approach. The band structure and the density of states were 

computed with the HSE06 functional using the CRYSTAL14 code with the same 

basis set used for the geometry optimizations. Atomic charges were computed 
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using the Mulliken approach. Both PBE0 (for geometry optimization) and HSE06 

(for electronic property calculations) were used because of a benchmark on 

several semiconductors that some of us previously reported.23 This previous work 

showed that PBE0 gives a better match for the cell parameters than HSE06 does, 

while the latter functional is better suited for simulating electronic properties. 

2.3. Results and discussion 

2.3.1. Synthesis and Structural Characterizations 

The hydrothermal synthesis of BiCuOS as a reference sample was performed 

following the protocol developed by Sheets et al.,21 which used Bi2O3, Cu2O, and 

Na2S precursors placed into Milli-Q water. The temperature and reaction time (248 

°C and 17 h, respectively) were optimized to obtain a pure BiCuOS phase, and 

these optimized conditions were very close to those determined by Sheets et al. 

(250 °C for 24 h, respectively). The high temperature was necessary both to 

solubilize the two starting oxides and to stabilize the Cu+ ion that easily 

disproportionated into Cu0 and Cu2+. The main impurities observed for the lower 

synthesis temperatures were Cu3BiS3, Cu2S and Bi2O3 as shown in Figure 2-2. 

Under the optimized conditions, the final yield was 81% by weight. The XRD 

pattern of the pure BiCuOS agrees with those reported by Sheets et al.21 and 

Richard et al.19 (JCPDS Card No. 47-0277). 
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Figure 2-2. XRD patterns of BiCuOS at (a) different synthesis 

temperatures, (b) optimizing the synthesis time.  

BiAgOS was synthesized by adapting the BiCuOS synthesis procedure, replacing 

the Cu2O precursor with Ag2O. At room temperature Bi2O3 and Ag2O are 

considered insoluble in water while Na2S dissolves readily. According to Pourbaix 

diagrams, alkaline conditions stabilize the metal oxide for Bi and Ag. However, 

increasing of the reaction temperature led to dissolving metal oxide precursors. In 

fact, trivalent bismuth persists under all pH range in aqueous solution; however, 

silver tends to be in the metal state in this conditions. Since Ag2S is more stable 

than Ag2O, Ag2S is directly formed when the silver comes in contact with sulfur 

compounds. Assigning the products from XRD results at different temperature 

(such as180⁰C and 230⁰C in Figure 2-3.) suggests the mechanism of formation of 

the final product BiAgOS at 240 ⁰C for 12h.  
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Figure 2-3. XRD patterns of BiAgOS at different synthesis 

temperatures. 

The XRD pattern for the single-phase BiAgOS powder is presented in Figure 2-4 

No impurity phase was observed in the XRD pattern when the sample was 

synthesized at 240 °C for 12 h, giving an 85% yield by weight based on Bismuth. 
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Figure 2-4. XRD patterns of BiAgOS (red) and BiCuOS (black) and 

their corresponding reference crystallographic information. 

The diffraction peak positions of BiAgOS, relative to those of BiCuOS, are shifted 

toward lower angles, indicating an increase in the cell parameters. On the basis of 

another synthesis protocol developed for this family of materials, like for 

CeAgOS,48 I attempted to synthesize the material in an evacuated sealed-fused 

silica tube from Bi2O3, Ag2O, and S at 900 °C for 14 h. The obtained material, 

however, contained many impurity phases, such as Ag metal, Bi metal, Bi2O3, 

Ionic radio  

Cu+ (74 pm) 

Ionic radio 

Ag+ (114 pm) 
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AgBiS2, etc., confirming the effectiveness of the hydrothermal synthesis protocol 

reported in this study. 

Crystal structure refinement with the Rietveld method (see Figure 2-5) confirms 

that BiAgOS has the same crystal structure as BiCuOS (presented in Figure 2-4). 

 

Figure 2-5. Rietveld-refined XRD spectrum of BiAgOS. 

 The minimization was carried out using reliability index parameters such as the 

Bragg factors (RBragg), comparisons of the calculated and observed intensities (Ycal 

and Yobs), Rwp and the χ2 factor. The final Rietveld cell parameters and the reliability 

factors are reported in Table 2-1. The obtained lattice constants are consistent with 

the DFT calculations. 
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Atoms Wyckoff 

positions 

x y z B
iso

 Occupancy 

Bi 2c ¼ ¼ 0.137(5) 1.096(1) 1.0 

Ag 2a ¾ ¼ ½ 1.747(4) 1.0 

S 2c ¼ ¼ 0.699(3) 1.649(6) 1.0 

O 2a ¾ ¼ 0 0.919(3) 1.0 

Reliability 

factors 
R

Bragg
 = 8.7 % ; R

wp
 = 8.05% ; χ

 2
 = 2.7 

Cell parameters 

a / Å b / Å c / Å V / Å
3
 Space 

group 
Density / g.cm

-3
 

3.9137(1) 3.9137(1) 9.2279(2) 141.350(1) P4/nmm 8.692  

 

Table 2-1. Rietveld-refined parameters of the BiAgOS structure. 

The unit cells extracted from this refinement are listed in Table 2-2, along with the 

DFT computed ones that used the PBE0 functional. The average discrepancy 

between the experimental and DFT-computed structures is approximately 0.9%, 

falling within the expected error range for the PBE0 functional. From BiCuOS to 

BiAgOS, all the lattice parameters increase because the ionic radius of Ag+ (114 

pm) is larger than that of Cu+ (74 pm).49 

Material a, b / Å c / Å 

BiAgOS 
Experiment 3.913 9.228 

DFT 3.936  9.148  

BiCuOS 
Experiment 3.868 8.561 

DFT 3.833 8.653 
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Table 2-2. Experimental and computed cell parameters of 

BiCuOS and BiAgOS. 

The unit cell increase of BiAgOS compared to BiCuOS cannot be as large as the 

variation of the radius between Ag+ and Cu+ for two reasons. First, the Bi−O and 

Bi−S bond lengths are kept unaffected as confirmed by their computed bond 

lengths (Table 2-3), indicating that only the Cu/Ag−S bond increases by the 

substitution of Cu by Ag. Second, the Cu/Ag bond has a covalent character (see 

discussion on the electronic structure), and the covalent radii of Cu (132 pm) and 

Ag (145 pm) are relatively close.50 

Material Bi-O Bi-S Cu/Ag-S 

BiCuOS 2.314 3.143 2.426 

BiAgOS 2.332 3.149 2.689 

 

Table 2-3. . PBE0 computed bond lengths in Å. 

The ICP analysis indicates a Bi/Cu ratio of 1/0.98, which fit with an 

understoichiometry of copper in this material. BiCuOS is prone to creating Cu 

vacancies, giving a p-type character to this semiconductor.20,21 Previous 

literature reports agree on approximately 4% Cu vacancies in this material, leading 

to the formula BiCu0.96OS. In contrast, the Bi/ Ag ratio in BiAgOS is 1/1.02 (±0.02), 

meaning that the Ag does not create as many vacancies as Cu does. 

The morphology was studied by applying the Scherrer formula to the (011) peak 

(located in the 2θ range of 24−25° of the XRD pattern), which leads to coherence 
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domains of 56 and 76 nm for BiCuOS and BiAgOS, respectively. The SEM images 

offer a better view of the crystallite sizes and shapes (Figure 2-6). For BiCuOS, the 

crystallites are truncated square pellets with edges ranging from approximately 

100 nm to approximately 1 μm and thicknesses of approximately 100 nm. The 

geometry of the BiAgOS crystallites is less defined, but some truncated square 

pellets are observed with edges of approximately 10 μm and thicknesses of 

approximately 1 μm; smaller particles are also present. 

 

Figure 2-6. SEM images of (a) BiCuOS and (b) BiAgOS samples prepared 

by hydrothermal synthesis at 248 °C for 17 h and at 240 °C for 12 h, 

respectively. 

Figure 2-7 shows the TEM images, HR-TEM images and FFT patterns of BiCuOS 

and BiAgOS. Both materials have a well-defined crystallization as indicated by the 

HR-TEM images and the associated FFT patterns and agreed with the crystal 

structure obtained from XRD. 
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Figure 2-7. (a) TEM micrograph of BiCuOS and (b) HR-TEM image 

of the middle area (inset FFT pattern). (c) TEM micrograph of 

BiAgOS and (d) HR-TEM image (inset FFT pattern). 

The surface of BiCuOS particle is covered by smaller particles (named P2 in Figure 

2-8) of poorly crystallized material rich in O and Cu that are ascribed to amorphous 

CuOx. Amorphous particles of BiAgOS are also observed in the HR-TEM image, 

possibly because of the reduction of Ag+ to Ag0 induced by the electron beam, 

which inhibits the use of mapping analysis. The specific areas evaluated by the 

BET method are 2.2 and 3.3 m2 g−1 for BiCuOS and BiAgOS, respectively. 
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Figure 2-8. HR-TEM of the edge of BiCuOS (Inset FFT of different areas) (a), 

EDX spectra of different areas (inset mapping: Red-Cu, Green-S, Blue-O) (b). 

The oxidation states of the surface atoms of BiCuOS and BiAgOS were 

investigated by XPS. The while wide scans and high-resolution spectra are 

presented in Figure 2-9. Both materials exhibit a gap between the Bi 4f7/2 and Bi 

4f5/2 peaks of 5.36 eV, confirming the Bi3+ oxidation state of this element. The 

XPS spectra of BiAgOS show that there is only one oxidation state for Ag and S in 

the sample, whose XPS peaks correspond to Ag+ and S2−. This analysis confirms 

the stoichiometric composition of BiAgOS and the absence of secondary phases 

on the surfaces of the particles. However, the Cu 2p1/2 and 2p3/2 peaks in 

BiCuOS confirm that this element is mainly in the +1 oxidation state, with a gap of 

19.9 eV between these two main peaks. Cu2+ species are also observed in this 

spectrum, characterized by shoulders on the Cu+ peaks at 934.6 and 954.9 eV. 

This result supports the existence of the CuOx phase observed by HR-TEM. The 
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ionization peaks associated with S indicate that they are mostly sulfides, but traces 

of more oxidized S atoms are also observed for the S 2p3/2 and S2s binding 

energies, indicating sulfate species. This surface analysis confirms that Cu tends 

to leave the BiCuOS lattice, generating amorphous oxide phases on the surface, 

in marked contrast to BiAgOS, which is less prone to surface oxidation. 
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Figure 2-9. Wide scan XPS spactra of (a) BiCuOS and (e) BiAgOS, 

XPS spectra of (b−d) BiCuOS and (f−h) BiAgOS for (b and f) Bi, (c) 

Cu, (g) Ag, and (d and h) S. 
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2.3.2. Electronic Structure and UV−Vis Characterization 

The data for calculation was provided from Dr. Le Bahers and his team under 

collaboration. The densities of states (DOS) of BiCuOS and BiAgOS were 

computed using the HSE06 functional are presented in Figure 2-10 a and b. 

 

Figure 2-10. Density of states of (a) BiCuOS and (b) BiAgOS. The green, 

yellow, blue, and red colors indicate the projections of the Bi, S, Cu, and O 

atoms, respectively. The black dashed line is the total DOS, (c) and (d) 

Modulus of the crystalline orbital corresponding for the top of the valence 

band and the bottom of the conduction band (isovalue of 4 × 10−5 a.u.). Red, 

BiCuOS 

 

BiAgOS 

 

Top of valence band 

 

Bottom of conduction band 

 

c d 
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green, blue, purple, and yellow colors indicate O, Bi, Ag, Cu, and S atoms, 

respectively. 

The influence of a and c cell parameters on the bandgap was estimated by varying 

these geometrical parameters by −5%, −2%, −1%, +1%, +2% and +5% from the 

experimental values. The results are presented in Figure 2-11. Interestingly, the a 

and c cell parameters variations have an opposite behavior on the bandgap. As 

expected, the a parameter (corresponding to the intra-layer direction) has a larger 

influence on the bandgap than the c parameter (inter-layer direction). A variation 

of 1% of the a parameter leads to variation of more than 0.1 eV on the bandgap. 

 

Figure 2-11. Influence of the cell parameters (presented as relative 

variation in %) on the bandgap of BiAgOS. 

Because the bandgap of this semiconductor family is sensitive to the cell 

parameters (Figure 2-11), all electronic properties were computed on top of the 

experimental geometries instead of the optimized one with PBE0, in very good 
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agreement with the experiments. The computed bandgaps, using HSE06 with 

spin−orbit coupling, are 1.22 eV for BiCuOS and 1.44 eV for BiAgOS.  

For both compounds, the conduction band is almost entirely constituted by Bi 6p 

orbitals. It is important to recall that the low bandgap of BiCuOX materials is mainly 

due to the low energy level of these Bi 6p orbitals, because of relativistic 

effects.51,52 In fact, a calculation without the spin−orbit coupling (SOC) for BiAgOS 

exhibits a 0.14 eV shift of the conduction band, while the valence band position is 

almost unaffected. With the drawing of the conduction band orbital (Figure 2-10 c 

and d), it appears that this band corresponds to a nonbonding orbital built from the 

hybridization of 6s and 6p orbitals of bismuth, which is possible due to the lack of 

an inversion center at the Bi crystallographic position.53 A slight difference is 

observed between the valence band compositions of BiCuOS and BiAgOS.  

The valence band of BiCuOS has a clear, approximately 1:1, combination of Cu 

3d and S 3p orbitals, highlighting the covalency of the Cu−S bond. For BiAgOS, 

the valence band edge has a larger contribution from the S 3p orbitals and a 

smaller one from the Ag 4d orbitals. The hybrid level of the S 3p and Ag 4d orbitals 

is located at a potential more positive than that of S 3p and Cu 3d, which 

corresponds to the higher oxidation potential of the Ag2+/Ag+ redox couple 

compared to that of the Cu2+/Cu+ redox couple. This is further confirmed by the 

representation of the orbitals involved in the valence band edges (Figure 2-10 c 

and d) where a strong combination of S and Cu orbitals clearly appears in contrast 

with the small combination of S and Ag orbitals. The weaker covalence of the 
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Ag−S bond compared to the Cu−S bond is also supported by an atomic charge 

calculation, giving an ionicity of Ag (qAg = 0.57) that is higher than that of Cu (qCu 

= 0.49). The band structure of BiAgOS is very similar to that of BiCuOS and is 

characterized by an indirect bandgap with a minimum of the conduction band at 

the Z-point and a maximum of the valence band at a k vector between the Γ- and 

M-points (Figure 2-12). 

 

Figure 2-12. Band structures of (a) BiCuOS and (b) BiAgOS. The red 

and blue lines are the occupied and empty bands, respectively. The 

black arrows indicate the indirect bandgaps. 

From the DFT calculation, the electronic structure demonstrates an indirect 

transition for excitation at the bandgap. The experimental data from the 

reflectance absorption spectrum of the powders confirm these computed 

bandgaps. The Kubelka−Munk function spectra are presented in Figure 2-13 a, 

and the Tauc plots representations (used to extract bandgaps) are plotted for the 

indirect bandgaps in Figure 2-14. Experimentally, the bandgaps are ∼1.1 and 

a 

 

b 
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∼1.5 eV for BiCuOS and BiAgOS, respectively. The increase in the measured 

bandgap agrees with those estimated by the DFT calculations.  

 

Figure 2-13. (a) Kubelka−Munk absorption spectra of BiCuOS (black) and 

BiAgOS (red) and (b) Computed absorption spectra of BiCuOS (black) and 

BiAgOS (red). 

The absorption coefficients are also computed, and the results are presented in 

Figure 2-13 b. In the 500−800 nm range, the absorption coefficient of BiAgOS 

remains modest, with values of approximately 2 × 104 cm−1 at 650 nm. However, 

the absorption coefficient increases quickly below 500 nm to reach values higher 

than 105 cm−1. In this range of wavelengths, the absorption coefficient of BiCuOS 

is always larger than that of BiAgOS. 
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Figure 2-14. Associated Tauc plot used to determine the bandgaps 

for BiCuOS (black) and BiAgOS (Red). Dashed line interception was 

used for bandgap determination.  

2.3.3. Band Positions 

For photocatalytic reactions, the band positions of the semiconductor materials 

play a role as important as that of the bandgap itself because these energies 

generally represent the oxidation potential of holes (for the valence band position) 

and the reduction potential of electrons (for the conduction band). Two 

experimental setups were used to determine the band positions, based on 

Mott−Schottky plots of the semiconductor electrodes and on PESA of the powder. 

To obtain the Mott−Schottky plots of the intrinsic semiconductor materials, a dense 

pellet of the material that minimizes the grain boundary was needed. To determine 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

0.5

1.0

1.5

2.0

2.5
 BiCuOS

 BiAgOS

 

 

F
(R

).
h

1

/2
 

(c

m
-1

.e
V

)1
/2

Energy / eV



109 
 

the optimum sintering conditions, TGA was performed both in air and in N2 

atmospheres for both oxysulfides. The TGA analyses are shown in Figure 2-15.  

