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Abstract 

Solar energy is one of the most abundant and stable natural resources, which could be an ideal 

alternative to traditional fossil fuels. Many research groups up today work in the production and 

utilization of renewable energy to replace fossil fuels. The photoelectrochemical (PEC) systems 

as an approaching way to address the global energy crisis can successfully convert the abundant 

solar energy harvesting into the storable chemical fuel. The PEC hydrogen production via water 

splitting can efficiently enable energy production to zero carbon emissions, which employs 

semiconducting materials as photoelectrodes for the direct conversion of solar energy into storable 

hydrogen. The photoanode used in such a system should have a suitable band position and harvest 

more portion of solar light spectrum along with superb stability for water oxidation while having 

a reasonable cost. Hematite (α-Fe2O3) is one of the most promising metal oxides which have been 

used as a photoanode in PEC cells. It is not only highly naturally abundant, environmentally 

friendly, and low cost, but it also has a narrow bandgap (1.9‐2.2 eV) and photochemical stability. 

However, the drawbacks of α-Fe2O3 (i.e., the short hole diffusion length (LD is around 2-4 nm) and 

poor conductivity) result in inconformity in the energy level of conduction band compared to the 

energy level of the H2/H
+ reduction reaction. To decrease these drawbacks affecting the PEC 

performance of α-Fe2O3, various techniques have been examined. In this thesis, doping technique 

particularly using metals and heterojunction with other semiconductors have been widely applied 

to obtain improved PEC performance, and highlights the challenges faced in the design of visible 

light active water splitting photocatalysts.  
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Thesis Outline 

The purpose of this thesis is the design of stable, low-cost, and efficient photoanode to improve 

photoelectrochemical (PEC) water splitting.  

Chapter 1 contains an overall description of the fossil fuel environmental impacts, the effects of 

photoelectrochemical application on carbon emissions, suitable semiconductor materials for 

photoelectrodes, and the different modification processes to enhance the PEC performance. Further, 

the hematite (α-Fe2O3) as a photoactive material that explain the reasons of the choice. Chapter 2 

includes the role of doping molybdenum (Mo) to enhance the PEC water splitting performance of 

the α-Fe2O3 photoanode. The effect of heterojunction α-Fe2O3 photoanode with two-dimensional 

material specifically TMDs (MoS2 nanosheets) was systematically investigated in Chapter 3. The 

complex of heterojunction with doping (W:α-Fe2O3/MoS2) and multi-heterojunction (α-

Fe2O3/BiVO4/MoS2) were studied in Chapter 4, which shows more effective PEC performance. 

Finally, Chapter 5 concludes the research and proposes the future work. 
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Chapter 1-Introduction 

1.1. Climate change and renewable energy 

Owing to widespread global challenges in the energy sector, it is critical to identify the role of 

global energy demand is increasing rapidly because of population growth and economic 

development. As of now, there are approximately 7.8 billion people living on Earth. The united 

nation (UN) says the world population will plateau at 10.9 billion by the end of the century. The 

other groups forecast earlier and smaller peaks, with the global population reaching 9.7 billion by 

2070 and then declining [1]. Fossil fuels, such as coal, oil, and natural gas, have been used for 

decades to provide most of the global primary energy, which leads to an imbalance in the carbon 

cycle resulting in an excess amount of carbon in the atmosphere in the form of greenhouse gases 

such as carbon dioxide (CO2) and methane (CH4).  

 

Fig. 1.1. Annual Greenhouse Gas Index (U.S. Global Change Research Program) 



4 
 

As shown in Fig. 1.1, the atmospheric abundance and radiative forcing of the three main long-

lived greenhouse gases (CO₂, CH₄, and N₂O) continue to increase. While the combined radiative 

forcing of these and all other greenhouse gases included in the AGGI rose 47% from 1990 to 2020 

(by ~1.02 watts per square meter), carbon dioxide has accounted for about 80% of this increase 

(~0.82 watts per square meter), which makes it by far the biggest contributor to increases in climate 

forcing since 1990. 

A fundamental solution to ever-growing concerns on global warming, air pollution, and energy 

security is to replace the current carbon-rich fossil fuels with renewable and environment-friendly 

carbon-free or carbon-neutral energy sources [2]. Therefore, sustainable energy resources and 

conversion routes are becoming increasingly important to reduce our dependence on fossil fuels 

and mitigate environmental concerns [3]. Fig. 1.2 provides a brief view of the energy reserves 

available on the earth, which demonstrates the dominant position of solar energy among all 

renewable and non-renewable energy sources. The total sum of recoverable energy from all the 

reserves is around 1% of the solar energy supplied to the earth surface by the sun [4].  

 

Fig. 1.2. Comparison of solar energy with other energy resources [4]. 



5 
 

The amount of solar energy reaching the Earth’s surface (roughly 1.3 × 105 TW) is more than 

three orders of magnitude greater than the current global energy consumption, although the 

intensity of solar radiation fluctuates with time and region and is often intense at locations distant 

from areas where energy is intensively utilized [5].  

1.2. Solar hydrogen (H2) production 

To achieve a sustainable society with an energy mix primarily based on solar energy, we need 

methods of storing energy from sunlight as chemical fuels. Many routs exist for the conversion of 

water and sunlight into hydrogen:  

• Photoelectrochemical (PEC) water splitting,  

• Photocatalytic (PC) water splitting,  

• Coupled photovoltaic-electrolysis systems,  

• Photobiological methods  

• Molecular artificial photosynthesis  

• Plasma-chemical conversion 

• Mechano-catalytic, magnetolysis, radiolysis, etc.  

Nowadays, most researchers focus on the first method, photoelectrochemical water splitting, with 

semiconductor photoelectrodes. There are several reasons why this approach is appealing. One of 

the main advantages is that solar water splitting using sunlight irradiation has been widely believed 

to be a clean way to produce hydrogen energy without CO2 emission [6]. A second advantage is 

that it can be carried out at room temperature, i.e., there is no need for large-scale solar 

concentrators that would limit its application to large central facilities in sunny regions of the world. 

A third advantage is that a photoelectrochemical water splitting device can be constructed entirely 
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from inorganic materials. This offers a degree of chemical robustness and durability that is difficult 

to achieve for organic or biological systems.  

1.3. Photoelectrochemical (PEC) water splitting 

Photoelectrochemical cell (PEC) for water splitting is a key technology of the future for hydrogen 

production. Despite the widespread attention that has been received, this technology still has many 

hurdles to overcome and uncharted territories to explore. Ultimately, the photon to hydrogen 

conversion efficiency has yet to be increased to such a level that commercial applications could 

become viable [7]. The concept of photoelectrochemical water splitting dates back to 1972 since 

Honda and Fujishima found that TiO2 photoelectrodes showed promising PEC water splitting 

properties [8]. The water splitting reaction is already well established in nature. For instance, green 

plants and cyanobacteria used this water splitting machinery to run the very important 

photosynthetic process. Engineering artificial photosynthetic systems to afford the efficient and 

economical conversion of abundant solar energy into chemical fuel is an important step towards 

the realization of a sustainable carbon-neutral society [9].  The PEC water splitting processes take 

place with several steps as follows, which shows in Fig. 1.3. 

1. Absorption of solar radiation by the photoelectrode, followed by charge carrier generation 

because of photoexcitation of electrons in the valence band of photoelectrode. 

2. Separation and transport of charge carriers to the electrode surface by the internal or 

external bias applied through the circuit. 

3. Oxidation of water at the anode by the photoexcited holes. Simultaneously, transport of H+ 

ions from the anode to the cathode, and transport of the photoexcited electrons to the 

cathode through an external circuit, followed by the reduction of H+ ions into hydrogen gas 

at the cathode by the photoexcited electrons [10]. 
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Fig. 1.3. Schematic representation of the photoelectrochemical (PEC) water splitting process [10]. 

At the heart of PEC water splitting system for harvesting solar energy is the semiconductor 

material, which transforms absorbed solar photons into excited electronic states (both electrons 

and holes) [11].  

1.4. Materials for PEC water splitting devices 

The U.S. Department of Energy has projected the cost of producing hydrogen gas through PEC 

water splitting must reach approximately $2.10 per kg (in 2007 dollars) to become economically 

competitive and has laid out multiple scenarios and pathways to reach this target [12]. To realize 

the final goal of industrializing solar hydrogen production, several challenges need to be addressed. 

As an example, active photocatalysts currently tend to contain Ta and various noble metals. These 

should be replaced with inexpensive, abundant elements such as fourth-period transition metals. 

Semiconductor photocatalysts that are active for water splitting can be classified into two 

categories: compound materials based upon transition metal cations that do not have d-electrons 

in their outmost orbitals and those based on metal cations whose outmost d-orbitals are fully 
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occupied [13]. An ideal water splitting photoelectrodes requires semiconductor materials that 

possess the following characteristics: (I) suitable band-gap energy and band positions. (II) efficient 

charge carrier separation and transportation in the semiconductor. (III) strong catalytic activity and 

stability [9].  

 

Fig. 1.4. Band structure and potential application of various semiconductors [14]. 

In Fig. 1.4, band structure and potential application of various semiconductors are summarized. 

Our strategy consists of identifying the semiconducting metal oxides with bandgaps that are 

smaller than TiO2. Therefore, we have focused our attention on Iron oxide. 