 

Figure 2-15. Thermogravimetric analysis of BiCuOS (a), BiAgOS (b) 

from room temperature to 750°C under flowing air (black curve) and N2 

(blue curve). 

BiCuOS starts to decompose (oxidize) at 300 °C in air, while BiAgOS remains 

stable up to 400 °C in air. After an increase in mass for both compounds due to 

oxidation, a mass loss is measured above 650 °C that corresponds to the 

evaporation of sulfur (see Figures 2-16 and 2-17). Under nitrogen, both 

compounds remain stable up to ∼550 °C, and a mass loss is recorded beyond this 

temperature, corresponding to the evaporation of sulfur (see Figures 2−15).  
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Figure 2-16. XRD pattern of BiCuOS (a) heated in air at different 

temperature during 1h or (b) heated in N2 at different temperature during 

1h. 

 

Figure 2-17. XRD pattern of BiAgOS (a) heated in air at different 

temperature during 1h or (b) heated in N2 at different temperature during 

1h. 
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After consideration of these data, the BiCuOS and BiAgOS pellets were sintered 

in a N2 atmosphere at 400 °C for 6 h. The Mott−Schottky curves are presented in 

Figure 2-18.  

 

Figure 2-18. Mott-Schottky plots for (a) BiCuOS, (b) BiAgOS pellets in 0.2 M 

Na2SO4 pH 6. 

Eq. 2-5 was used to extract the flat band potentials: 
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                     (2-5) 

where CSC is the material capacitance, e is the elementary charge, ε0 and εr are 

the vacuum permittivity and the relative dielectric constant of the semiconductor, 

respectively, A is the specific surface of the pellet, NA is the acceptor concentration, 

Eapp is the potential applied to the material, EFb is the flat band potential, kb is the 

Boltzmann constant, T is the temperature. First, the negative slopes measured for 

both compounds are consistent with a p-type character. While this electronic 

property is frequently reported for Cu(+1)-based materials, because of the low 

0.1 0.2 0.3 0.4 0.5 0.6

0.0E+00

1.0E-04

2.0E-04

3.0E-04

4.0E-04

5.0E-04

6.0E-04

7.0E-04

8.0E-04

9.0E-04

Potential / V vs RHE

1
/C

2
 / 


F
2

 1 KHz

 796 Hz

 631 Hz

a 

0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

0.0E+00

5.0E-01

1.0E+00

1.5E+00

2.0E+00

2.5E+00

3.0E+00

1
/C

2
 / 


F
2

Potential / V vs RHE

 1 kHz

 796 Hz

 631 Hz

b 

 



112 
 

formation energy of Cu(+1) vacancies, it is much less frequently observed for 

Ag(+1)-based semiconductors. The large resistivity of the BiAgOS samples 

prevented us from performing Hall effect measurement, which is the common 

experimental setup used to characterize majority charge carriers in a 

semiconductor. This p-type character of BiAgOS could come from Ag vacancies 

as already observed in Sr2AO2M2Se2 (A = Co or Mn; M = Cu or Ag),54 AI
2-Zn-AIV-

S4 (AI = Cu or Ag; AIV = Sn or Ge),55 and La5Ti2MS5O7 (M = Ag or Cu).56 The large 

resistivity of the material suggests that the vacancy concentration remains too low 

to be quantified by conventional elemental analysis, including ICP. Fitting the 

Mott−Schottky curve with Eq. 2-5 leads to flat band potentials of 0.55 and 0.94 V 

versus RHE for BiCuOS and BiAgOS, respectively. After correction with Eq. 2-2, 

the valence band energies are determined, compared to vacuum, at −4.99 and 

−5.38 eV for BiCuOS and BiAgOS, respectively. 

To support these valence band positions, the property was measured by PESA. 

Figure 2-19 presents the cube root of the counting rate as a function of the photon 

energy. The crossing point of the linear part of the curve with the x-axis should 

correspond to the valence band energies. Valence band positions of −4.97 and 

−5.30 eV versus vacuum are measured for BiCuOS and BiAgOS, respectively. 

These values are very close to those determined by electrochemistry using the 

Mott− Schottky approach. 

 

 



113 
 

 

Figure 2-19. Photoelectron spectroscopy measurements of BiCuOS/ 

ITO and BiAgOS/ ITO electrodes. 

The global electronic structure of the BiCuOS and BiAgOS semiconductors is 

shown in Figure 2-20. 

 

Figure 2-20. Scheme showing the band positions for BiCuOS and 

BiAgOS with respect to RHE. 
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2.3.4. Photocatalytic hydrogen evolution reaction 

The preliminary attempt to explore these materials for photoconversion is shown 

in Figure 2-21, where the photocatalytic H2 evolution reaction is reported. The Ru 

catalyst was photodeposited during the photocatalytic measurement in the 

presence of 0.05 M Na2S and 0.3 M Na2SO3. Although several attempts were tried 

using BiCuOS, this semiconductor did not evolve any detectable amount of H2. On 

the contrary, BiAgOS successfully generated H2. The photocatalytic rate is 

relatively small, but it is remarkable that H2 was evolved using a material with a 1.5 

eV bandgap (i.e., 850 nm). This finding confirms that the conduction band of this 

material is reductive enough to evolve H2. While adapted for H2 production, the 

valence band potential of BiAgOS remains too negative to consider this material 

for water oxidation. The material has potential for photocatalytic application such 

as in a tandem cell or Z-scheme cell for water splitting. A monotonic increase in 

the amount of evolved H2 was observed for 8 h, but noticeable deactivation was 

inevitable.  
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Figure 2-21. Photocatalytic time course of 1 wt% Ru/ BiCuOS and 1 

wt% Ru/ BiAgOS, the light irradiation (CM1 Cold mirror, 300 < λ < 

800 nm). 

The deactivation may originate from reduction of Ag+ to a metallic state, as can be 

evident from the metallic Ag characteristics in the PESA measurement of the 

material after photocatalysis (Figure 2-22). Further studies are necessary to apply 

a protection strategy to avoid photoreduction of BiAgOS itself. 

 

Figure 2-22. Photoelectron yield spectroscopy measurements of 

BiAgOS/ ITO electrodes in air after photocatalytic reaction. 

2.3.5. Dielectric and Conducting Properties 

To complete the photoelectrochemical characterization of these materials, their 

dielectric constants, effective masses, and exciton binding energies were 

computed. In a dielectric material, two main factors contribute to the static dielectric 
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constant: the contribution from the electron density (ε∞) and the contribution from 

the ion vibrations (εvib). 

r vib       (2-6) 

The computed ε∞ and εr values of BiCuOS and BiAgOS are listed in Table 2-4 

along with all the other measured or computed properties. 

 

Table 2-4. Summary of the Measured and Computed Properties for 

BiCuOS and BiAgOS. VB and CB positions are obtained from 

Mott−Schottky (MS) and PESA (P) measurements, respectively. 

 The infinite dielectric constant is very similar for both compounds because this 

property is dominated by the polarizable electron density of the Bi atom present in 

the two semiconductors. The vibrational contribution is notably large for both 

systems, especially for BiAgOS. The interlayer vibrational contribution (⟨001⟩ 
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direction) is almost the same for the two compounds, but the intralayer (⟨110⟩ 

direction) is doubled for BiAgOS versus that for BiCuOS. The reason for this large 

increase can be associated with the fact that silver is heavier than copper, giving 

softer modes, and the higher ionicity of BiAgOS, as discussed for the electronic 

structure description. 

Effective masses are related to the charge carrier mobilities through Eq.2-7. 

*

e

m


     (2-7) 

Where μ is the charge carrier mobility, e is the elementary charge, and τ is the 

collision time. Lower effective masses give better charge delocalization and charge 

mobility. 

 For BiCuOS, the conduction band is degenerate at the Z point, leading to light and 

heavy electrons. The electron conductivity is mainly governed by light electrons; 

for that reason, only the effective mass of light electrons is reported. 

 In these layered materials, the electron and hole effective masses are smaller in 

the intralayer direction than in the interlayer one, in agreement with the view of a 

hole localized in a Cu−S layer and an electron in the Bi layer. Replacing Cu with 

Ag notably reduces the effective masses of both holes and electrons, except for 

holes in the ⟨110⟩ direction, which may have arisen from the weaker covalency of 

the Ag−S bond compared to that of the Cu−S bond. The obtained effective masses 

fit with the good charge carrier mobilities for these two semiconductors direction, 

which may have arisen from the weaker covalency of the Ag−S bond compared to 
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that of the Cu−S bond. The obtained effective masses fit with the good charge 

carrier mobilities for these two semiconductors. 

Another computed property is the exciton binding energy, which corresponds to 

the energy necessary to dissociate the electron−hole pair generated by light 

absorption into free charge carriers. If this energy is lower than the thermal room 

temperature energy (kbT ∼ 25 meV), exciton dissociation will be efficient inside the 

material. For semiconductors with large dielectric constants, such as those 

investigated here, the Mott− Wannier model of the exciton is particularly efficient 

for evaluating the binding energy because it treats the exciton as a hydrogen atom 

in a dielectric medium. The computed values are extremely low (see Table 2-4) for 

both compounds because of the very large dielectric constants of these materials. 

Consequently, efficient exciton dissociation is expected for both BiCuOS and 

BiAgOS. 

In summary, this investigation of BiCuOS and BiAgOS confirms that the 

optoelectronic properties of this family of structures can be tuned by ion 

substitution (e.g., Cu vs Ag). it confirmed that the substitution of Cu with an 

isovalent element is possible and leads to noticeable changes in electronic 

properties. The tuning of BiAgOS electronic structure to adapt band positions for 

specific photocatalytic applications can also be achieved by doping other 

crystallographic positions such as substituting Bi with La to shift the bandgap to 

the range of 1.8− 2.2 eV that is ideal for water splitting. Thus, because of its stability 

and its larger bandgap, the BiAgOS appears to be a starting material that is more 
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interesting than BiCuOS for designing representatives of the BiCuOX family for 

photoconversion applications. 

2.4. Conclusions  

In this chapter, the syntheses of a single-phase BiAgOS layered structure and an 

isostructural BiCuOS species have been investigated, which were achieved by a 

hydrothermal protocol. BiAgOS is less prone to Ag understoichiometry compared 

to Cu in BiCuOS, while keeping a p-type character. DFT calculations using the 

HSE06 functional demonstrate that the electronic structures of BiCuOS and 

BiAgOS have indirect transitions of photon absorption with bandgaps of 1.2 and 

1.5 eV, respectively. The valence band has a large contribution from S orbitals in 

BiAgOS, in contrast to BiCuOS, in which the Cu and S orbitals equally contribute. 

BiAgOS is more ionic in nature than BiCuOS, resulting in a very large dielectric 

constant and making it very interesting for photoconversion applications because 

the material could efficiently screen photogenerated charges. With their very low 

effective masses, even in the interlayer direction, good charge mobilities are 

expected. Because of their relatively low bandgap and their p-type characters, 

BiCuOS and BiAgOS can be considered as interesting starting compositions for 

the development of new semiconductors for photovoltaic or Zscheme 

photocatalytic applications. 
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CHAPTER 3  

Optoelectronic structure and photocatalytic applications on 

Na(Bi,La)S2 

 

 

NaLa1-xBixS2 solid solutions with tunable bandgap were synthesized and their 

optoelectronic structures and photocatalytic performance were investigated based 

on both experimental and theoretical approaches. The solid-solution powders with 

various La/Bi ratios were synthesized by Na2CO3, La2O3 and Bi2O3 as precursors 

and via sulfurization with flowing CS2 at 800 °C for 2 h. The Vegard’s law behavior 

of cell parameters reveals the perfect Bi/La solid solution in the cubic NaLa1-xBixS2 

with the associated linear variation of the cell parameters. On contrary, the 

combination of diffuse reflectance UV−Vis spectroscopy with density functional 

theory (DFT) calculations employing the HSE06 functional reveals a mono-tonic 

but non-linear variation of the bandgap of the solid solution. While consistent 

valence band maximum (VBM) was obtained in NaLa1-xBixS2, consisting of mainly 

S 3p orbital, the conduction band minimum (CBM) was contributed by dis-crete Bi 

orbitals present at more positive potential than La ones. As a result, slight inclusion 

of Bi caused drastic shift of bandgap, and 24% Bi substitution provided the 

absorption edge close to that of pure NaBiS2. Systematic DFT calculations on 

NaLa1-xBixS2 determined optoelectronic properties for improved photovoltaic and 

photocatalytic performance with Bi-rich sample rather than La-rich counterpart; 

i.e., larger absorption coefficients, smaller effective masses, and larger dielec-tric 
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constants for Bi-rich sample than La-rich sample. The NaLa1-xBixS2 particles 

decorated with Pt nanoparticles show maximum hydrogen evolution performance 

with x = 0.02-0.06 of Bi samples, consistent with the compensating effects between 

photon absorption capacity and loss of electromotive force with decreasing the 

bandgap. 

3.1. Introduction 

Harvesting energy from the solar irradiation needs appropriate storage in the form 

of transportable chemicals or fuels. The heterogeneous photocatalyst is the 

material generally based on semiconductor in a powder form ideally absorbing a 

substantial portion of sunlight and generally, which is decorated with 

electrocatalysts on its surface to achieve surface redox reactions to generate 

chemicals in a single reactor.1-3 In this regard, some semiconductor families were 

developed for visible light absorption, which include (oxy)nitrides, (oxy)sulfides and 

oxyfluorides for photocatalytic water splitting;4-7however their photocatalytic 

efficiency remains lower than the desired photoconversion efficiency for practical 

application.8-9 Therefore, pursuing and designing an efficient and cost-effective 

photocatalysts have attracted a significant amount of attention in the current work 

toward large-scale application. 

A non-toxic semiconductor AgBiS2 was reported with bandgap less than 1.2 eV 

and very high absorption coefficients (105 to 104 cm−1) in the visible light region for 

highly efficient solar cell applications.10 In this context, alkali bismuth ternary 

sulfide, namely ABiS2 (A = Li, Na and K) materials have been less frequently 
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reported for semiconductor properties although they are considered as an 

environmentally friendly and cost effectiveness, compared to the Ag-based 

counterpart.11The low bandgap of bismuth based materials ABiS2 (A; Ag, Li, Na 

and K) have attracted the attention to potential use in photovoltaic and 

photocatalytic applications. 

It was found experimentally in the literature that ABiS2 (A = Li, Na and K) crystallize 

as compounds with a disordered NaCl-type cubic structure,11 and the primary 

results of NaBiS2 showed the optical band edge around 1.2 eV.12 This value of 

bandgap falls within the ideal range for photovoltaic solar cell requirements or 

tandem cell.8, 13 On contrary, for photocatalytic water splitting application, this 

bandgap is often too small. The cation-anion substitutions are common 

approaches for bandgap engineering. Total or partial substitution of the element 

while maintaining similar crystal structures alters the conduction or valence band 

structure, which in turn give the red or blue shift of the absorption edge.14-17 As one 

of the excellent examples, a combined study of experiment and theory showed 

that the substitution of La in Bi site in BiCuO(S,Se,Te) results in the widening of 

the optical bandgap from the near-IR to the UV region.18-23 While a trivalent Bi3+ 

cation has 6s26p0 electronic configuration and has an ionic radius of 117.0 pm, the 

rare earth La3+ cation gives electronic configuration 6s05d0 with similar ionic radii 

and electronegativity to those of Bi3+, which expect the successful substitution of 

La3+ in Bi3+ sites. Here, the design concept was extended from oxides and 

oxysulfides to the sulfide materials. NaLnS2 materials have two crystal structures 

according to the crystal radius ratio of Na/Ln, the compound crystallizes in cubic 
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NaCl type structure (space group 𝐹𝑚3̅𝑚) when the ratio is smaller than 1.033. 

Beyond this value, the compounds form hexagonal α-NaFeO2 (space group 

𝑅3̅𝑚).24-25 According to Isaacs et al. and Li et al., NaLaS2 was successfully 

synthesized, but the optical property was not reported yet.26-27 Based on these 

studies, excellent interexchangeable nature of La and Bi site is expected to retain 

the crystal lattice symmetry of original materials due to the similar of ionic radii and 

the valency of both cations. A judicious chemical substitution would lead to band 

engineering by the composition of NaLa1-xBixS2 solid solution and modulating a 

charge separation, diffusion and transport properties, which would satisfy the 

requirements for photocatalytic water splitting. 