1.5. Hematite α-Fe2O3 

Iron oxides are common compounds, which are widespread in nature. Moreover, iron oxides are 

nontoxic and environment friendly. Therefore, iron oxides are presently used in many industrial 

processes and are studied for application in many research fields. Among iron oxides, hematite (α-

Fe2O3) is the most stable phase and abundant mineral on Earth. Thus, from the scalability point of 

view, α-Fe2O3 is the top material for energy-related technologies applications. α-Fe2O3 is a very 

promising material for photo-electrochemical water splitting due to its widespread availability, 
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extraordinary chemical stability in oxidative environment and sufficiently broad visible light 

absorption [15]. It is an n-type semiconductor with a suitable band gap of 2.1 eV, which allows the 

absorption of a large portion of the terrestrial solar spectrum. Iron oxide, Fe2O3, exists in 

amorphous as well as crystalline polymorphs (α, β, γ, and ɛ). The crystalline α-Fe2O3 is 

thermodynamically most stable and most common oxide form in red-brown color. The Fe3+ and 

O2- ions in α-Fe2O3 are arranged in a corundum structure. The O2- anions are positioned in a 

hexagonal closed packed lattice along the (001) direction whereas the Fe3+ cations take up the two 

third of the octahedral interstices in the (001) base plane and the tetrahedral sites remain vacant 

(Fig.1.5.a) [16]. α-Fe2O3 has a suitable bandgap energy (Eg~2.0–2.2 eV) which can theoretically 

generate a photocurrent density of >12 mA/cm2 under AM 1.5 solar spectrum (100 mWcm2). It 

has lower valence band position (+2.3 V vs. NHE at pH 0) than the water oxidation potential (1.23 

VRHE), which makes it a potential photocatalytic material for water oxidation (Fig. 1.5.b) [17]. 

 
Fig. 1.5. (a) The unit cell (left) of α-Fe2O3 shows the octahedral face sharing Fe2O9 dimers forming chains in the c 

direction. A detailed view (right) of one Fe2O9 dimer shows how the electrostatic repulsion of the Fe3+ cations 

produce long (yellow) and short (brown) Fe-O (b) Energy band structure of α-Fe2O3 at pH=0 relative to NHE as 

well as the vacuum level, and the water redox energy levels [18]. 

Table 1 summarizes the advantages and disadvantages of α-Fe2O3. Despite all the desired 

characteristics of α-Fe2O3 as a photoanode for water oxidation, its PEC performance is usually 
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much lower than the limit in practice because of its extremely short hole diffusion length (2-4 nm), 

low electrical conductivity, and instability in acidic media. Moreover, the more positive conduction 

band position of α-Fe2O3 relative to the hydrogen reduction potential gives a low photovoltage and 

requires a large external bias voltage to make effective solar water splitting. Typically, onset 

potential of hematite is in the range of 0.8~1.0 VRHE which is far positive compared with the Fermi-

level position of hematite (~0.4 VRHE), indicating a significant potential drop occurring at the α-

Fe2O3 water interface [19]. Therefore, it is a need to develop elaborated multiple modification 

strategies to overcome all these barriers and have an efficient PEC water splitting system. 

Table 1: Summarizes the advantages and disadvantages of α-Fe2O3 

Advantages Disadvantages 

⚫ Ideal band gap energy (~ 2.1 ev )  

⚫ Earth - abundant 

⚫ Stable in alkaline media  

⚫ Maximal solar-to-hydrogen (STH) 

conversion efficiency is 15.3% 

⚫ Environmentally benign  

 

⚫ Positive conduction band edge 

⚫ high current onset potential 

⚫ Short hole diffusion length (2 ~ 4 nm) 

⚫ Slow water oxidation kinetics of 

crystalline hematite.  

1.6. Strategies to enhance photoelectrochemical properties of α-Fe2O3 

The development of suitable techniques to fabricate high efficiency α-Fe2O3 photoelectrode for 

PEC water spitting is crucial. To date, there are many methods, which have been developed to 

prepare α-Fe2O3 photoelectrodes for use in solar water oxidation (Fig. 1.6). First, the morphologies 

of α-Fe2O3 photoelectrode such as shape, size, and particle contact strongly effect on their 

interfacial energetics, kinetics, and charge transport properties as well as reactive sites [20]. Second, 

nanocomposites provide a powerful route to overcome limitations in the current studies of single 

material systems for water splitting, where the photoelectrochemical performance of 
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photoelectrode can be significantly improved by the choice of proper interactions of constituents 

[21].  

 

Fig. 1.6. Strategies to enhance photoelectrochemical properties of α-Fe2O3 

Third, doping with the metal (such as W, Cu, Zn, Ti, Mo, Ag, etc.) or nonmetal (such as P and N) 

materials can change the electrical and optical properties of α-Fe2O3 [22]. Finally, decoration of α-

Fe2O3 with various oxygen evolution catalysts (OECs) such as Co–Pi, Co3O4, CoO, and NiFe 

improves the kinetic for oxygen evolution and provides unique active sites for catalytic reactions, 

thereby strongly enhanced the photocurrent density [20]. 
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Chapter 2-Doping 

 

 

The band gap of hematite (α-Fe2O3) is 2.1eV which that shows visible photocatalytic activity; 

however, its electron-hole recombination rate is high and causes the less utilization of the generated 

electron-hole pairs. To overcome this drawback controlling of donor concentration by enriched 

metal dopant is implemented. In this chapter, two metals (Molybdenum (Mo) and Tungsten (W)) 

have been optimized as a metal doping to improve the electroconductivity of α-Fe2O3 photoanode. 