In this work, it has been reported how the stoichiometric substitution of La with Bi 

affects the optoelectronic properties along with photocatalytic performance of 

NaLa1-xBixS2 by joining the experimental and theoretical characterizations. To date, 

NaBiS2 powder material was obtained by hydrothermal route12 and recently it was 

synthesized by solution phase method.28 The difficulty of these protocols applying 

to NaLaS2 synthesis is associated with strong affinity of La with oxygen (water), 

which leads to formation of unavoidable lanthanum oxide impurity. To avoid this 

obstacle, the dry sulfurization process was applied in this study, namely flowing 

dry CS2 as a sulfur source over oxides/carbonates powder precursors. By this 

method, single phase solid solution of NaLa1-xBixS2 was successfully synthesized 

reflecting the original precursor ratio.  
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3.2. Methodology 

3.2.1. Synthesis of NaBiS2, NaLaS2 and NaLa1-xBixS2. 

NaLa1-xBixS2 materials were synthesized by adapting the solid state method 

proposed by Masuda et al.24 Lanthanum oxide (La2O3, Aldrich 99.99%) and/or 

bismuth oxide (Bi2O3, Aldrich 99.99%), and sodium carbonate (NaCO3, Aldrich, 

anhydrous, 99.99%) are the starting metal precursors of La, Bi, Na. Carbon 

disulfide (CS2, Aldrich, anhydrous ≥99%) is used as sulfurization agent. For the 

optimization condition, 3 mmol La2O3 or Bi2O3 was thoroughly ground with 3.3 

mmol Na2CO3 in an agate mortar for 10 min. For the solid solution, the synthesis 

was performed by varying the bismuth percentage in the final product to be 2, 6, 

12, 24, 50 and 75% as presented in Table 3-1. 

 

 

 

 

 
 
 
 
 
 
 
 
 

Table 3-1. Solid solution compositions in terms of mmol. 

The mixture was placed on the alumina boat and inserted into the alumina reaction 

tube of a horizontal electric furnace. The sulfurization process was conducted by 

Formula La2O3/ mmol Bi2O3/ mmol Na2CO3/ mmol 

NaLaS2 3 - 

3.3 

NaLa0.98Bi0.02S2 2.94 0.06 

NaLa0.94Bi0.06S2 2.82 0.18 

NaLa0.88Bi0.12S2 2.64 0.36 

NaLa0.67Bi0.24S2 2.28 0.72 

NaLa0.50Bi0.50S2 1.5 1.5 

NaLa0.25Bi0.75S2 0.75 2.25 

NaBiS2 - 3 
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flowing a saturated vapor of CS2 (40 kPa) in N2 at a flow rate of 50 ml min−1 (Figure 

3-1 presented the schematic diagram of the setup). Subsequently, the furnace 

temperature was raised at a heating rate of 20 K min−1 to 800 °C and maintained 

the temperature for 2 h. CS2 gas was introduced to the reaction when the tube 

temperature was reached to 500 °C.  

 

Figure 3-1. Schematic diagram of the experimental set-up employed for CS2 

sulfurization process.  

After the reaction, the furnace was cooled down to the room temperature. The 

resulting solid powder was collected and washed with water and ethanol several 

times then dried at 60 °C for overnight. The mass yield of the recovered powder 

was calculated based on La or Bi content. 

3.2.2. Characterizations 

3.2.2.1. X-ray Diffraction (XRD). 

The crystal structure of the resulting samples were characterized at room 

temperature using Bruker D8 Advanced A25 diffractometer equipped with a Cu X-

ray tube (Cu–Kα; λ = 0.154 nm) operated at 40 kV and 40 mA in the Bragg–



131 
 

Brentano geometry using a linear position-sensitive detector with an opening of 

2.9°. The diffractometer was configured with a 0.44° divergence slit, a 2.9° 

antiscatter slit, 2.5° Soller slits. A nickel filter was used to attenuate contributions 

from Cu–Kβ radiation. Data sets were acquired over the 2θ range of 10–80° and 

the integration step size of 0.019° the resulted in a counting time of 50 s per step. 

The crystallite sizes were determined by applying the Debye–Scherrer equation. 

The Rietveld analysis was performed with the Fullprof program (v6.00).29 

3.2.2.2. Inductively coupled plasma optical emission 

spectrometry (ICP-OES). 

The stoichiometric molar ratios of NaLa1-xBixS2 was determined by ICP-OES using 

Varian 720-ES. Before the analysis, a known amount of the material was digested 

by microwave radiations in 5 mL of concentrated nitric acid 70% using 1000 W 

power and high temperature (220 °C) for 20 min by microwave digestion system 

model ETHOS 1 from Milestone. The solution was subsequently diluted with Milli-

Q water to a 200 mL total volume before ICP-OES analysis. 

3.2.2.3. Scanning Electron Microscopy (SEM) and energy-

dispersive X-ray spectroscopy (EDX). 

The size and morphology of the particles were studied by field emission SEM at 5 

keV on a Nova Nano 630 instrument from FEI. The powders were directly pressed 

onto the SEM stub. The chemical compositions were investigated by using X-ray 

energy dispersive spectroscopy (EDX) EDAX’s APOLLO XL EDS detector with 30 
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mm2 SDD sensor which is equipped on Nova NanoSEM630 (Thermo fisher 

scientific), operated at 23 kV. 

3.2.2.4. Transmission Electron Microscopy (TEM). 

Bright-field (BF)-TEM, selected area electron diffraction (SAED) and X-ray Energy 

Dispersive Spectroscopy (EDS) measurements were carried out by using a 

transmission electron microscope of Titan 80–300 CT equipped with a field 

emission gun with an accelerating voltage of 300 kV. Prior to the analysis, the 

samples were dispersed in acetone followed by sonication of 10 min by using bath 

sonication. A drop of the solution was poured onto a copper-grid supporting a 

Holey carbon film. The grid was dried in air prior to TEM observations. Microscope 

settings and magnification range were selected such as the morphology as well as 

high-resolution (HR) TEM information can be obtained. The interplanar d-spacing 

were obtained both from the SAED patterns and the Fast-Fourier Transform (FFT) 

of the HRTEM micrographs. Elemental mapping of all elements present in the 

samples was performed by using a postcolumn energy filter of model GIF Tridiem 

863 from Gatan, Inc. The entire TEM analysis was performed using the Gatan 

Microscopy Suite (GMS v. 1.83) software package from Gatan, Inc. 

3.2.2.5. Thermogravimetric Analysis and differential scanning 

calorimetry ((TGA-DSC). 

TGA/ DSC measurements were carried out with Mettler-Toledo TGA/DSC1 Star 

system in the temperature range 30-1000 °C in the air atmosphere with flowing 

rate 50 mL min−1 and heating rate 10 °C min−1. 
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3.2.2.6. Ultraviolet−Visible (UV−vis) Spectroscopy. 

Diffuse reflectance spectra (DRS) were collected using a JASCO model V-670 

spectrophotometer equipped with a diffuse reflectance accessory. The spectra 

were recorded over the range 300-1100 nm using halogen and deuterium lamps 

as the light sources. The reflectance spectra can be represented using the 

Kubelka–Munk (KM) function f(R) = (α/S) = (1 - R)2 / 2R, where α is the absorption 

coefficient, S is the scattering coefficient, and R is the diffuse reflectance at a given 

photon energy. The absorption band edges were estimated from the analysis of 

spectra as described in the main manuscript. 

3.2.2.7. X-ray Photoelectron Spectroscopy (XPS).  

XPS studies were carried out in a Kratos Axis Ultra DLD spectrometer equipped 

with a monochromatic  Al Ka X-ray source (hν = 1486.6 eV) operating at 150 W, a 

multi-channel plate and delay line detector under a vacuum of ~9-10 mbar. All 

spectra were recorded using an aperture slot of 300 μm x 700 μm. Survey spectra 

were collected using a pass energy of 160 eV and a step size of 1 eV. Pass energy 

of 20 eV and a step size of 0.1 eV were used for the high-resolution spectra. For 

XPS analysis samples were mounted in floating mode in order to avoid differential 

charging. Binding energies were referenced to were referenced to the C 1s peak 

set at 284.8 eV.  

3.2.2.8. Ultraviolet Photoelectron Spectroscopy (UPS). 

UPS was performed were carried out in the same XPS instrument using a He I 

excitation (հν = 21.21 eV). A bias of -9 V was applied to the sample surface for 
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UPS measurements. (UPS) measurements were performed to determine the 

changing in the work function with Bi substitutions. The work function is defined as 

the energy necessary to remove an electron from the Fermi level of a 

semiconductor infinitely far away i.e. to vacuum level. Practically, it is obtained 

from the cutoff of the secondary electrons in UPS spectra.30 The Eq. 3-1 were used 

to calculate the work functions of the films:  

Φ= hν-PEcutoff       (3-1) 

where Φ, hν (21.21 eV), and Ecutoff are work function, incoming photon energy from 

He I source, and the secondary electron cutoff energy, respectively.  

3.2.2.9. Photoelectron emission spectroscopy in air (PESA).  

The valence band positions were determined by using a Riken Keiki AC-2 

photoelectron spectrometer. FTO glass (2 cm × 1 cm) was used as substrates that 

were cleaned well by sonicating in acetone then ethanol for 10 min, respectively, 

and dried with N2 gas at room temperature before the coating. Using DC power 

supply (PowerPac™ Universal Power Supply), electrophoretic deposition method 

was employed to immobilize 100 mg of powder dispersed in 100 ml of a mixture of 

acetone with 10 mg of iodine after sonication for 10 min. A constant voltage at 60 

V was applied between two FTO plates for about 3 min. The substrate was then 

removed from the suspension and dried in an oven at 60 °C for 1 h. The standard 

hydrogen potential calculated relative to the absolute vacuum potential.31 

 4.44 abs SHEE E V        (3-2) 
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3.2.3. Photocatalytic Reaction. 

The photocatalytic reaction was conducted in a recirculating batch reactor 

connected to a gas chromatography (GC) unit equipped with a vacuum line. The 

reactant solution was maintained at room temperature using a flow of cooling water 

during the reaction. Photocatalyst powder (100 mg) was dispersed in 100 mL of 

0.2 M Na2S and 0.5 M Na2SO3 with 52 μL of 0.1 M H2PtCl6. 6H2O solutions (1 wt 

% Pt equivalent) and then sonicated for 15 min in an ultrasonic bath. This Pt 

solution was used as a source of Pt cocatalyst that was photodeposited under 

irradiation during the reaction. Before the irradiation, the reaction vessel was 

degassed several times to remove dissolved air, followed by the introduction of 13 

kPa of Ar gas into the photocatalytic system. A Xe lamp (CERMAX PE300-BF, 300 

W) was used as a light source, and the irradiation wavelength was controlled with 

a combination of a cold mirror and a water filter ((λ > 350 nm), the photon 

distribution is shown in Figure 3-2).  
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Figure 3-2. Photon distribution of the Xe lamp utilized for the 

photocatalytic reactions. The irradiation wavelength was 

controlled with a combination of a cold mirror and a water filter 

((λ > 350). 

The homogeneity of the solution during the reaction was maintained by agitation 

with a magnetic stirrer. Samples of the evolved gases were extracted periodically 

and analyzed by GC (Bruker 450 GC, TCD, Ar gas, molecular sieve 13X). XRD 

analysis after the stability test was conducted by collecting the powder that was 

washed by water and ethanol, respectively, then dried 60°C for overnight. 

3.2.4. Computational Details. (Collaboration with Dr. Le Bahers 

and his team at ENS Lyon) 

The computational details were provided by N. Tymińska and T. Le Baher.  In the 

methodology, the geometry optimizations and frequency calculations were 

performed within Density Functional Theory framework using the hybrid PBE032 

functional as implemented in the ab initio CRYSTAL14 code.33-34 Next, HSE0635 

single-point calculations on the PBE0 optimized structures was used to obtain the 

information on the electronic properties,36 which is also done with this code. Finally, 

the transport properties are estimated from effective masses and mobilities of the 

charge carriers. This last property was computed within the Boltzmann transport 

theory (BTE) framework involving the constant scattering time (τ) and the rigid 

band approximation37-39 using BoltzTraP code.37,40 In addition, the optical 

properties41 were obtained from the single-point calculations at the HSE06 level of 
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theory using VASP code (version 5.3.5).42-44 the study focused on the lowest 

energy (i.e., thermodynamicaly most stable) configurations unless specified 

otherwise. Figure 3-3 illustrates NaLaS2, NaBiS2 and NaLa1-xBixS2.  
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Figure 3-3. PBE0 optimized structures of pure Na(La/Bi)S2 and 

NaLa1-xBixS2 solid solutions. 

For an efficient use of the hybrid functionals CRYSTAL14 utilize the Gaussian 

(localized) basis sets to solve self-consistently the Kohn-Sham and Hartree-Fock 

equations. For Na and S atoms the all electron basis sets 8-511G(d)45 and 86-

3111G(2d)46 were used respectively. For the La and Bi combination of effective 

core pseudopotentials (ECP) and valence basis sets for the treatment of valence 

electrons were used. In case of La, the Heifets et al. and the Cora small core ECP 

along with the 411G(d) basis set,47 while for Bi a modified version of the Hay and 

Wadt ECP together with the 31G(d) basis set was used.48 All basis sets and ECP 

were directly obtained from the CRYSTAL14 online database.49 

In the presented here study the relativistic effects on the Bi atom were not included. 

The reason for this is twofold: (i) such calculations are computationally demanding 

at the HSE06 level of theory as they cannot be handled by CRYSTAL14 code and 

(ii) the previous work on bismuth silver oxysulfide shown that for this compound 

the spin-orbit coupling (SOC) shifts the position of the conducting band, while the 

valence band remains mostly unaffected.7 Hence it expects that SOC affect 

NaBiS2 and NaLa1-xBixS2 in a similar fashion. Furthermore, since the relativistic 

effects lower the bandgap of Bi-containing compounds by affecting the 

energetically low laying 6p orbitals one can expect that calculated the trends in the 

changes in bandgap values upon Bi substitution will be similar with and without 

including SOC. 
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A 8×8×8 k-point mesh was used to sample the first Brillouin zone during the 

geometry optimization, vibrational frequency and dielectric constant calculations. 

For the HSE06 single point calculations a 12×12×12 k-point mesh was utilized. 

The SCF convergence criterion was set at 10−8 Ha per unit cell in all the 

calculations. The vibrational frequency calculations were performed within 

standard harmonic approximation to the lattice potential, and the infrared 

intensities were obtained via the Berry Phase method.50 For optical properties 

calculations performed in VASP nearly the same computational parameters as in 

CRYSLAL14 were set. Except in this case a plane wave basis set with 400 eV cut-

off and projector augmented plane wave (PAW) approach51-52 to treat core 

electrons were used. The absorption coefficient (α) of the materials can be 

computed as shown below: 

2 ( )
( )

 
 


        (3-3) 
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      (3-4) 

Where ε1 and ε2 are the real and imaginary terms of the dielectric constant. 

Detailed protocol for computing all the electronic properties (i.e., the bandgap, Eg, 

dielectric constants, 𝜀𝑟 = 𝜀𝑣𝑖𝑏 + 𝜀∞, charge carrier effective masses, m*, and exciton 

binding energies, Eb) provided for the materials studied in this work has been 

established first in the work of Le Bahers et al.36 Since then this protocol was 

successfully applied to various families of semiconductors.53-58 It is worth noting 
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that the HSE06 has one of the highest expected accuracy among DFT functionals 

for calculating bandgaps and the infinite dielectric constant as the standard 

deviation for these properties were assessed to be 10% and 3%, respectively.36 

To estimate transport properties (i.e., mobility and the density-of-states-averaged 

effective mass of the charge carriers) with a sufficient accuracy and at much lower 

computational cost than that for hybrid functionals or GW method38-39, 59-61 first the 

single-point energy calculations were performed using the MBJ on the PBE0 

optimized structures in VASP. As before the 400 eV energy cut-off for the plane 

wave basis set and the same PAW were selected but calculations were performed 

with a 17x17x17 k-point mesh. This is done because a significantly denser 

interpolated mesh is needed than the calculated.37 Herein during BoltzTraP 

calculations the calculated mesh was 5-fold increased by interpolation. Note that 

within the theoretical framework of semi-classical BTE the Hall (RH) and the 

Seebeck (S) coefficients are independent of scattering or relaxation time (𝜏), while 

the electrical conductivity (𝜎/𝜏) and the power factor (S2 𝜎/𝜏) are calculated with 

respect to 𝜏.37 The pure NaLaS2 and NaBiS2 compounds were simulated by 

building all the non-equivalent solid solution on the cation lattice on the 

conventional cell of the NaCl structure (containing 4 cation sites). Lattice 

parameters and bandgaps were computed for all generated structures and 

compared to experimental values to find the solid solution leading to structural and 

electronic parameters the closest to experimental one. Based on this procedure, 

the selected structures are presented on Figure 3-3 and atomic positions are given 

in atomic positions section.  To obtain NaLa1-xBixS2 structures with concentrations 
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similar to those in the experimental samples: 6%, 12% and 50%, the 2x2x2 

supercell of the previously optimized NaLaS2 structure was used in which one, two 

or half of the La atoms were substituted by Bi atoms, respectively. In the 2x2x2 

supercell of NaLaS2 there are 16 La atoms, which can be substituted to form mixed 

NaLa1-BiS2 with x=0.0625 (One La substituted by one Bi), x=0.125 (Two La 

substituted by two Bi) and x=0.50 (8 La substituted by 8 Bi). In the case of the latter 

two concentrations it is possible to arrange Bi atoms in various configurations, 

which gives the opportunity to investigate how the local ordering may affect the 

properties of these solid-state solutions. 