Further, characterization analyses and photoelectrochemical measurements are systematically 

investigated for both doped α-Fe2O3 photoanode. This chapter contains two sections as follow:  

 

2.1. Molybdenum doping 

2.2. Tungsten doping 
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Chapter 2 - Section 1- Doping Molybdenum (Mo) 

The role of doping molybdenum (Mo) and back-front sides illumination in enhancing the 

charge separation of α-Fe2O3 nanorod photoanode toward solar water splitting 

 

Abstract: 

Hematite (α-Fe2O3) has abundant reserves and an appropriate bandgap of ∼2.1 eV for H2 

production using water splitting. However, its potential application to solar water splitting is 

seriously limited by the extremely high charge recombination rate of the charge carriers. The 

present work investigated the photoelectrochemical (PEC) performance of molybdenum (Mo) 

doped α-Fe2O3 thin-film electrodes. The Mo doped α-Fe2O3 samples were prepared by a 

hydrothermal method and then loaded the different ratio of molybdenum to optimize the photo 

current density. Morphological characterization and crystal structure identification were measured 

by FE-SEM, RAMAN, XRD, XPS and UV-vis analyses. After doping Mo on the α-Fe2O3, the 

photocurrent density significantly enhanced. The optimized Mo amount doped α-Fe2O3 film (10% 

Mo-doped α-Fe2O3) had a photocurrent density of 0.75 and 1.2 mA.cm-2 in the front and back side 

illumination at 0.6 V versus Ag/AgCl under 100 mWcm-2  and a 1 M (pH=12) aqueous NaOH 

solution as the electrolyte respectively, which are ~ 10 and 17 times higher than that of the pure α-

Fe2O3 photoanode. The doping of Mo onto pure α-Fe2O3 caused a donor concentration increase 

(1.3-fold), a space charge layer reduction (1.2-fold), and a flat band potential decrease (1.6-fold), 

which improved the photoelectrochemical efficiency.  
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2.1.1. Introduction 

Many countries or communities face insufficient energy supply and suffer from air pollution 

problems mainly originated from fossil fuel combustion used for energy production. These 

problems of energy shortage and air pollution can be solved by utilizing renewable energy 

resources such as hydrogen. To produce hydrogen without using conventional methods such as 

cracking and refining fossil fuels like oils and coals will required the development of sustainable 

production methods using solar energy. One of the most promising and sustainable method for 

hydrogen production is using photocatalysts which can generate electron-hole-pairs after sunlight 

illumination. The photoelectrochemical (PEC) cells have ability to convert electromagnetic energy 

of sun light source, to split water into oxygen and hydrogen [1-5]. Metal oxide-based 

photocatalysts such as BiVO4 [6, 7], WO3 [8], ZnO [9, 10] and α-Fe2O3 [9, 11, 12] show special 

properties such as simple manufacture method, good stability in electrolyte solution, proper band 

gap energy, which is essential for producing electron-hole pairs, and low preparation cost[13-15]. 

Hematite (α-Fe2O3), a n-type metal oxide semiconductor with desirable bandgap (1.9−2.1 eV), has 

been extensively applied as a suitable photoanode material for PEC water splitting [1, 11, 16, 17]. 

However, its weak conductivity and very short hole diffusion length, which induces fast electron-

hole recombination, have limited the use of the hematite semiconductor for improving PEC 

performance. Various strategies have been reported to improve the PEC performance of α-Fe2O3 

such as nanostructures [18-20], doping (e.g., α-Fe2O3 doped Ti  or BVO doped Mo) [21, 22], 

heterostructures (e.g., α-Fe2O3/BVO and α-Fe2O3/Cds) [23-26], and co-catalyst (e.g., apply Co-Pi 

on surface) [27, 28]. Optical and electronical properties of intrinsic semiconductors can improve 

by doping Metals in the role of impurity at their structure. In this trend, more free electron were 

generated and the donor concentration in semiconductor increase [29]. 
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Herein, the effect of Mo doping was systematically studied over a range of Mo atomic percentage 

from 5 to 15% by optimizing the hydrothermal process time for preparing the α-Fe2O3 structure. 

The Mo-α-Fe2O3 film was heat treated for monoclinic crystallization on the surface of fluorine tin 

oxide (FTO). The influence of light illumination direction (back and front sides) onto the 

photoanode on the PEC performance was also investigated.  Finally, the effect of Mo-doping on 

conductivity and charge carrier transport was studied by analyzing the Mott-Schottky plot and 

impedance of the α-Fe2O3 and Mo-α-Fe2O3 electrodes.  