3.3. Results and discussion: 

3.3.1. Synthesis and Structural Characterizations. 

Pure materials of Na(La/Bi)S2 were produced following the protocol developed in 

the references.24 The synthesis conditions to obtain a pure phase of NaLaS2 were 

optimized by adjusting of sodium content, 800°C for 2h and 50 ml min−1 flow rate 

through CS2. XRD patterns of NaLaS2 with varying the molar ratio of Na/La are 

shown in Figure 3-4. Adding a stoichiometric ratio Na/La=1 led to the formation of 

a secondary phase of La2SO2 which impels loss or sublimation of sodium or sulfur 

during the reaction and before NaLaS2 completely formed. It is clear from the ICP 

results (Table 3-2) that increasing of Na content led to increasing the sulfur ratio in 

the structure to be close to stoichiometric ratio 1:2 for S/La. The secondary phase 

of La2SO2 can be eliminated and preparing a pure NaLaS2 material by increasing 

the sodium content to be 10 % then the purity of material become independent on 
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the excess of Na2CO3. Excess of Na2CO3 most likely playing a role for enhancing 

of the purity of NaLaS2, by working as reflux agent to facilitate the diffusion of the 

sulfur at low temperature. It knows that the rare earth ions Ln3+ have a strong 

affinity for oxygen and weak for sulfur.62 Therefore, it is important to assist the 

combination of S with La by increasing the chemical potential of sulfur.26,63-64 Alkali 

metal compounds including Na2CO3, K2CO3, and K3PO4 were considered as 

efficient fusible salts that can promote the sulfur potential S2- to obtain a pure phase 

of La2O2S2.65 Sun et al.64 reported that Er2O2S was only formed when a small 

amount of Na2CO3 was added to Er2O3 and S during the sulfurization process. 

They claimed that Na2CO3 acted as reflux agent and it facilitates the incorporation 

of the sulfur in the structure by formation of the intermediate phase Na-S-O from 

the reacting between Na2CO3 and S, moreover, using a direct source of S2- such 

as Na2S2O3 instead of Na2CO3 giving the same effect. In this sense, the excess of 

Na2CO3 is required to enhance the incorporation of the sulfur in lanthanum material 

to obtain a pure phase of NaLaS2 without oxysulfide species impurity. Li et al.63 

reported that adding at least 30 % excess of sodium source NaF was a valid 

condition to achieve pure NaLaS2. 
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Figure 3-4. (a) XRD patterns of NaLaS2 with stoichiometric molar ratios Na/La 

= 1 (red), adding 10%, 20% and 50% excess of Na with flow rate of CS2 50 

ml min−1 (blue, purple and green, respectively), (b) enlarged pattern for 

Na/La=1. 

 

 

 

 

 

Table 3-2The stoichiometric molar ratios of NaLaS
2
 from ICP. 

Sodium bismuth sulfide NaBiS2 was prepared through the mixing of Bi2O3 and 

Na2CO3 and sulfurization in the presence of carbon disulfide. Preparing NaBiS2 via 

non-wet chemistry route is reported for the first time here. The synthesis of NaBiS2 

was independent on the excess of sodium content. The XRD patterns for NaBiS2 

at 800 for 2h are shown in Figure 3-5. No impurity phase was observed in the XRD 

Sodium 

excess 
Stoichiometric molar 

ratio determined by ICP 

in mol 
Na\La S/La 

0% 0.99 1.64 
10%  1.06 1.94 
20% 1.00 1.90 

50% 1.00 1.92 
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pattern when the sample was synthesized by mixing the stoichiometric amount of 

for Na/Bi=1. 

 

Figure 3-5. XRD patterns of NaBiS2 with stoichiometric molar 

ratios Na/Bi = 1 (red), adding 10% excess of Na before water 

washing (blue) and adding 10% excess of Na after water 

washing (yellow). 

However, increasing of sodium content 10% led to form sodium sulfate Na2SO4 as 

a secondary phase and a pure phase was obtained after washed the powder by 

water. The ICP analysis also confirms a ratio Na/Bi and S/Bi are 1 and 2, 

respectively in both cases which means that the stoichiometric amount of for 

Na/Bi=1 is a valid condition to achieve single-phase cubic structure NaBiS2 as 

shown in Table 3-3. 
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Table 3-3. The stoichiometric molar ratios of NaBiS2 from ICP. 

Solid solutions of NaLa1-xBixS2 were prepared by varying the bismuth contents in 

NaLaS2 as shown in Table 3-1. The synthesis was carried out at the optimal 

conditions: 10% excess of Na2CO3, the flow rate 50 ml min−1 and 800°C for 2 h. 

The observed X-ray diffraction of NaLaS2 and NaBiS2 patterns coincide well with 

the calculated patterns from the literature (PDF 00-038-1391 and PDF 00-008-

0406 for pure NaLaS2 and NaBiS2, respectively, as presented in Table 3-4 and 

Figure 3-6a. NaLaS2 and NaBiS2 materials have a disordered cubic NaCl-type 

structure with space group Fm3̅𝑚 where the sulfur occupies the chlorine sublattice, 

while cations (Na and La/Bi) statistically occupy the Na sublattice.12,25,66 The final 

mass yields were ⁓86% and ⁓90% based on lanthanum and bismuth, respectively. 

As seen that the single-phases of NaLa1-xBixS2 solid solutions were obtained by 

varying the molar ratio of Bi to La and no impurity phase such as oxide, sulfide or 

oxysulfide was obtained. The substitution of Bi in La site was confirmed by shifting 

2θ toward higher angles (see Figure 3-6b). 

Material 
Crystal 

system 
Space-

group 
Cell parameters/ 

Å 

Volume 

/Å
3
 

NaLaS
2
 Ref 

c
u

b
ic

 

𝐹
𝑚

3̅
𝑚

 

5.87 202.94  

NaLaS
2
 

Exp 
5.87 203.19 

NaBiS
2
 Ref 5.77 192.72 

Na\Bi S/Bi 
0% 1 2.02 

10% (after 

washing) 
1.06 2.04 
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NaBiS
2
 Exp 5.76 191.77 

Table 3-4. Crystal parameters of pure NaLaS2 and NaBiS2 in comparison 

with literature values. 

 

Figure 3-6. (a) XRD patterns of NaLa1-xBixS2, (b) The enlarge view of XRD 

patterns of most intense XRD peak, (c) Variation of lattice parameters as 
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obtained from the refined of XRD and unit cell volume versus Bi mole 

fraction in solid solution, (d) Schematic representation of the cubic 

Na(La/Bi)S2 structure. The larger spheres colored in yellow represent 

anions (S2-) while the smaller, two colored spheres represent possible 

positions of the two different cations (either Na+/La3+ or Na+/Bi3+).  

The XRD patterns of the NaLa1-xBixS2 materials were refined using the Rietveld 

method (see Figure 3-7). The unit cell parameters determined by these 

refinements are presented in Table 3-5 that also show the corresponding values 

obtained by the DFT calculation with the PBE0 functional.  
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Figure 3-7. Rietveld refinement of X-ray diffraction of (a) NaLaS2, (b) 

NaLa0.98Bi0.02S2, (c) NaLa0.94Bi0.06S2, (d) NaLa0.76Bi0.24S2, (e) 

NaLa0.50Bi0.50S2, (f) NaBiS2 . 

The average discrepancy between experiment and DFT is around 0.3% for 

NaLaS2 and 0.6% for NaBiS2, thus below the 1.2% standard deviation of the PBE0 

functional. 

Formula Cell parameters/ 
Å 


2
 GOF R

Bragg
 

NaLaS
2
 5.879 1.99 1.4 2.22 

NaLaS
2
 DFT 5.855 

   

NaLa
0.98

Bi
0.02

S
2
 5.877 2.03 2.03 3.48 

NaLa
0.94

Bi
0.06

S
2
 5.874 1.56 1.2  3.86  

NaLa
0.94

Bi
0.06

S
2
 DFT 5.849 

   

NaLa
0.88

Bi
0.12

S
2
 5.867  1.64 1.3  2.56  

NaLa
0.88

Bi
0.12

S
2 
DFT 5.854 

   

NaLa
0.76

Bi
0.24

S
2
 5.855  1.59 1.3 2.87 

NaLa
0.50

Bi
0.50

S
2
  5.823 1.63 1.3 3.88 

NaLa
0.50

Bi
0.50

S
2
 DFT 5.843 

   

NaLa
0.25

Bi
0.75

S
2
 5.797 1.98 1.4 3.91 

NaBiS
2
 5.766 1.92 1.4 3.79 

NaBiS
2
 DFT 5.795 

   

Table 3-5. Cell parameters of NaLa1-xBixS2 generated using Rietveld-

refined XRD spectrum (with the reliability factors of refinements) and 

DFT-computed structure. 
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A monotonic shift of the obtained lattice parameters by the La/Bi ratios is explained 

by the Vegard’s linear relationship (Eq. 3-5), suggesting that homogeneous solid 

solutions have been formed over the whole composition range rather than a 

physical mixture of the segregated NaLaS2 and NaBiS2 phases. A small lattice 

mismatch of ~1.95 % based on Eq. 3-6 was obtained, resulting in strong cation-

cation interactions and completely miscible of Bi and La in the cationic site.67-68 

Vegard's law parameters/ Å; 
(1 )

(1 )
x xLa Bi La Bia x a xa


    (3-5) 

 

Lattice mismatch degree% 100La Bi

Bi

a a

a


        (3-6) 

Going from NaLaS2 to NaBiS2, the lattice constant as well as cell volume 

consistently decreased as presented in Figure 3-6c, in agreement with the slight 

difference in ionic radii between La3+ (117.2 pm) and Bi3+ (117.0 pm). The chemical 

compositions of solid solution were confirmed using ICP-OES analysis and the 

results are compiled in the Table 3-6. The ICP-OES results were very close to the 

nominal compositions. 

Targeted 
stoichiometry 

The stoichiometric molar ratio determined by 
ICP in mol 

Bi/(La+Bi) Na/(La+Bi) S/(La+Bi) 

NaLaS
2
 0 1 1.94 

NaLa
0.98

Bi
0.02

S
2
 0.02 0.99 1.95 

NaLa
0.94

Bi
0.06

S
2
 0.06 1.02 2 

NaLa
0.88

Bi
0.12

S
2
 0.13 0.98 2 

NaLa
0.76

Bi
0.24

S
2
 0.24 1 1.90 
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NaLa
0.50

Bi
0.50

S
2
 0.52 1 1.99 

NaLa
0.25 

Bi
0.75

S
2
 0.74 1 2.05 

NaBiS
2
 1 1.06 2.04 

Table 3-6. Targeted stoichiometry and real composition in of NaLa1-xBixS2 

solid solution using ICP analysis.  

Consistent with this result, energy dispersive X-ray analysis (EDX) supported the 

elemental composition of NaLa1-xBixS2 material as shown in Table 3-7. 

Table 3-7. Nominal and EDX atomic ratios of prepared NaLa1-xBixS2. 

Formula 

La Bi Na S 

At /% 

theoretic 

At /% 

EDX 

At /% 

theoretic 

At 

/% 

EDX 

At 

/% 

theoretic 

At /% 

EDX 

At /% 

theoretic 

At /% 

EDX 

NaLaS2 25 25.04 0 
2
5

 
26.67 

5
0

 

48.29 

NaLa0.98Bi0.02S2 24.5 22.85 0.5 0.49 26.00 50.66 

NaLa0.94Bi0.06S2 23.5 23.75 1.5 1.33 25.82 49.10 

NaLa0.88Bi0.12S2 22 21.31 3 3.30 26.25 49.14 

NaLa0.76Bi0.24S2 19.60 18.51 5.96 6.51 26.56 48.42 

NaLa0.50Bi0.50S2 12.5 11.90 12.5 13.15 26.57 48.38 

NaLa0.25Bi0.75S2 6.25 6.11 18.75 19.41 27.25 47.23 

NaBiS2 0 25 24.77 24.24 50.57 
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3.3.2. Morphology and surface characterization. 

The morphology of the products was determined by scanning electron microscopy 

(SEM). The random particles in micrometer size for all NaLa1-xBixS2 solid solutions 

as shown in Figure 3-8. 

 

Figure 3-8. Top-view SEM images for the solid solution NaLa1-xBixS2. 

Prepared 10% Na excess at 800 for 2h and the flow rate is 50 ml min−1 CS2. 

Going from NaLaS2 to NaBiS2 material, the particle size increased possibly due to 

bismuth sulfide being a flux agent and facilitated the particle size growth. This 

finding is associated with the melting point of the bismuth sulfide much lower (760-

850 °C) than lanthanum sulfide (2100-2150°C), consistent with the literature.69 

The microstructures of the NaLa1−xBixS2 solid solutions were further investigated 

using HRTEM and the images are presented in Figure 3-9. The HRTEM images 

for all the NaLa1−xBixS2 solid solution exhibited high crystallinity of single-phase 

compounds. The selected area electron diffraction (SAED) patterns and the 

corresponding fast Fourier transform (FFT) of the NaLa1-xBixS2 exhibit distinct 
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bright spots indicating the particles are single crystal. All the index zones were in 

good agreement with the XRD results (Figure 3-6). For example, inter-planar 

distance between the fringes of about 2.07 Å and 2.04 Å were consistent with the 

(022) crystal plane of NaLaS2 and NaBiS2, respectively, and the spacings of the 

lattice of 2.93 Å, 2.93 Å and 2.91 Å (as seen in Figure 3-9d, f and h, respectively) 

were consistent with the spacings of the corresponding (002) planes for 

NaLa0.98Bi0.02S2, NaLa0.88Bi0.12S2 and NaLa0.50Bi0.50S2, respectively. The inter-

planar distance between the fringes of NaLa0.94Bi0.06S2 FFT image matches with 

d-spacing of (111) plane. An ultrathin amorphous layer of ~2 nm was detected on 

the surface in all the samples, most likely arising from the unavoidable oxidation 

of the surface upon the exposure to air as will be discussed in XPS analysis below.  
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Figure 3-9. Selected area electron diffraction patterns (left row) and high-resolution 

TEM images (right row) of of (a, b) NaLaS2, (c, d) NaLa0.98Bi0.02S2, (e, f) 

NaLa0.94Bi0.06S2, (g, h) NaLa0.88Bi0.12S2, (i, j) NaLa0.50Bi0.50S2 and (k, l) NaBiS2, 

prepared 10% Na excess at 800 °C for 2 h and the flow rate is 50 ml min-1 CS2. 

inset shows the corresponding fast Fourier transform (FFT). 

The elemental mapping in TEM observations was carried out to study the element 

distribution and the results are shown in Figure 3-10. From the images, it can be 

seen that La, Bi and S elements were well-distributed throughout the whole 

microspheres indicating the formation of a homogeneous solid solution. The 

deficiency of Na distribution in all cases most likely due to the easily reduced and 

vaporized by high electron beam (300 kV) as knowing for alkali metals,28 especially 

when ICP results and EDX (23 kV) analysis confirmed the stoichiometric of  solid 

solutions composition (Table 3-6 and Table 3-7). 
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Figure 3-10. The high angle annular dark-field scanning (HAADF) TEM 

images in inset and the corresponding elemental mapping of La (red), Bi 

(green), Na (yellow), S (Blue) and the composite solid solution NaLa1-xBixS2.  

XPS analysis was used to investigate surface composition and its oxidation state. 

Wide survey spectra and high-resolution spectra of NaLaS2, NaLa0.50Bi0.50S2 and 

NaBiS2 are presented in Figure 3-11a. The wide scan spectra of solid solution 

NaLaS
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NaLa1-xBixS2 showed the presence of all the elements constituting the materials 

together with small amount of carbon as contaminant and oxygen. 