2.1.2. Experimental Section 

2.1.2.1. Fabrication of Hematite (α-Fe2O3) films 

Pristine α-Fe2O3 films with a nanorod (NR) structure were produced  on conductive glass (FTO) 

substrate based on the previously reported hydrothermal method [30, 31]. At first, FTO glass was 

cleaned by acetone, ethanol and deionized (DI) water for 15 min in an ultrasonication bath. Then, 

80 ml of an aqueous solution was prepared by 0.15 M ferric chloride (FeCl3.6H2O) and 1 M sodium 

nitrate (NaNO3). Hydrochloric acid (HCl) was added dropwise to adjust the pH of the mixture to 

1.5 PH. The cleaned FTO substrates were put at the bottom of a teflon container and 80 ml of the 

solution was decanted to the container. The container was placed in a stainless-steel autoclave that 

was then put in an oven at 100°C for 6 h to undergo an optimized hydrothermal process. In the 

aqueous solution, Fe3+ ions were interlocked with OH- ions to produce iron oxide nuclei, as 

described by the following reaction (1): 

Fe3+ (aq) + 3OH- (aq)               β-FeOOH (s) + H2O (l/g)                                                                (1) 

After washing the residues with deionized water, an identical yellowish layer of β-FeOOH was 

covered on the FTO. In the calcination step, the β-FeOOH was converted into α-Fe2O3. The 
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hematite electrode was put in a muffle furnace to be sintered in air at 550°C for 4 h. The chemical 

reaction goes through the phase transition, as shown in equation (2): 

2β-FeOOH (s)            α-Fe2O3 (s) + H2O (l/g)                                                                               (2) 

2.1.2.2. Modification by doping with Molybdenum  

After preparation of the hematite NR thin film, a drop casting method was applied to the aqueous 

solution containing molybdenum precursor to make Mo-doped hematite thin films. The precursor 

was ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O) with different atomic 

percentages of Mo in 30 ml DI water, homogenized by applying ultrasonic wave for 1 h. The 

precursor solution was dropped on to the electrodes surface, then the films were put in an oven at 

80⁰C for drying, and the drop casting was repeated for 1, 3, 5 times optimized by measuring the 

PEC performance. Finally, the samples were placed in a furnace for heat treatment at 450⁰C for 30 

minutes.  

2.1.2.3. Photoelectrochemical (PEC) Measurement: 

PEC measurements were done by a standard three-electrode structure of the Hematite (pristine      

α-Fe2O3 and modified with molybdenum) films as the working electrode with a platinum wire 

counter electrode, Ag/AgCl reference electrode and 1 M NaOH as the electrolyte. The PEC 

measurements, electrochemical impedance evaluation, and open-circuit voltage decline were 

measured under an illumination of 100mW/cm2 (AM 1.5) from a 300W Xe lamp from the front 

and back sides of the photoanode in the voltage range of -0.7 to 0.7 V (vs. Ag/AgCl). 

Electrochemical impedance spectroscopy (EIS) was conducted by using a potentiostat with the 

identical electrode formation. The Mott-Schottky plots were also conducted in PEC measurements 

under dark state. 
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2.1.3. Results and discussion 

2.1.3.1. Samples characterization  

Fig. 2.1.1 shows the FE-SEM images of the pristine and 10% Mo-doped hematite. The length and 

diameter of the NRs were approximately 80 nm and 500 nm, respectively, which are similar to 

previous reports [32, 33]. A broad view of the 10% Mo-α-Fe2O3 further confirmed the uniformity 

of the NRs. However, the 10% Mo-doped hematite NRs were separated without aggregation and 

higher harshness in the walls of the NRs compared with the pristine hematite (Fig. 2.1.1.b and d), 

which may have increased the light harvesting in the 10%Mo-α-Fe2O3 electrode as revealed in the 

UV-vis analyses (see Fig. 2.1.4b), which improved the  PEC performance. 

 

Fig. 2.1.1. Top-views (b and d) and cross-sectional (a and c), FE-SEM images of pristine hematite (a and b) and 

10% Mo-doped hematite (c and d). 