The binding energy of Na 1s core level was located at 1071.46 eV as presented in 

Figure 3-11b. This value matches well with Na in the commercial sodium sulfides 

and sodium polysulfides, indicating that Na existed in monovalent for all solid 

solution compositions.28,70 From the spectra of S 2S in Figure 3-11c, there are two 

species of S present in the materials. The majority possess binding energy at 

approximately 224.70 eV and it is assigned to S-2 while the trace amount is located 

at higher binding energy and it confirms that sulfur is bound to oxygen.70-71 

Presence of the sulfate species is most probably due to the surface oxidation upon 

exposure to air. La 3d states in the high- resolution XPS spectra of NaLaS2 and 

NaLa0.50Bi0.50S2 (Figure 3-11d) split into doublets peaks for spin orbits of La 3d5/2 

and La 3d3/2 at binding energies for 834.8 eV and 851.7 eV, respectively in 

NaLaS2 and 835.1 eV and 851.8 eV, respectively in NaLa0.50Bi0.50S2. The energy 

difference between the La 3d3/2 and 3d5/2 states is approximately 16.9 and 16.7 

eV, suggesting that predominant state of La3+ as reported in La2S3.71 The peaks 

appearing on the high energy side of the 3d5/2 (at 838.4 eV in NaLaS2 and 838.9 

eV in NaLa0.50Bi0.50S2) and 3d3/2 (at 855.3 eV in NaLaS2 and 855.7 eV in 

NaLa0.50Bi0.50S2 ) peaks are corresponded to their shake-up satellites. It can be 

detected peaks at 837 and 853.9 eV (more obvious in NaLaS2) and it is most likely 

belong to another lanthanum species with different chemical surroundings. Exiting 

of additional peaks at lower binding energy side are attributed to the presence of 

higher oxidized impurities (La-O-S) that could be caused by lanthanum sulfate in 
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which consistent with those results in S 2s and 2p. NaBiS2 and NaLa0.50Bi0.50S2 

materials exhibit the Bi 4f7/2 and Bi 4f5/2 peaks gap of 5.3 eV confirming the Bi3+ 

trivalent oxidation state of this element in the structure (Figure 3-11e). Presence 

the shoulder for S 2p with binding energy at 186 eV confirms existing for sulfate 

species in NaLa0.50Bi0.50S2 clearer than in NaBiS2. The weakness of a similarly 

oxidized S in NaBiS2 suggests that bismuth is comparatively more resistant to 

oxidation than lanthanum as it is observed from synthesis protocol. 
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Figure 3-11. XPS spectra of NaLaS2, NaLa0.50Bi0.50S2and NaBiS2 (a) 

Wide scan of high resolution (b) Na 1S, (c) S 2S and La loss 

overlapping, (d) La 3d, and (e) Bi 4f and S 2p overlapping.  
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The lanthanum sulfate species were detected as a final product by conducting 

TGA/DSC analysis for NaLaS2 material in air from the room temperature to 1000 

°C as shown in Figure 3-12a. The NaLaS2 material is stable under air until around 

470°C. After that, the main mass gain was stated then followed by a second stage 

mass gain at 780°C. The total mass gain for two stage is 20%. Increasing the 

weight is accomplished with the exothermic peaks due to the oxidation reactions. 

XRD pattern (Figure 3-12b) shows of the residue material are lanthanum oxide 

sulfate (La2O2SO4).as a main material and impurity phase consists of 

Na1.788La0.062SO4. The theoretic mass value of these two formulas is higher than 

NaLaS2 by 20 %. This calculated value is very close to the experimental value of 

TGA and obeys the law of conservation of mass. 

 

Figure 3-12. (a)TGA curve of the pure NaLaS2, (b) XRD pattern for the residue 

material after TGA analysis. 
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3.3.3. The optical and Photocatalytic Properties. 

3.3.3.1. Optical absorption characterization and electronic structure. 

Diffuse reflectance UV-Vis measurements of the NaLa1-xBixS2 samples were 

conducted and their Kubelka-Munk function are presented in Figure 3-13 along 

with the computed bandgap from DFT calculation. The bandgap of NaLaS2 was 

~3.15 eV in the UV region, whereas that of NaBiS2 was ~1.21 eV. The values 

reported in the literature for NaBiS2 material were 1.4 eV12 and 1.37 eV28 for direct 

transition and 1.28 eV11 and 1.07 eV28 for indirect transition, respectively. 

 

Figure 3-13. (a) The photographic images for the solid solutions powder, (b) The 

absorption spectra of solid solution NaLa1-xBixS2, (c) Experimental and theoretical 

absorption edge versus Bi mole fraction.  
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Next, computational data are discussed, which were obtained under collaboration 

with Dr. Le Bahers and his team. Band structures and the densities of states (DOS) 

of pure NaLaS2 and NaBiS2 were first computed using HSE06 functional and the 

results are presented in Figure 3-14. The computed bandgaps were 3.61 eV for 

NaLaS2 and 1.37 eV NaBiS2. A large shift in bandgap from UV to Vis-NIR region 

agrees with those determined from the diffuse reflectance experiments (Figure 3-

13c). It is clear that NaLaS2 is characterized by an indirect bandgap with the 

conduction band minimum (CBM) at a k vector between  and X points and the 

valence band maximum (VBM) at the M point. NaBiS2 is characterized by a nearly 

direct bandgap, with CBM at a k vector between Z and A, and the VBM at A point. 

From the DOS, as shown in Figure 3-14d and h, the VBM is dominated by S 3p 

states whereas the CBM is mostly composed of La 5d for NaLaS2 and Bi 6p for 

NaBiS2. It is clearly observed that the La 5d states lie in a higher energy range (3.6 

eV vs. Fermi level EF) than Bi 6p states (1.4 eV vs. Fermi level EF). Therefore, the 

contribution of conduction band is responsible for the shift of the bandgap. It is 

worth mentioning that the unoccupied La 4f states in NaLaS2 have a negligible 

influence on VBM and CBM, and thus did not affect the bandgap.23,27 The low 

energy level of CBM in NaBiS2 is mainly due to 6p orbitals, as commonly observed 

in bismuth and lead compounds with 6s26p0 electron configuration (Pb2+, Bi3+).7,14 

Na orbitals are almost absent from the valence band confirming that this ion has 

mainly a structural role and almost no direct effect on the electronic structure. 
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Figure 3-14. Calculated band structures and density of states (DOS) of (a, b) 

NaLaS2 and (c, d) NaBiS2, respectively (c) Calculated absorption coefficient of 

NaLaS2 and NaBiS2 as a function of the wavelength, Calculated density of states 

(DOS) of NaLa1-xBixS2 for d) NaLaS2, e) x=0.06, f) x=0.12 and g) x=0.50 h) NaBiS2. 

For a better clarity the area bellow states associated with Bi atom(s) have been 

filled.  HSE06 bandgaps have been provided (see also Table 3-8). 

a b c 

d g f e h 
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The absorption coefficients of the pure NaLaS2 and NaBiS2 materials were also 

computed, and the results are presented in Figure 4c. For NaLaS2, high absorption 

coefficient was obtained to be approximately 1 × 105 cm−1 in the near UV-range 

(400 nm down to 300 nm), but it decreased sharply in the visible light region. 

Despite the indirect bandgap nature of NaBiS2, high absorption coefficients were 

attained on the order of 105 cm−1, an order of magnitude higher than a typical value 

for direct bandgap semiconductors,73 in the entire UV-vis range. The computed 

refractive index and the extinction and the absorption coefficients along a, b and c 

directions are provided in Figure 3-15. 

 

Figure 3-15. Calculated absorption coefficient  along a, b and c directions of (a) 

NaLaS2 and (b) NaBiS2. Theoretical refractive index n and extinction coefficient  

b a 

c d 
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along a, b and c directions of (c) NaLaS2, and (d) NaBiS2. The optoelectronic 

properties were obtained within DFT at the HSE06-level as implemented in the 

VASP code. 

Next, the measured absorption spectra and computed bandgaps of NaLa1-xBixS2 

solid solutions are presented in Figure 3-13b and c. A small substitution of Bi in 

NaLaS2 crystal resulted in drastic reduction of bandgap, according to replacing 

2%, 6%, 12% of Bi in La site. Substituting 24% Bi onwards led to bandgap close 

to the one for the pure NaBiS2. This drastic shift was consistently observed by the 

DFT calculation as clearly demonstrated with Figure 3-14 (d-h). Upon Bi 

substitutions, new states (located on Bi) appear in the DOS of NaLaS2, reducing 

instantaneously the bandgap (see DOS in Figure 3-14e). At the larger Bi 

concentration, the band associated with its 6p states broadens (Figure 3-14f) to 

reach the width of the conducting band of the pure NaBiS2 at Bi concentration of 

50% (Figure 3-14g). A simplified illustration of the band structure evolution 

discussed above is depicted on Figure 3-16. 
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Figure 3-16. Schematic representation of the bandgap variation for NaLa1-xBixS2 

with 0≤x≤1. 

3.3.3.2. Dielectric and Transport Properties. 

After photon absorption, the efficiency of photoconversion relies on a couple of the 

fundamental steps: charge carrier separation and dissociation to the active sites 

before recombination. These processes depend on dielectric constant (r), the 

electron and hole effective masses (m*) and the exciton binding energies (Eb).3,9,36 

All calculated optoelectronic properties are provided in Table 3-8. 

 Properties NaLaS
2
 NaBiS

2
 NaLa

0.94
Bi

0.06
S

2
 NaLa

0.88
Bi

0.12
S

2
 NaLa

0.50
Bi

0.50
S

2
 

E
g
 (eV) 3.61 1.37 2.51 2.39 1.37 

ε
∞
 3.81 6.30 4.12 4.24 5.49 

ε
r
 15.40 20.46 21.56 44.67 51.00 

m
e
* 

[a] 
(m

e
) 0.43 0.27    

m
h
* 

[a] 
(m

e
) 1.63  0.33     

m
e
*DOS 

[b] 

(m
e
) 

0.07 0.56   
 

m
h
*DOS 

[b] 

(m
e
) 

2.95 0.32   
 

𝜇
e
 
[c]

 

(cm
2
V

−1
s

−1
) 

10-250 1-28   
 

𝜇
h
 
[c]

 

(cm
2
V

−1
s

−1
) 

1-5 3-55   
 

E
b
 (meV) 4-42

[d]
  1-6

[d]
 

   

 

Table 3-8. DFT calculated properties of NaLaS2, NaBiS2 and their most stable 

configuration NaLa1-x
Bi

x
S2 solid solution: bandgap energy (Eg), electronic 

dielectric constant (ε∞), static dielectric constant (εr), effective mass of 
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electron(hole) (𝑚𝑒/ℎ
∗ ), DOS-averaged effective masses (me(h)

*
DOS), charge 

carrier mobility (𝜇e(h)) and exciton binding energy (Eb). [a] Average of [100], [010], 

[001], [110], [101], [111] directions (see Table 3-9 for details) . [b] Boltzmann 

transport theory; provided for carrier density of 1x10
17

 cm
−3

. [c] Estimated under 

the assumption of 𝜏 = 1-10 fs. [d] Using average values of me

*
 and mh

*
. 

 

 Direction NaLaS2 NaBiS2 

me* 

100 0.41 0.12 
010 0.27 1.07 
001 3.37 0.71 
110 0.31 0.23 
111 0.50 0.34 

  0.43 0.27     

mh* 

100 1.04 0.32 
010 1.04 0.27 
001 1.39 0.32 
110 9.74 0.40 
111 3.16 0.40 

  1.63 0.33 

Table 3-9. The effective mass of the charge carriers for 

NaLaS2 and NaBiS2 in various crystallographic directions 

using the parabolic approximation. The harmonic mean 

values are shown in bold for electrons and holes.  

Starting with dielectric constants, two main factors contribute to the static dielectric 

constant: (i) the contribution from the electron density (ε∞) and (ii) the contribution 

from the ion vibrations (εvib) as shown in equation below 

εr = ε∞ + εvib        (3-7) 

For the pure materials NaLaS2 and NaBiS2, the electronic contribution ε∞ to the 

dielectric constant of NaLaS2 is particularly low indicating a poor polarizability of 
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the electron density of these materials whereas it is much larger for NaBiS2, mainly 

because Bi atoms is highly polarizable. This low electronic contribution is partly 

compensated by a larger contribution coming from vibration, εvib. Again, the 

bismuth-based material has a larger contribution from vibrations than the 

lanthanum based one. High contribution of the vibration part indicating the ionicity 

nature of the two compounds. It has been reported that a value 10 or more is 

effective for exciton separation into free charge carriers inside the material.36 The 

total dielectric constants of both materials are larger than 10, good exciton 

dissociation is expected in the both materials as confirmed by low Eb values 

obtained using the DOS-extracted hole/electron effective masses. 

The exciton binding energy is computed from the following formula 

2b H

r

m
E E





         (3-8) 

where EH  is the energy of the hydrogen 1s orbital (i.e., 𝐸𝐻 = −13.6 eV) and m* is 

the reduced mass of the exciton),36 and it determines how much energy is needed 

to separate exciton into free charge carriers. For an efficient exciton dissociation 

at the room temperature the Eb has to be lower than the thermal energy (kBT ∼ 25 

meV).  Note that reduced mass can be calculated using effective masses of charge 

carriers obtained from: (i) the curvature of conducting (electron) and valence (hole) 

band by fitting (parabolic approximation) these band extrema in various 

crystallographic directions36 or (ii) the semi-classical Boltzmann theory by 

extracting the density-of-states-averaged effective masses (𝑚𝑒/ℎ
∗  DOS). In the text 
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below it is focused on the latter and report the former in Table 3-9.  For comparison 

the averaged 𝑚𝑒/ℎ
∗  calculated form the parabolic and DOS-extracted 

approximations are provided in Table 3-8. Both show that 𝑚ℎ
∗  >> 𝑚𝑒

∗  for NaLaS2 

and 𝑚ℎ
∗  ≈ 𝑚𝑒

∗  for NaBiS2. 

From the formula above Eq. 3-8 it is clear that exciton binding energy will be small 

if the dielectric constant of given material is large, while in case of similar r values 

the effective masses will mostly affect its magnitude. In the case of NaLaS2, which 

possess heavy holes and lighter electrons (see discussion below), the calculated 

Eb value is about 17 meV higher than room thermal energy (~25 meV), however 

calculations within semi-classical Boltzmann theory show significant reduction in 

the exciton energy due to lower values of 𝑚𝑒/ℎ
∗  DOS. Mainly DOS-extracted Eb is 

about 11 meV lower than kB at room temperature. This suggests that some 

nonobvious crystallographic directions, that were not taken into account in the 

averaged effective masses calculated from the fitting of the band curvature (aka 

parabolic approximation) lead to significant lowering of 𝑚𝑒
∗  and modest reduction 

of 𝑚ℎ
∗ . Thus it expects good exciton dissociation efficiency for pristine NaLaS2. 

Because, of the larger dielectric constant of NaBiS2 and lower effective masses of 

charge carriers a much lower exciton binding energy is computed, compared to 

NaLaS2. Consequently, a very good efficiency of exciton dissociation can be 

expected. 

In terms of transport properties, effective masses and charge carrier mobilities 

were computed. For effective masses, as aforementioned they were computed 
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using the parabolic approximation from the band structure and using the DOS 

averaged approach from the BoltzTrapp code.37,40 In general, electrons were found 

to be more mobile than holes in NaLaS2 while it is the opposite for NaBiS2. Albeit 

the difference in effective masses of both charge carriers of the latter material are 

much smaller than in the case of NaLaS2. In agreement with these effective 

masses, the hole mobilities computed from the Boltzmann transport theory (Figure 

3-17a-d) for NaLaS2 are very low on the order of 5 cm2 V−1 s−1 (when the scattering 

time (𝜏) was assumed as ten femtoseconds), while in case of the NaBiS2 the h is 

an order of magnitude faster (c.a. 55 cm2 V−1 s−1). The opposite is true for the 

electron mobility, which in NaLaS2 is almost 10 times higher than that of the 

NaBiS2.  

 

a 

b 

c 

d 
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Figure 3-17. The hole (a) and electron mobility (b) function of carrier density N for 

NaLaS2, the hole (c) and electron mobility (d) function of carrier density N for 

NaBiS2. The scattering time 𝜏 was varied to project the trend of change in mobility 

(1-10 fs). 

Masuda et al. reported a Hall mobility for holes in NaLaS2 to be 20.6 cm2V-1s-1 at 

300K, which falls into the range computed in this work.24 Furthermore, these 

authors determined this material to be p-type semiconductor; hence we can expect 

effective mass of electrons to limit the mobility, which is inversely proportional to 

the m* of minority charge carrier.36,74 Finally, large discrepancy between charge 

carriers mobilities may lead to potentially low conductivity of NaLaS2. 

3.3.3.3. Band position determination. 

The band alignment of CBM and VBM of a semiconductor relative to the redox 

potentials of the respective photocatalytic reactions is the critical parameter for 

successful photocatalysis.75-77 To determine the conduction band and valence 

band positions of the synthesized materials, combining of photoelectron 

spectroscopy in air measurements (PESA) and UV photoelectron spectra (UPS) 

measurements were performed. The thin films of solid solution NaLa1-xBixS2 were 

prepared by electrophoretic deposition method for the powders on FTO substrates. 

Figure 3-18 is shown the XRD patterns of the thin films/FTO, all the peaks belong 

to FTO and to the relative material in a pure phase.  
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Figure 3-18.  (a) The photographic images of thin films, (b) XRD patterns of NaLa1-

xBi xS2/FTO, prepared by electrophoretic deposition. 

The ionization potentials which equal to VBM potentials were estimated by the 

crossing point of the linear part of the curve with the background from PESA 

measurements as presented in Figure 3-19 and Figure 3-21.  
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Figure 3-19. Photoelectron spectroscopy measurements of NaLa1-

xBixS2/FTO. 
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The results were summarized in Table 3-10. VBM shifted only by 0.25 eV from 

NaLaS2 to NaBiS2, as expected from the same sulfur orbitals as discussed 

previously. Next, UPS results showed that the measured Fermi level positions of 

solid solutions drastically decreased by Bi substitution as shown in Figure 3-20 and 

Table 3-10, in agreement with bandgap shift measured from UV-Vis absorption 

spectra (Figure 3-13).  