The X-ray diffraction (XRD) measurements were displayed to examine the crystallinity and phase 
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purity of hematite in both pristine and Mo-doped photoanodes (Fig. 2.1.2a). The peaks of all films 

can be indexed to α-Fe2O3 by using the JCPDS card No. 24-0072 catalog as a reference. Mo does 

not change the hematite structure. In the XRD patterns of all samples, the (110) plane confirms the 

presence of hematite (α-Fe2O3) for both pristine and Mo-doped samples. [34, 35] 

The Raman spectra of α-Fe2O3 and Mo-α-Fe2O3 photoanodes are presented in Fig. 2.1.2b. The 

important peaks for bare hematite and Mo-doped photoanodes after calcination agree with the 

reported values of α-Fe2O3 [36]. The Raman peaks at about 610 cm2 and  1318 cm2 may represent 

surface disorder of the α-Fe2O3 films [37] 

20 25 30 35 40 45 50 55 60 65 70

a-Fe2O3

5% Mo-a-Fe2O3

10% Mo-a-Fe2O3

15% Mo-a-Fe2O3

In
te

n
si

ty
(a

.u
)

2θ (degraees)

110
(a)

104

012

024

214

300

200 400 600 800 1000 1200 1400 1600

292 1318

610406
15% Mo-a-Fe2O3

10% Mo-a-Fe2O3

5% Mo-a-Fe2O3

a-Fe2O3

In
te

n
si

ty
(a

.u
)

Wave number(cm-1)

222

(b)

 

Fig. 2.1.2. (a) X-Ray diffraction patterns and (b) Raman spectra for pristine hematite and Mo-doped hematite. 

Fig. 2.1.3a shows the XPS survey spectra of the α-Fe2O3 and Mo-α-Fe2O3 electrodes. Fe2p, O1 s 

and Mo3d peaks are clear in all samples. They are according to the main component elements of 

the α-Fe2O3 and 10%Mo-α-Fe2O3 structures. The Fe2p and O1s XPS peaks of pure α-Fe2O3 and 

10% Mo- α-Fe2O3 samples are somewhat similar (Fig. 2.1.3b and c). Fig. 2.1.3d clearly shows the 

Mo 3d5/2 peak at 232.5 eV and the Mo 3d 3/2 XPS peak at 235.5 eV. This indicated that the Mo 

atoms in the hematite lattice were in the Mo+6 state and therefore could donate one free electron to 
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supply the electro conductivity of the film. [38, 39] 
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Fig. 2.1.3. (a) XPS survey spectra and high-resolution XPS spectra for (b) Fe 2p (c) O1s and (d) Mo3d for pristine 

and 10% Mo-doped hematite. 

Fig. 2.1.4a shows UV–Vis reflectance spectra of the bare and doped hematite electrodes. The 

reflectance of the photoanode with Mo doping is increased in the visible light region. The optical 

band gap energies were estimated using the following equation (3). 

F(hv)= (1-R(hv))2/2R(hv)                                                                                                              (3)  

Fig. 2.1.4 b and c was shown the band gap for α-Fe2O3 and Mo-doped α-Fe2O3 samples which 

decreased after doping Mo from 2.06 to 1.95 eV. Mo-doped α-Fe2O3 samples could absorb more 
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photons than the pristine α-Fe2O3 sample, and therefore generated more electron-hole pairs. The 

valence band (VB) edges of pure α-Fe2O3 and 10% Mo-doped α-Fe2O3 samples were estimated to 

be 2.2 eV, and 1.6 eV, respectively. The conduction band (CB) of the 10% Mo-doped sample was 

more negative than that of pure α-Fe2O3 (Fig. 2.1.4d). The identified band gap decreased to 1.95 

eV by 10%Mo-doping α-Fe2O3, which is a unique electronic structure and confirms the improved 

photoelectrochemical efficiency under higher wave number (low energy) of  visible light 

irradiation compared with  that of pure α-Fe2O3 [13]. 
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Fig. 2.1.4. (a) UV–vis reflectance spectra, (b) band gap energies, (c) VB, and (d) schematic illustration of the band 

gap structure of pristine and 10% Mo-modified hematite 
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2.1.3.2. Photoelectrochemical (PEC) properties 

Linear sweep voltammetry (LSV) and chopped scan voltammetry for the pristine α-Fe2O3 and 

various Mo-α-Fe2O3 electrodes were measured under dark and light conditions at -0.6 ~ 0.6 V vs. 

Ag/AgCl (Fig. 2.1.5a and b). In the dark state, the photocurrent density was around zero. Bare α-

Fe2O3 had a weak photo response in the photocurrent density and achieved ~75 µA.cm-2 at 0.6 V 

vs. Ag/AgCl with an onset potential of around 0.6 V vs. Ag/AgCl. The onset potential slightly 

shifted to less applied voltage and the photocurrent density was improved after doping Mo. The 

photocurrent density of the 10% Mo-α-Fe2O3 electrode was around 0.75 mA.cm-2, which was 

greatly (10-fold) increased in compared to that of the pristine hematite electrode at front-side 

illumination of the electrodes at 0.6 V vs. Ag/AgCl. 
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Fig. 2.1.5. (a) Photocurrent density vs. potential linear (b) chopped scan voltammetry (c) Photocurrent response and 

(d) photocurrent stability of different Mo- α-Fe2O3 films at a potential of 0.6 V (vs. Ag/AgCl) under 100 mWcm-2, 

while the supporting electrolyte was a 1M (pH=12) aqueous solution of NaOH. 

Fig. 2.1.5c and d compare the photocurrent response and stability over 10 cycles and 1800s, 

respectively, for pristine α-Fe2O3 and α-Fe2O3 NRs doped with Mo. The pristine α-Fe2O3 NRs 

exhibited a photocurrent density of around 0.1 mA cm-2 at 0.6 V vs. Ag/AgCl. After α-Fe2O3 was 

doped with Mo, the photocurrent of the hematite electrodes was greatly improved. The 10% Mo-

α-Fe2O3 hematite NRs exhibited the highest photocurrent response. After 10 on-off cycles, the 

photoelectrode showed good stability even after 30-min light exposure without loss of the 

photocurrent.  

The influence of light illumination direction onto the photoanode on the PEC performance was 

studied. The theory behind this approach is the variation in the degrees of accessibility of the 

charge carrier produced in various zones of the photoanode, as shown in Fig. 2.1.6a. When the 

light was irradiated from the back side of the pure and Mo-doped hematite, the photocurrent 

density was greatly increased. The identified photocurrent for 10% Mo-hematite with back-side 

light illumination reached around 1.2 mA cm-2, which was twice that of the front-side one. Fig. 

2.1.6b shows the schematics of electrons generated from the α-Fe2O3 thin film. It implies the 

transport process to the FTO under the visible light irradiation from the front and back sides. In 
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the back-side illumination, the electrons generated from the surface of α-Fe2O3 closer to the FTO. 

They have shorter diffusion length through the absorption depth than that of the front-side 

illumination. Thus, the photocurrent density and the electron transfer efficiency increases and it 

can control the PEC reaction kinetic [40, 41]  
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Fig. 2.1.6. (a) Chopped photocurrent density versus potential of different Mo- α-Fe2O3 films at a potential of 0.6 V 

(vs. Ag/AgCl) under 100 mWcm-2 front and back sides illumination, while the supporting electrolyte was a 1M 

(pH=12) aqueous solution of NaOH, (b) Back and front side illumination mechanism 

Impedance analysis (EIS) is characterized the charge transfer capability. As shown in Fig. 2.1.7a, 

the semicircle radius increases in the following order: 10%Mo-α-Fe2O3 < 15%Mo-α-Fe2O3 < 

5%Mo-α-Fe2O3 < pure α-Fe2O3. A lower semicircle radius represents a better effect of charge 

carrier transfer by reducing resistance at the electrolyte/photoanode interface. The Mo-α-Fe2O3 

structures effectively reduce its charge transfer resistance (Rct) and hence their electrodes display 

higher conductivity for photogenerated carriers transport [42].   
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 Fig. 
2.1.7. (a) Nyquist EIS plots (b) Mott–Schottky and impedance plot of Mo- α-Fe2O3 thin films. The supporting 
electrolyte was a 1M aqueous solution of NaOH.  

The width of the space charge layer (WSCL) can be obtained by solving Poisson’s equation, which 

depends on ND and Vfb, as expressed in equation (4) [43]. 

02 ( )fb

SCL

D

V V
W

eN

 −
=

                                                                                                               (4)      

The WSCL of the prepared 10% Mo-doped α-Fe2O3 film was around 17% lower than that of pure 

α-Fe2O3 because the film had a maximum ND (ND=6.88E+26 m3) and a minimum band potential 

(Vfb=0.3 V) among the Mo-doped α-Fe2O3 films. This lower charge layer caused the fast and 

efficient charge separation that improved the PEC efficiency for the 10% Mo-doped α-Fe2O3 

photoelectrode. The WSCL obtained for the synthesized α-Fe2O3 was in good accordance with the 

reported WSCL of scheelite- α-Fe2O3 ranging from 2 to 4 nm [44]. The donor concentration of the 

10%Mo-doped α-Fe2O3 electrode was 6.88E+26 m−3, which was around 1.3-fold higher than that 

of pure α-Fe2O3 (5.40E+26 m−3). This result supports that the use of Mo-doped α-Fe2O3 can 

improve the electronic properties of pure semiconductors of α-Fe2O3. Fig. 2.1.8a show the donor 

density (ND) and flat band potential (Vfb), which are two important parameters for the PEC 

performance, as a function of Mo percentage. Mo doping by substituting an electron-rich atom 
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into the α-Fe2O3 crystalline structure improved the donor density. As shown in Fig. 2.1.8a, with 

increasing Mo percentage in the α-Fe2O3 structure, the donor concentration increased and reached 

a maximum at 10% Mo (6.88E+26).  The flat band potential after Mo doping shifted downward 

compared to that of bare α-Fe2O3 (Vfb =0.47 V for pure α-Fe2O3 and Vfb=-0.3 V for 10% Mo- α-

Fe2O3), which revealed the lower overpotential required for oxygen evolution reaction [45]. 