Formula VB /eV 
Vs. 
vacuum 

VB /eV 
Vs.  
NHE 

CB / eV 
Vs. 
vacuum 

CB /eV 
Vs.  
NHE 

NaLaS
2
 5.8, 1.36  3.11 -1.4 

NaLa
0.98

Bi
0.02

S
2
 5.72 1.3 3.85 -0.6 

NaLa
0.94

Bi
0.06

S
2
 5.71 1.27 4.02 -0.43 

NaLa
0.88

Bi
0.12

S
2
 5.64 1.2 4.42 -0.02 

NaLa
0.50

Bi
0.50

S
2
 5.59 1.15 4. 49 0.05 

NaBiS
2
 5.55 1.11 4.61 0.17 

Table 3-10. Summarized band positions of VBM and CBM of the 

NaLa1-xBixS2 solid solutions using PESA and UPS data.  

In summary, the scheme representing the band positions of all the NaLa1−xBixS2 

samples is presented in Figure 3-21. A large difference in the energy between the 

Fermi level from UPS data and valence band from PESA data is due to Fermi level 

located close to the conduction band, indicating the n-type character as in the case 

of other sulfide materials such as CdS and ZnS with sulfur vacancies.78-79 

The CBM of NaLaS2 is more negative than standard hydrogen potential. The 

CBMs of 2 and 6 % of Bi samples are located at potentials −0.6, −0.43 V vs. RHE, 

respectively, while giving the visible light response. These results are in good 
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agreement with the narrowing of the bandgap from UV-Vis data and DFT results 

of these solid solutions Figure 3-13c. The conduction band position of solid 

solutions with 24 % or more Bi content are located at potentials close to that of 

pure NaBiS2 material, and they are very close to the standard hydrogen potential.   
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Figure 3-20. Ultraviolet Photoelectron Spectroscopy (UPS) of the 

NaLa1-xBixS2/FTO. 

 

 

Figure 3-21. Scheme for energy band positions of VBM and CBM for NaLa1-xBixS2 

solid solutions with respect to RHE and Vacuum level. 

3.3.3.4. Photocatalytic activity toward H2 evolution reaction. 

The performance of photocatalytic hydrogen generation under UV–Vis light 

irradiation (photon flux shown in Figure 3-2) for NaLa1-xBixS2 materials were 

evaluated as shown in Figure 3-22a. The Pt particles were loaded by photodeposi-

tion during the photocatalytic measurement in the presence of 0.2 M Na2S and 0.5 

M Na2SO3 as electron donors. A pure NaLaS2 material immediately generated 

hydrogen with initial rate about 2 mol h−1 and the hydrogen production was stable 

for over 8 h. Interestingly, substitution of 2 and 6 % Bi in La site shows the improved 

photocatalytic performance and the photocatalytic rates enhance to be 4.4 and 
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7.1mol h−1. This result is consistent with the large overlap between the used 

photon irradiation and photon absorption, as depicted in Figure 3-22b. Action 

spectra for the best sample, NaLa0.94Bi0.06S2, was taken and the results are shown 

in Figure 3-22b. The photocatalytic activity matches well with its absorption 

spectrum, suggesting that the bandgap excitation was successfully utilized for the 

photocatalysis. The maximum AQE measured is 0.24% at 420 nm, which needs 

to be improved for the future work. Then, the photocatalytic rates dropped 

dramatically with a rate less than 1 mol h−1 for NaLa0.88Bi0.12S2 sample (i.e., 12% 

Bi). All the solid solutions with Bi content of 24 % or more did not generate 

hydrogen as well as the pristine NaBiS2, although they could effectively harvest 

visible light according to the UV–Vis DRS results (Figure 3-13b). One criterion of 

the photocatalytic activity behavior can be ex-plained by the CBM position whether 

it is suitable for hydrogen evolution reaction, as discussed with PESA and UPS 

data shown in Figure 3-19 and 3-20. The improved photocatalytic performance of 

solid solutions with 2% and 6% of Bi (NaLa0.98Bi0.02S2 and NaLa0.94Bi0.06S2) is at 

least partly attributed to expansion of the photon absorption range from UV to 

visible light region as shown in UV–Vis data (Figure 3-13b). There might also be 

the contributions from the exciton dissociation capability associated with dielectric 

constant. A drastic decrease in photocatalytic activity for the sample with Bi 

substitution greater than 12% would be the hydrogen evolution reaction due to the 

position of these bands relative to hydrogen evolution potential led to reducing the 

electromotive force towards electrocatalytic hydrogen evolution.  
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Figure 3-22. (a) The amount of the evolved H2 as a function of time using 1 

wt% Pt/NaLa1−xBixS2, and (b) action spectra for the NaLa0.94Bi0.06S2 

sample together with its Kubelka-Munk function of diffuse reflectance UV-VIS 

spectra (the spectra for NaLaS2 and NaBiS2 are also shown for reference) as 

well as the used photon flux in gray line (identical data from Figure 3-13b ) (100 

mg photocatalyst, 100 mL of 0.2 M Na2S and 0.5 M Na2SO3 solution). 

To assess the stability of the materials NaLaS2, NaLa0.98Bi0.02S2, NaLa0.94Bi0.06S2 

and NaLa0.88Bi0.12S2 as visible light driven photocatalysts, XRD measurements 

were performed after 8 h of photocatalytic test. XRD patterns in Figure 3-23 show 

identical patterns for all the samples before and after the testing, indicating good 

stability and robustness of these semiconductors for photocatalytic H2 evolution. 

 

 

 

b a 
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Figure 3-23. XRD patterns of NaLa1-xBixS2, before and after 

photocatalytic testing. 

In summary, this investigation of NaLa1-xBixS2 solid solutions confirms that the 

optoelectronic properties with adjusting the band edge positions to be suitable for 

photocatalytic hydrogen production can be tuned by manipulating amount of Bi in 

the structure. The material design concept proposed here might be applicable for 

selenide and telluride heterostructures materials as isostructural for sulfide 

material. Moreover, NaLa1-xBixS2 with small bandgap can be utilized as green 
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material for light harvesting application such as Z-scheme strategy, solar cell 

application or dye-sensitized solar cell. 

3.4. Conclusions 

The NaLa1-xBixS2 solid solution form cubic NaCl type structure confirmed by the 

Rietveld refinement of XRD patterns and ICP analysis, providing a monotonic 

linear shift of lattice constants with their composition. The electronic structure of 

NaLa1-xBixS2 both measured and computed by DFT calculation using the HSE06 

functional exhibited that Bi 6p contribute discretely in the conduction band that 

occupies the energy level appearing between bands originating from La 5d and S 

3p. The valence band maximum mainly consists of S 3p orbitals for the solid 

solution. Substitution of small Bi content up to 6% in NaLaS2 led to extension of the 

photon absorption from UV of NaLaS2 (~3.2 eV) to visible region (~2.2 eV). On the 

contrary, all the solid solutions with 24% or more of Bi content exhibited the 

absorption edges close to that of pure NaBiS2 (1.2 eV). Interestingly, the computed 

properties show that NaBiS2 has high absorption coefficients in the visible region 

of the spectrum, larger dielectric constant, lower effective masses of charge 

carriers and a much lower exciton binding energy compared to NaLaS2. Thus, 

good absorption properties and an efficient exciton dissociation can be expected 

in NaBiS2 material. Experimentally, NaLa1-xBixS2, x~0.06 showed highest 

performance for the photocatalytic hydrogen evolution reaction in Na2S/Na2SO3 

solution under UV-Vis illumination because of compensation between enhanced 

absorption in visible light region and lowering electron motive force to achieve 
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hydrogen evolution reaction. The NaLa1-xBixS2 solid solutions can be considered as 

interesting visible light responsive materials for the development of new 

semiconductors by cations substitution (X3+ (ns2np0) and Ln3+ (ns0nd0)) as a tool 

for bandgap tailoring and band position manipulation. 
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CHAPTER 4  

Optoelectronic and Photoelectrochemical Properties of the Bi2S3 

Material, From a Photocatalytic Hydrogen Production Point of 

View 

A simple wet chemistry method was employed to synthesize self-assembly of 

bismuth sulfide (Bi2S3) nanorods vertically grown on (FG or FTO) substrates. The 

sulfurization process of a thin layer of Bi metal/substrate was carried out at 200°C 

for 2h under hydrothermal conditions. The obtained thin films were characterized by 

X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray energy dispersive 

spectroscopy (EDX), transmittance and reflectance UV-Vis spectroscopy, ultraviolet 

photoelectron spectroscopy (UPS), and photoelectron emission spectroscopy in 

air (PESA). The results revealed that Bi2S3 has a bandgap of 1.3 eV with a 

moderate absorption coefficients of about 104 cm-1 in the visible light region. The 

UPS and PESA results showed that the conduction band minimum of Bi2S3 is 

located slightly above the hydrogen redox potential. However, the extracted flat 

band potential from the Mott−Schottky analysis is 0.36 V vs. RHE and onset 

potential of the photoanode thin films in the presence of different sacrificial 

reagents at around 0.3 V vs. RHE. The Pt/ Bi2S3 system did not evolve a detectable 
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amount of hydrogen, which suggests that the high energy barriers of the 

photocatalytic hydrogen evolution reaction or the presence of defect states, which 

can act as electron traps and hinder the hydrogen reduction reaction. Therefore, 

Bi2S3 is considered a good candidate as a visible light absorber for photovoltaic 

cell, tandem cell, or other photoconversion applications. 

4.1. Introduction 

Solar energy conversion systems have received significant attention, such as 

photovoltaics and photosynthesis due to the energy generated from renewable and 

inexhaustible energy source. Efficient harvesting and full conversion of solar 

energy into chemical bonds using the photocatalyst material is considered an ideal 

approach for direct storage of the renewable sunlight,1-3 and the conversion 

efficiency strongly depends on the semiconductor properties.4-6 

Bismuth chalcogenide binary compounds with the common formula Bi2Ch3 (Ch; S, 

Se, and Te) are an interesting class of layered structured materials with different 

polymorphs.7-9 These materials hold great potential, particularly in energy 

applications, such as electrochemical energy storage in (H+, Na+, and Li+) ion 

batteries,10-15 supercapacitors,16-17 and the photocatalytic application of pollution 

degradation.18-19 These materials have narrow bandgap features; Bi2S3 has been 

reported to possess a bandgap of around (1.2–1.4 eV). However, the bandgaps of 

Bi2Se3 and Bi2Te3 are too small, at less than 0.5 eV.8,20 According to the 

photovoltaic solar cell, the maximum efficiency of the solar conversion can be 
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achieved when the bandgap of the absorber is between 1 and 1.5 eV, for example 

CdTe (1.49 eV) and GaAs (1.42 eV).21 Bi2S3 has less toxicity and is less 

environmentally harmful than Te and As. Thus, Bi2S3 has the potential to be 

considered as a photoabsorber for photovoltaics applications.22-24 Moreover, Bi2S3 

material has the potential to apply in a tandem cell or Z-scheme cell for 

photocatalytic water-splitting applications. A lack of information regarding to the 

intrinsic properties that relevant to apply Bi2S3 in photocatalytic water-splitting 

application such as absorption coefficient, band edge positions, and 

photoelectrochemical measurements of pure Bi2S3 material, motivates us to 

establish this study using a pure Bi2S3 thin film system.  

Here, the thin films of Bi2S3 were prepared by sulfurization of the thin layer of Bi 

metal/ (FG, FTO) using a hydrothermal reaction. The method provides an adherent 

and conformal thin film of Bi2S3, which can overcome the problems of poor 

coverage reported in previous methods, such as successive ionic layer adsorption 

and reaction (SILAR)25-26 or chemical bath deposition.27 Moreover, it helps to 

overcome the difficulties of dealing with sulfur, such as the sulfurization process in 

the horizontal oven or using separate boats in the thermal evaporator for the 

vacuum thermal evaporation method.28-29  
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4.2. Experimental part 

4.2.1. Bi2S3 synthesis 

4.2.1.1. Thin film system 

Bi2S3 thin films were prepared on top of fused glass (FG) and FTO substrates, 

through sulfurization of the Bi layer using a hydrothermal approach. First, the FG 

and FTO substrates were cleaned using ultrasonic vibrations in acetone and 

ethanol for 30 minutes in each solvent to remove dust and organic contaminants. 

Bi thin films with different thickness were deposited on the FG and FTO by a 

vacuum thermal evaporation (NORM VCM600 V2). Bismuth metal powder (Bi) was 

weighed (10, 23, and 50mg) and loaded into the tungsten boat in the thermal 

evaporator and separately deposited onto (FG,FTO) substrates. For all 

depositions, the base pressure in the thermal evaporator was set at 1.4 x 10-5 Pa 

with a target-substrate distance of 15 mm. The obtained substrates Bi/FG or 

Bi/FTO were horizontally placed in 50 ml poly(tetrafluoroethylene) Teflon-lined 

pressure vessels (Parr Instruments), which contained 100 mg thiourea dissolved 

in 30 ml of distilled water and stirred for 10 min. The pressure vessel was sealed 

and heated to 200⁰C for 2 h. After the vessel cooled down to 

the room temperature, it was carefully opened, and the resulting thin films were 

collected. The obtained thin film had a dark brown color and it cautiously rinsed 

with distilled water and dried with an N2 stream. 
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4.2.1.2. Powder system 

Bismuth sulfide powder was synthesized via the hydrothermal method. A nitrate 

precursor 1.25 M Bi(NO3)3 (Aldrich, 99.99%) was used as the Bi source and 3.3 M 

thiourea (Aldrich, ≥99.0%) was used for the S source. All the reagents were added 

into 50ml poly(tetrafluoroethylene) Teflon-lined pressure vessel (Parr 

Instruments), which was filled with 30 ml of distillated water and stirred for 10 min. 

The pressure vessel was sealed and heated to 200 ⁰C for 6 h. The brownish solid 

products were recovered by filtration, followed by rinsing three times with deionized 

water. The recovered powder was directly dried overnight at 60 °C.  

4.2.2. Characterizations 

The crystal structure of the thin films/ FTO and powder were characterized by 

powder x-ray diffraction (XRD). The patterns were collected on a Bruker D8 

Advanced A25 diffractometer equipped with a Cu X-ray tube (Cu–Kα; λ = 0.154 

nm) operated at 40 kV and 40 mA with a 0.01° step size and a 0.5 s counting time 

per step. The morphology observations and surface features were conducted 

using an electronic microscope (SEM) that was operated at 5 keV on a Nova Nano 

630 instrument from FEI. The chemical compositions of the thin films were 

determined using X-ray energy dispersive spectroscopy (EDX) EDAX’s APOLLO 

XL EDS detector with 30 mm2 SDD sensor, which is equipped with a Nova 

NanoSEM630 (Thermo fisher scientific) and operated at 23 kV. The transmittance 

and reflectance UV-Vis-NIR spectra of the thin films/ FG were recorded in the 

range of 200 to 1000 nm using a Jasco V-670 spectrophotometer with an 
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integrating sphere. The thickness of the thin films were determined using a 

profilometer on a FG substrate that was masked with a tip. Ultraviolet 

photoelectron spectroscopy (UPS) measurements were performed in a Kratos 

Axis Ultra DLD spectrometer instrument using a He I excitation (հν = 21.21 eV). A 

bias of -9 V was applied to the sample surface for UPS measurements. The 

valence band position was determined by photoelectron emission spectroscopy in 

air (PESA) in a Riken Keiki AC-2 photoelectron spectrometer. The standard 

hydrogen potential was calculated relative to the absolute vacuum potential.  

 4.44 abs SHEE E V        (4-1)  

4.2.3. Photo-electrochemical measurements 

All electrochemical measurements were performed using a research - grad, multi-

channel potentiostat (VMP3, BioLogic Science Instruments). The conventional 

three-electrode electrochemical cell system was used during the measurements. 

The Bi2S3/FTO electrodes were used as the working electrode, the silver/silver 

chloride (Ag/AgCl) electrode (saturated in sodium chloride (KCl) aqueous solution) 

was used as the reference electrode, and a platinum wire was used as the counter 

electrode. The results were then calculated on a reversible hydrogen electrode 

(RHE) scale using: 

/ 0.198 0.059*RHE Ag AgClE E pH                        (4-2) 

All the reagents were used as they were received without further purification the 

required electrolytes were prepared using Milli-Q water (18 MΩ). The 

photoelectrochemical measurements (PEC) were performed using a solar 
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simulator (Peccell Technologies, PEC-L15) air mass 1.5 global (AM 1.5 G). The 

scan rate was conducted at 10 mV s-1. The electrochemical impedance 

spectroscopy was performed to estimate the flat band potential of Bi2S3 in buffered 

phosphate solution 0.2 M K2SO4, 0.4 M KH2PO4/ 0.2M K2HPO4 that was adjusted 

at pH=5. The potential window for Mott-Schottky analysis was determined by cyclic 

voltammetry experiments (CV) where there is no electrochemical reaction in which 

the faradic current remains negligible, i.e., a double layer region between 0.4 and 

0.7 V vs. RHE and the scan rate was 10 mV s-1 under bubbling of Ar. The 

impedance spectra was recorded between 10 Hz to 100 kHz and the amplitude of 

the superimposed sinusoidal potential signal was 5 mV for each of the 70 steps in 

the range of the CV potential window under dark conditions. 