The open circuit potential (OCP) was measured to further show the improvement in carrier-

separation for the α-Fe2O3 and 10% Mo-α-Fe2O3 photoelectrodes. Fig. 2.1.8b shows the change in 

OCP (ΔOCP) versus light illumination time. The obtained ΔOCP for 10% Mo-α-Fe2O3 was much 

higher than that of pure α-Fe2O3, representing the production of more photogenerated electrons in 

10% Mo - α-Fe2O3 resulting from the fewer recombination electron-holes. 
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Fig. 2.1.8. (a) The relationship between Donor concentration (ND) and Vfb and  (b) change in open circuit potential 

(ΔOCP) value for Mo-α-Fe2O3 photoelectrodes. 

2.1.3.3. Mechanism of PEC improvement 

To understand the effect of Mo doping for enhanced PEC performance of α-Fe2O3, the schematic 

form of bond structure has been shown in Figs. 2.1.9a and b. Herein, we investigated the activity 

of α-Fe2O3 before and after doping Mo systematically. The band gap of hematite is 2.1eV which 
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that shows visible photocatalytic activity; however, its electron-hole recombination rate is high 

and causes the less utilization of the generated electron-hole pairs. To circumvent this drawback 

controlling of donor concentration using enriched electron elements such as Mo is implemented. 

As shown schematically in Fig. 2.1.9, the energy band bending (qVD) increased after Mo doping 

to α-Fe2O3. As a result of this large band bending, after light irradiation a large portion of holes 

transfer to the electrode-electrolyte interface and subsequently the recombination rate decreased 

within bulk of 10% Mo-α-Fe2O3 compared to α-Fe2O3. Furthermore, the electron mobility in bulk 

α-Fe2O3 improved considerably after Mo doping. This leads photogenerated electron shuttled to 

the FTO and collected more efficiently on the FTO surface before recombination. Therefore, the 

photocurrent density increases in 10% Mo-α-Fe2O3 electrode compared to the pure α-Fe2O3. Based 

on the above-mentioned considerations, the population of electrons in donor level is an exponential 

function of the difference between the conduction band energy and the Fermi energy. Furthermore, 

after Mo doping population of electrons will be increase because donor concentration increases, 

and the Fermi level of the electrode shifts upward as following equation (6). 

Ef = Ei + kT*ln (ND/ni)                                                                                                                   (6) 

Where k is Boltzmann’s constant, ND, ni, Ei are the donor concentration, the electron concentration 

without doping and Fermi level position without doping. However, in α-Fe2O3 electrode as shown 

in Fig. 2.1.9a, due to low donor concentration, the fermi level is in lower position compared to 10% 

Mo-α-Fe2O3. It is clearly observed in Fig. 2.1.9 that the electrons can easily move to CB in 10% 

Mo-α-Fe2O3 because of higher electron population in donor level close to after light illumination. 

However, in pure α-Fe2O3 electrode the number of electrons that can move from VB to CB is 

reduced because of electrons need higher energy to transfer. 
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Fig. 2.1.9. Schematic band diagrams illustrating the main assumption charge-carrier behaviors following light 

excitation in (a) pure α-Fe2O3 electrode and (b) 10%Mo-α-Fe2O3 electrode in contact with 1M NaOH electrolyte. 

2.1.4. Conclusions  

Mo-doped α-Fe2O3 photoanode films were successfully fabricated by using the hydrothermal 

method and optimizing the bath time of the hydrothermal process and the ratio of Mo doping. The 

easy dissolution of Mo into the α-Fe2O3 structure for successful doping was confirmed by SEM, 

RAMAN, UV-vis, XPS and XRD analyses. The 10% Mo-α-Fe2O3 electrodes showed greatly 

improved PEC performance, which comprised 10-fold higher photocurrent density than that of 

pure α-Fe2O3. Combined analyses of Mott-Schottky plots and electrochemical impedance 

spectroscopy (EIS) confirmed that the WSCL of 10% Mo-doped α-Fe2O3 was around 17% lower 

than that of pure α-Fe2O3. In addition, 10% Mo-α-Fe2O3 showed a maximum ND (ND=6.88E+26 

m3) and a minimum band potential (Vfb=0.3 V) among the Mo-doped α-Fe2O3 samples, which 

greatly enhanced the PEC performance of the α-Fe2O3   photoanodes. 
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Chapter 2 - Section 2 - Doping Tungsten (W) 

 

Investigate the effect of tungsten (W) doping on photoelectrochemical (PEC) 

properties of hematite (α-Fe2O3) 

 

Abstract: 

To decrease these drawbacks affecting the PEC performance of α-Fe2O3, various techniques have 

been examined. For instance, doping techniques particularly using metals, have been widely 

applied to obtain improved PEC performance by increasing the conductivity, lifetime of charge 

carriers, hole diffuse length and crystallinity. This study reports a new and facile construction 

method for improving the PEC performance of the α-Fe2O3 photoanode. Here, α-