4.2.4. Photocatalytic Reaction 

The photocatalytic activity toward the hydrogen evolution reaction was tested using 

a recirculating reactor unit. The accumulated gaseous products were analyzed 

using a Shimadzu GC with a Molecular Sieve 5A column. A Xe lamp (CERMAX 

PE300-BF, 300 W) was used as a light source, and the irradiation wavelength was 

controlled with a combination of a cold mirror and a water filter ((λ > 350). The 

experiments were performed using 100 mg of Bi2S3 powder, which was dispersed 

in 100 mL of 0.5 M Na2S/ 0.5 M Na2SO3 pH 13 and 0.1 M ascorbic acid in 0.1 M 

Na2SO4 pH 3.5 with 52 μL of 0.1 H2PtCl6. 6H2O as a cocatalyst and then sonicated 

for 15 min. 1 wt % Pt cocatalyst with respect to the catalyst was deposited under 

radiation during the reaction.  
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4.3. Results and Discussion 

4.3.1. Synthesis and Structural Characterizations 

Bi2S3 thin film was prepared by the sulfurization of the Bi thin film in thiourea 

solution via a hydrothermal method at 200°C for 2 h. X-ray diffraction (XRD) was 

used to monitor the mechanism of formation of Bi2S3 from Bi thin layer. Figure 3-1 

shows the XRD patterns of the thin films of Bi/FG after the hydrothermal reaction 

at 200°C for 1, 1.5 and 2 h. Bismuth oxysulfide Bi2O2S thin film was formed firstly 

from bismuth metal in an aqueous solution of thiourea. Then, a pure Bi2S3 thin film 

was obtained after increasing the reaction time to about 2h. 

 

Figure 4-1. XRD patterns of Bi/FG after hydrothermal reaction in 

thiourea solution at 200°C for a different time reaction.  

Thiourea worked as a sulfur resource and the sulfurization process of bismuth 

occurred in situ in the hydrothermal container. The reaction process includes four 
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steps, as follows: first, the bismuth metal is oxidized to bismuth oxide in an 

aqueous solution of hydrothermal condition. Second, H2NCSNH2 hydrolyses to 

give H2S. Third, Bismuth oxide reacts with hydrogen sulfide to form Bismuth 

oxysulfide. Finally, complete sulfurization of the bismuth oxysulfide, by reacting 

again with hydrogen sulfide to form bismuth disulfide. The chemical reactions are 

given below:  

2 2 3 22 3 3Bi H O Bi O H          (4-3) 

2 2 2 2 3 22 2NH CSNH H O H S NH CO       (4-4) 

2 3 2 2 2 2Bi O H S Bi O S H O       (4-5) 

2 2 2 2 3 22 2Bi O S H S Bi S H O        (4-6) 

Different thicknesses of Bi2S3/FG and Bi2S3/FTO thin films were prepared by 

following the same protocol at 200 for 2h. Figures 4-2 and 4-3 present the XRD 

diffractograms for Bi2S3 thin films synthesized on FG and FTO, respectively. 

Reference patterns for Bi2S3 and FTO substrate are also included. 
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Figure 4-2. XRD patterns of different thickness Bi2S3/FG thin films. 

Inset shows the photographic image for thin films. 

 

Figure 4-3. XRD patterns of different thickness Bi2S3/FTO thin films. 

Inset shows the photographic images for thin films. 
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Uniform bismuth sulfide thin films were obtained in both cases under conditions 

200 °C for 2 h. The positions and relative intensities of all the peaks are well 

matched with the standard data of an orthorhombic crystal structure for bismuth 

sulfide file number (JCPDS 17-0320, a = 11.149 Å, b = 11.304 Å and c = 3.981 Å, 

space group Pnma). Within the limit of XRD detection, no extra peaks in the 

patterns are observed, suggesting the purity of Bi2S3 thin films. It is noticed that 

the increase in the intensities of peaks with the increase of the thin film thickness, 

which suggests a change of the roughness of thin film with an increasing thickness. 

The thin films’ thickness were estimated for those prepared on the FG substrate 

by the profilometer and it was been found to be 50, 100, and 150 (± 10) nm. 

The morphology and structure of the thin films obtained are shown in Figure 4-4. 

The top view of Bi2S3 of SEM images reveals that dense nanorods of Bi2S3 are 

vertically aligned on the substrate. Increasing the thickness of Bi layer led to 

increasing the coverage of nanorods and the texture become denser. It is also 

observed that some of the nanorods are randomly distributed on the surface with 

a diameter less than 20 nm. 
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Figure 4-4. Top-view SEM images for the different thickness Bi2S3/FTO thin 

films a) 50 nm, b) 100 nm c) 150 nm that were prepared at 200 °C for 2 h.  

The chemical compositions of Bi2S3 thin films were confirmed from energy 

dispersive analysis by X-ray (EDX) as shown in Figure 4-5 and Table 4-1. For all 

thin films, the Bi and sulfur ratio are close to the theoretical values, which confirms 

the purity of the materials. 

 

Figure 4-5. EDX spectra for the different thickness Bi2S3/FTO thin films a) 50 

nm, b) 100 nm c) 150 nm that were prepared at 200 °C for 2 h. 

Thickness 

Bi S 

Wt% At% Wt% At% 

Theoretically 81.29 40 18.71 60 

50 nm 82.84 42.55 17.16 57.45 

3 m 3 m 3 m 

a c b 

a b c 
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100 nm 83.06 42.93 16.94 57.07 

150 nm 83.30 43.35 16.70 56.65 

 

Table 4-1. EDX atomic ratios for the different thickness 

Bi2S3/FTO thin films that were prepared at 200 °C for 2 h. 

4.3.2. UV−Vis and band positions characterization 

The first requirement for efficient solar energy conversion is that the semiconductor 

should have a bandgap match with visible light maximum absorption. Therefore, 

the photon absorption is the first fundamental parameter involved in the 

photocatalytic water splitting.4-5 The optical transmittance and reflectance of Bi2S3 

thin films grown on FG substrate were recorded to determine the absorption 

coefficient of Bi2S3 and estimate the optical bandgap. The transmittance and 

reflectance spectra are shown in Figure 4-6 (a and b). The transmittance in the 

wavelength range of 200–1000 nm decreased with increasing the thickness from 

50 to 150 nm, as expected from the Beer-Lambert law. Moreover, the light 

transmittance in a wavelength of 200 is about 25% and 7% for 50 and 100 nm, 

respectively, and never reaches 0% suggesting that voids exist between the 

nanorods in these thin films. High reflectance values for all thin films suggest the 

presence of a metallic nature of the Bi2S3 material, since the metal reflects the 

incident radiation. 
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Figure 4-6. (a) Transmittance and (b) reflectance spectra of different 

thickness Bi2S3 thin films grown on FG substrate. 

The absorption coefficient was derived using both transmittance and reflectance 

contributions, considering the films’ thickness, and is shown in Figure 4-7. The 

absorption coefficient has been calculated using Eq. 4-7 as following: 

2

1
ln

(1 )

T

t R


 
   

 
      (4-7) 

Where α is absorption coefficient, t is film thickness, T is transmittance, and R is 

reflectance. 
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Figure 4-7. The absorption coefficient spectra of different thickness 

Bi2S3/FG thin films. 

For wavelengths ˂ 980 nm, the absorption coefficient is strongly dependent on 

wavelength and the absorption coefficient increased with the wavelength range of 

less than 980 nm, due to the transition across the Bi2S3 bandgap. The result shows 

that Bi2S3 has moderate absorption coefficient features (> 1 × 104 cm-1) for the 

entire visible region ˂ 800 nm. Considering 650 nm, the average absorption 

coefficient for the three films is 3.44 × 104 cm–1, which leads to a 291 nm thickness 

of the Bi2S3 film (light penetration depth of α–1 = 290 nm) being sufficient for 

efficient charge carrier generation when the wavelength of incident light is 650 nm. 

Due to the rough surface, a Bi2S3 thickness of 669 nm (>2.3 times the value of α−1) 

is required to ensure >90% absorption of the incident light at a wavelength of 650 

nm.30  
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Generally, the absorption edge in the semiconductor due to the band-to-band 

transitions reflects the bandgap Eg of the semiconductor. Using the absorption 

coefficient spectra, the direct and indirect bandgaps were estimated from the Tauc 

plots in Figure 4-8 (a and b). The extrapolated values are 1.37 and 1.31 eV for the 

direct and indirect bandgap excitations, respectively. 

 

Figure 4-8. Tauc plots of a) direct and b) indirect bandgap of 100 nm 

Bi2S3/FG thin film. 

The crystal and electronic structure of the semiconductor mainly determine the 

absorption properties and nature transition. No available theoretical data for 

computed absorption coefficients to compare with these experimental results. 

However, it has been reported that Bi2S3 almost possess an indirect bandgap (a 

nearly direct gap) due to the valence band maximum, which lies at the Brillouin-

zone point close to the point of the bottom of the conduction band.31 Moreover, it 

was found that the bottom of the conduction band mainly consists of Bi 6p orbitals, 
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while S 3p orbitals make the main contribution to the top of the valence band. The 

hybridization between the orbitals is weak, raising an ionicity nature for Bi2S3.20,31 

To provide the driving force for hydrogen evolution reaction by the photo-

generated free charge carriers, the conduction band minimum position must be 

located at more negative than the hydrogen redox potential to achieve a direct 

injection of excited electrons from the semiconductor to the semiconductor-

electrolyte interface.32-33 The position of the conduction band has been determined 

by combining UPS, PESA, and the Schottky-Mott measurements with the UV-Vis-

IR results. 

UPS measurements were performed to determine the work function of the Bi2S3 

material and to identify the nature of the semiconductors. The work function is 

defined as the energy necessary to remove an electron from the Fermi level of a 

semiconductor infinitely far away, i.e., to the vacuum level. Practically, it is obtained 

from the cutoff of the secondary electrons in UPS spectra34 as shown in Figure 9b 

and the Eq. 4-8 was used to calculate the work functions of the films, where Φ, hν, 

and Ecutoff are the work function, incoming photon energy from the He I source 

(21.21 eV), and the secondary electron cutoff energy, respectively. 

 

Φ= hν-Ecutoff        (4-8) 
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Figure 4-9. X-ray photoelectron spectra (UPS) of the different thickness 

Bi2S3/FTO thin films. 

The wide scan XPS spectra of Bi2S3/FTO in Figure 4-9a showed the presence of 

the Bi, S, Sn and O elements that belong to Bi2S3 material and SnO2 substrate 

(FTO) with a small amount of carbon as a contaminant and oxygen. No others 

elements were detected. 

The calculated Fermi level for all thin films is 4.21 eV vs. vacuum level (~-0.23 V 

vs. RHE). These thin films were also used to perform PESA measurements; the 

ionization potential of Bi2S3 thin films were estimated by crossing the point of the 

linear part of the curve with the background, as presented in Figure 4-10. The 

ionization potential is equal to valence band maximum potential in the 

semiconductor. Thus, the valence band maximum of Bi2S3 is located at ~5.63 eV 

vs. vacuum (1.19 V vs. RHE). 
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Figure 4-10. Photoelectron spectroscopy in air measurements (PESA) of the 

different thickness Bi2S3/FTO thin films. 

A large difference in the energy between the Fermi level from the UPS results and 

the valence band from the PESA data results indicates that the Fermi level is 

located below the conduction band. Thus, Bi2S3 has an n-type character; n-type 

dopant was reported in sulfide materials, such as CdS,35-36 ZnS,35 Sn2S3
37-38 and 

SnS2
37 due to the sulfur vacancies in the structure. The scheme in Figure 4-11 

shows the energy levels of Bi2S3 material respect to the vacuum and RHE scale 

extracted by combining UPS, PESA, and UV-Vis-IR measurements. 
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Figure 4-11. Schematic of energy levels of Bi2S3 material respect to 

the vacuum and RHE scale. 

Locating the conduction band maximum at a more negative potential than a 

hydrogen redox potential motivates us to determine the flat band potential EFb, the 

onset potential, and photocatalytic activity toward the hydrogen generation in the 

presence of the sacrificial regents. 

 

4.3.3. Photo-electrochemical measurements 

The thin film used for the electrochemical and photoelectrochemical (PEC) 

measurements is 100 nm Bi2S3/FTO.  

The flat band potential of the semiconductor is an important parameter for 

explaining the charge transfer process across the semiconductor-electrolyte 

interface and the position of EFb plays an important role because its energy 

represents the oxidation/reduction potential of holes/electrons at the interface of 

semiconductor-electrolyte. The Mott− Schottky plot was used to determine the EFb 

value by measuring the capacitance as a function of applied voltage using an Eq. 

4-9 in the case of an n-type:39-41 

app2 2

1 2
E E b

Fb

sc r D

k T

C e A N e 

 
   

 
    (4-9) 

Where CSC is the material capacitance, e is the elementary charge, ε˳ and εr are 

the vacuum permittivity and the relative dielectric constant of the semiconductor, 

respectively. A is the electrode area, ND is the majority carrier concentration, Eapp 

is the potential applied to the material, EFb is the flat band potential, kb is the 
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Boltzmann constant, and T is the temperature. The Mott-Schottky measurement 

was applied in the double layer region of Bi2S3, where no faradaic currents are 

observed as present in Figure 4-12 (a,b). 

 

Figure 4-12. (a) Cyclic voltammetry for the double layer potential window, 

(b) Mott-Schottky plot of Bi2S3 thin film in a buffered phosphate solution 0.2 

M K2SO4, 0.4 M KH2PO4/ 0.2M K2HPO4 pH: 5. 

The positive slope measured for the Bi2S3 material was consistent with an n-type 

character. The extrapolated flat band potential EFb is 0.36 V vs. RHE, which is a 

good agreement with the value that was reported in the literature.42 

To determine the onset potential of Bi2S3 thin films, the photoelectrochemical 

scans of Bi2S thin film electrodes were conducted under dark and illuminated (solar 

simulator) conditions, using different aqueous solutions such as 0.1 M NaOH pH 

12, 0.1 M Na2SO4 pH 7, hole scavenger reagents (i.e., as electron donors), 0.5 M 

Na2S with 0.5 Na2SO3 pH 13 as inorganic sacrificial reagent, and organic sacrificial 

reagents such as 0.1 M ascorbic acid in 0.1M Na2SO4 pH 3.5, and 20% methanol 

in 0.1 M NaOH pH 12. 
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Figure 13 (a-d) shows the electrochemical behavior of B2S3 under dark and 

illuminated conditions and a stability test under illumination at 0.9 V vs RHE, in 

aqueous solutions 0.1 M NaOH pH 12 and 0.1 M Na2SO4 pH 7. 

 

Figure 4-13. (a, c) Electrochemical scans of Bi2S3 thin films in 0.1 M NaOH 

pH 12 and 0.1 M Na2SO4 pH 7 under dark and illuminated conditions, (b,d) 

stability test under illumination at 0.8 V vs. RHE in NaOH pH 12 and Na2SO4 

pH 7 solution.  

The recorded dark currents are small over the potential range less than 0.8 V, then 

a significant amount of current passed at a bias potential of more than 0.8V. This 
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is because the oxidation of sulfide species is easier than the oxygen oxidation 

reaction.43  

The photocurrents were observed when the electrodes were scanned under 

illumination as presented in the red line in Figure 4-13 a and c. The anodic 

photocurrent increased as the potential was swept into the positive direction. This 

confirms the n-type nature of Bi2S3 and referring to the flowing of photogenerated 

electrons from the photoanode into the platinum electrode. The photocurrent 

density in 0.1 M NaOH is much higher than that of 0.1 M Na2SO4; such behavior 

is attributed to the presence of plenty of hydroxide ions in NaOH solution, which 

competes with competes the photo-oxidation of the sulfide. 

Strong photocurrent spikes are observed during the interruption of the light in both 

cases, resulting from the accumulation of holes at the electrode’s surface. it is likely 

to be due to the high surface area of the electrodes and slow oxidation reaction 

kinetics.44-45 

A stability test was conducted where no electrochemical current was observed (no 

dark current) at 0.8 V vs. RHE as shown in Figure 4.13 (b and d) 

From the stability plots, the photocurrents were observed to decay continuously 

with time in both solutions. The rapid photodecomposition of Bi2S3, due to the self-

oxidation of the sulfide in Bi2S3, led to destroying the photoactive material.  

Therefore, The PEC performance of Bi2S3 was investigated in different sacrificial 

agents as present in Figure 4-14, in which 20% methanol in 0.1 M NaOH pH 12, 

0.5 M Na2S with 0.5 Na2SO3 pH 13 and 0.1 M ascorbic acid in 0.1 M Na2SO4 pH 

3.5 were used as sacrificial reagents for photogenerated holes. 
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Figure 4-14. (a-c) Electrochemical scans of Bi2S3 thin films in 20% methanol in 

0.1 M NaOH pH 12, 0.5 M Na2S with 0.5 Na2SO3 pH 13 and 0.1 M ascorbic acid 

in 0.1 M Na2SO4 pH 3.5, respectively under dark and illumination, (d-f) Stability 

test under illumination in 20% methanol in 0.1 M NaOH pH 12, 0.5 M Na2S with 

0.5 Na2SO3 pH 12 and 0.1 M ascorbic acid in 0.1 M Na2SO4 pH 3.5 solutions. 

The enlarged view shows the onset potential.  

It is clear that the dark currents in the Na2S with 0.5 Na2SO3 and ascorbic acid 

solution start at negative potentials compared to methanol. This means the Na2S 

with 0.5 Na2SO3 and ascorbic acid solution are easier to oxidize and more effective 

to protect the photoanode. 

The PEC performance of Bi2S3 improved in Na2S with 0.5 Na2SO3 and ascorbic 

acid systems. However, the methanol solution presents with less photocurrent. The 

presence of the sharp photocurrent spikes in the methanol result from the 
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accumulated holes at the Bi2S3/ electrolyte interface and those holes are not 

efficiently injected into the electrolyte as a consequence of slow oxidation reaction 

kinetics. It has been reported that alcohol reagents are less efficient in protecting 

n-type sulfide materials, such as CdS. Using S2 −/ SO3
2 − as sacrificial reagents 

instead of alcohols efficiently suppresses the photoanodic dissolution.46-48 

Increasing the photocurrent and absence of the spikes in Na2S with 0.5 Na2SO3 

and ascorbic acid indicates the rate recombination is low and the charge transfer 

at Bi2S3/ electrolyte interface is fast.  

Bi2S3 material in the methanol suffers from photo corrosion. However, it presents 

better stability in S2−/ SO3
2− and ascorbic acid solutions compared with methanol 

solutions (see Figure 4-14 d, e, and f). Therefore, Bi2S3 can be potentially applied 

in photoelectrochemical energy conversion applications or in the liquid-junction 

photovoltaic cell using S2−/ SO3
2− or ascorbic acid solutions to test the 

performance. It is observed that the onset potentials Eonset are 0.3 V and 0.35 V 

vs. RHE in S2−/ SO3
2− and ascorbic acid regents, respectively. These values are 

compatible with the obtained flat band potential EFb from the Mott–Schottky 

analysis. However, it can be noticed that the offset of 600 mV between Eonset or EFb 

and the Fermi level value that was determined from UPS measurements. For a 

heavily doped n type semiconductor, the Fermi level is located within ∼100 mV 

from the conduction band, thus, EFb is commonly considered as a reasonable 

approximation for conduction band energy.40,49-50 Here, the large difference 

between the Fermi level of Bi2S3 and EFb suggests the presence of surface states 
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in Bi2S3 and these surface states affect the photocatalytic performance of a Bi2S3 

material. 

The photocatalytic tests of Bi2S3 powder with 1 wt% Pt cocatalysts were performed 

in both 0.5 M Na2S/ 0.5 M Na2SO3 pH 13 and 0.1 M ascorbic acid in 0.1 M Na2SO4 

pH 3.5 solutions as sacrificial reagents. Neither systems showed any detectable 

H2 evolution, even for experiments carried out for up to 4 h of illumination (A Xe 

lamp). The absence of a photocatalytic hydrogen evolution reaction in Bi2S3 

material, although the conduction band maximum is located at a potential more 

negative than hydrogen redox potential, suggests that the photogenerated 

electrons are trapped by the surface states in Bi2S3 or high energy barriers51 for 

H2 generation on Bi2S3. The difference between EFB / Eonset in aqueous conditions 

and the Fermi level of Bi2S3, confirms the presence of the surface states (traps) on 

a Bi2S3 system. Locating the surface states at potential more positive than 

hydrogen redox led to hindering the photogenerated electrons to perform a 

hydrogen reduction reaction as presented in Figure 4-15.  
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Figure 4-15. Schematic of the energy levels of Bi2S3 material respect 

to the vacuum and RHE scale. 

It has been reported by Bernechea et al. that the different shapes and sizes of 

Bi2S3 showed the identical Fermi level (4.22 vs. vacuum level; close to the values 

in this work) however, exhibited different open circuit voltage Voc values22. The 

varying of Voc, depending on the Bi2S3 nanocrystals size, was attributed to the 

existence of surface traps in which these surface traps control the Voc of Bi2S3.22,52-

53 The improvement of the Voc for the smallest nanocrystals originates from the 

reduction of the surface traps.22 Therefore, the passivating of surface traps of the 

Bi2S3 is required to accomplish the photocatalytic hydrogen evolution reaction. 

4.4. Conclusion  

In conclusion, vertically aligned Bi2S3 nanorods on FG or FTO substrates was 

prepared through sulfurization of the Bi thin layer using a hydrothermal method at 

200 for 2 h. UV-Vis spectroscopy, ultraviolet photoelectron spectroscopy (UPS), 
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and photoelectron emission spectroscopy in air (PESA) results revealed that Bi2S3 

has a bandgap of 1.3 eV with a moderate absorption coefficient of about 104 cm−1 

in the visible light region, with the n-type character and the conduction band edge 

is located at a potential more negative (−0.23 V vs. RHE) than that of hydrogen 

redox.  

The Mott-Schottky analysis and PEC measurements exhibited that the Bi2S3 

possess 0.36 V vs. RHE and 0.3 V vs. RHE for EFb and E onset. The results suggest 

the presence of the surface traps has a potential more positive than that of 

conduction band minimum led to limiting the capability of Bi2S3 to achieve the 

photocatalytic hydrogen production. These findings provide substantial insights into 

the intrinsic properties of Bi2S3 and explaining the limitation of using Bi2S3 as a proton 

reduction photocatalyst. 
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CHAPTER 5  

Conclusions and Outlook 

Achieving the efficient solar-driven hydrogen production photocatalytic system 

depends primarily on the properties of the semiconductors employed. It is 

necessary to establish an adequate visible-light-responsive photoabsorber to high 

solar energy conversion efficiency. Understanding the fundamental semiconductor 

properties, starting from the photon absorption process and the charge injection to 

the respective reactions, is essential for efficient photocatalysis. This thesis 

focused on development of novel bismuth (oxy)sulfide-based materials for visible 

light driven photocatalytic hydrogen production reaction. The study methodology 

involves two steps: first, the photocatalysts are synthesized and the relevant 

experimental results are collected. The second step combines the experimental 

results with theoretical calculations to acquire the electronic structure and 

optoelectronic properties of the photocatalysts. 

The second chapter describes the investigation of layered structure oxysulfides 

with a BiMOS (M: Cu or Ag) formula as visible light photoabsorber materials. In 

this study, the total substitution strategy of Cu+ 3d10 by Ag+ 4d10 was applied to 

produce a new family of oxysulfide BiAgOS. A single phase of bismuth silver 

oxysulfide BiAgOS was obtained using a hydrothermal method. The stoichiometric 

amounts of the oxide precursors of Bi2O3 and Ag2O were mixed with Na2S. The 

reaction was conducted at 240°C for 12 h using a sealed pressure vessel. Rietveld 

refinement of the powder X-ray diffraction measurements revealed that the 
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BiAgOS and BiCuOS crystals have the same crystal structure as ZrSiCuAs, 

tetragonal space group P4/nmm. The diffraction peak positions of BiAgOS, relative 

to those of BiCuOS, are shifted toward lower angles, indicating an increase in the 

cell parameters. The extracted unit cell parameters from the refinements are a,b = 

3.91 Å and c = 9.22 Å for BiAgOS and a,b = 3.86 Å and c = 8.56 Å for BiCuOS. 

The increase in the lattice parameters is attributed to the ionic radius of Ag+ (114 

pm) being larger than that of Cu+ (74 pm). The bandgap edges are estimated from 

the diffuse reflectance UV-Vis spectra to be ∼1.5 and ∼1.1 eV for BiAgOS and 

BiCuOS, respectively. The increase in the measured bandgap agrees with those 

estimated by the DFT calculations. The results clearly indicate that the bandgap 

becomes wider by 0.4 eV with Ag substitution. The computed absorption 

coefficients exhibit values higher than 105 cm−1 below 500 nm wavelength for 

BiAgOS and BiCuOS. However, in the 500−800 nm range, BiAgOS shows 

absorption coefficients in the range of 104 cm−1, and it is always less than that of 

BiCuOS. Investigation of the electronic band structure revealed that BiCuOS and 

BiAgOS have indirect transitions of photon absorption. Mott−Schottky analysis and 

the photoelectron spectroscopy in air (PESA) measurements revealed that both 

compounds exhibited a p-type character and the shifting of about 0.4 on the 

bandgap by Ag substitution originated from the moving of the valence band. The 

density of states (DOS) showed that the valence band is composed of hybrid 

orbitals of Cu 3d and S 3p for BiCuOS and the hybrid orbitals S 3p and Ag 4d for 

BiAgOS. Therefore, the valence band maximum levels become deeper with the 

total subsitiution of Ag. The conduction band is almost entirely constituted by Bi 6p 
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orbitals for both compounds; experimentally, it is located at 3.8 eV versus vacuum. 

The results of photocatalytic activity of these bismuth-based materials show that 

Ru/BiCuOS is inactive toward photocatalytic hydrogen generation in the presence 

of 0.05 M Na2S and 0.3 M Na2SO3. However, Ru/BiAgOS successfully generated 

H2 under the same conditions. This finding confirms that the conduction band 

minimum is located at a suitable potential for hydrogen reduction. The 

photocatalytic activity of BiAgOS may be attributed to the large photovoltage 

provided by BiAgOS, compared with BiCuOS, which can overcome the high 

energy barrier to achieve hydrogen reduction, or the presence of Ag in the 

structure promoting the hydrogen evolution by reducing the defect in the structure, 

as shown via XPS and ICP results. BiAgOS and BiCuOS can be considered 

interesting candidates for the development of new semiconductors for PV or Z-

scheme photocatalytic applications. 

The third chapter described the preparation of NaBiS2 consisting of Bi3+ 6s26p0 and 

its isostructural NaLaS2, which contains La3+ 6s05d0, and discussed the optical 

properties and potential of using these materials to drive hydrogen production. In 

addition, the chapter discusses the possibility of forming new solid solutions as 

visible light driven hydrogen production photocatalysts by substitution of the cation 

with electronic configuration Bi3+ 6s26p0 in La3+ 6s05d0 sites. The Na(La/Bi)S2 

materials were synthesized using solid-state reaction from oxide precursors for La 

or Bi sources, Na2CO3 for Na source and pressurizing a saturated vapor of CS2. A 

10% excess of Na2CO3 was needed to stabilize the sulfide phase for the lanthanum 

compound rather than oxysulfide. The optimal conditions for obtaining the pure 
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phase of Na(La/Bi)S2 were 10% Na excess, 800°C for 2 h, and 50 ml min-1 flow 

rate of CS2. The XRD patterns show a disordered cubic crystal structure with space 

group 𝐹𝑚3̅𝑚, which is consistent with the previous crystallographic studies for 

these materials. The diffuse reflectance UV-Vis spectroscopic results show the 

absorption edge around 1.21 eV for black powder of NaBiS2; however, the 

absorption edge of NaLaS2 is limited to the UV range, around 3.15 eV. Based on 

the DOS calculation, both NaBiS2 and NaLaS2 are characterized by indirect 

bandgaps. Combining the ultraviolet photoelectron spectroscopy (UPS) and 

photoelectron spectroscopy in air (PESA) results indicates that the materials 

Na(La/Bi)S2 have an n-type nature, and the large shift in the bandgap between 

NaBiS2 and NaLaS2 originates from the conduction band positions, while slight 

differences were observed in the valence band positions for both materials. The 

calculated (DOSs) show the top of the valence band for both materials is 

dominated by S 3p orbitals, giving an ionicity nature for these compounds. 

Whereas the bottom of the conduction band is mostly composed of La 5d orbitals 

for NaLaS2, and Bi 6p orbitals make up nearly all of the contribution to the 

conduction band in NaBiS2. Na orbitals do not have direct effect on the electronic 

structure. Because the La 5d orbitals are located at a much higher energy level 

than that of Bi 6p orbitals, the La 5d orbitals are responsible for the large shifting 

in the bandgap transitions, which agrees with the results obtained from the diffuse 

reflectance experiments and band position determination. Due to the conduction 

band positions, the Pt/NaBiS2 powder system was not able to drive a photocatalytic 

hydrogen reaction in presence of surficial reagents. Under the same conditions, 
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the Pt/NaLaS2 system immediately generated hydrogen; however, the absorption 

was limited to the UV range.  

Optimizing the absorption properties with tailoring the conduction band position to 

drive the hydrogen reduction and tuning the transport and diffusion properties were 

driven toward a solid solution strategy. The successful formation of the NaLa1-

xBixS2 solid solutions was mainly confirmed by XRD, Rietveld refinement, and ICP 

analysis. Shifting of the XRD peaks 2θ toward higher angles relative to pure 

NaLaS2 indicated the decrease of the lattice parameters by partial substitution of 

Bi in NaLaS2.These results are consistent with the ionic radius of Bi3+ and La3+ 

Knowing the stoichiometric molar ratio of the solid solution elements by ICP 

analysis allows the DFT calculations to be performed for the synthesized solid 

solutions. Generally, it is experimentally and theoretically proven that the 

absorption edge significantly shifted toward the red region wavelength with the 

substitution of La by Bi in NaLaS2 crystal. The bandgaps of solid solutions and 

hydrogen generation performance in the sacrificial reagent vastly depend on the 

bismuth content in the solid solutions. It was observed that NaLa0.98Bi0.02S2 and 

NaLa0.94Bi0.06S2 exhibited absorption edges at 2.3 and 2.1 eV, respectively, as well 

as better hydrogen evolution performance compared with NaLaS2. Increasing of 

the bismuth substitution to 12% shifted the absorption to 2 eV; however, the 

performance of the hydrogen evolution was reduced. All the solid solutions with 

24% or more of Bi content tended toward a significant shift of the absorption energy 

to 1.37 and did not have the capability to drive hydrogen evolution reaction, similar 

to pure NaBiS2. The theoretical study provides an interpretation of the non-
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monotonic shifting of the bandgaps and photocatalytic performance of the solid 

solutions. It showed that the Bi 6p orbitals are located at a much lower energy than 

the La 5d ones. Therefore, substitution of low concentrations of Bi in NaLaS2 led 

to creating new states (located on Bi) appearing in the DOS of NaLaS2 and 

instantaneously reducing the bandgap. However, further increasing the Bi 

concentrations in the structure resulted in the band associated with its 6p states 

beginning to broaden and reaching the width of the conduction band in the pure 

NaBiS2.  

Finally, in the fourth chapter, to understand the bismuth sulfide system, thin films 

of Bi2S3 were prepared by sulfurization of a thin layer of Bi using the hydrothermal 

method. Bi2S3 possesses a moderate absorption coefficients of about 104 cm-1 in 

the visible light region below than 800 nm. Although the UPS and PESA results of 

the thin films showed that the conduction band minimum was more negative than 

the hydrogen reduction potential, hydrogen evolution could not be achieved using 

Pt/Bi2S3 powder in the presence of the sacrificial reagents. The deduced flat band 

potential from Mott−Schottky analysis was 0.36 V versus RHE, and testing the thin 

films as photoanodes in the presence different sacrificial reagents showed the 

onset potential of the photocurrents around 0.3 V versus RHE. These results 

suggest that the presence of surface trap states in Bi2S3 hindered the hydrogen 

reduction reaction or the photovoltage produced from Bi2S3 photoabsorber was not 

enough to overcome the high kinetic energy barriers to achieve the photocatalytic 

hydrogen reduction reaction. 
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To conclude, the study throughout this thesis elucidate a series of bismuth 

(oxy)sulfide-based materials, possessing a strong visible light absorption as well 

as good transport and diffusion properties. Future works should be focused on 

improving of these bismuth (oxy)sulfide-based materials to meet the theoretical 

STH efficiency by improving the synthesis method or enhancing the conductivity 

of the materials. The author considers that the present results can be extended to 

several new topics, as follows:  

1- Study of the synthesis and optoelectronic properties of isostructural 

chalcogenide materials, such as Bi(Ag, Na, K)(S, Se, Te)2 and  Ln(Ag, Na, 

K)(S, Se. Te)2 

2- Research on the opportunity of photocatalytic hydrogen production using 

new solid solutions of AMCh2, where A: (Li+, Na+, K+, Ag+), M: (La3+, Gd3+, 

Lu3+, Y3+: electronic configuration ns0nd0), (Bi3+, Sb3+, In3+: electronic 

configuration ns2np0) and Ch: (S2-, Se2-, Te2-)2 

3- Finding a strategy to prepare thin film of the reported materials to measure 

the optoelectronic properties (absorption coefficient, penetration depth, 

dielectric constant and effective masses) and for PV (solar cell) or 

photoelectochemical applications. 


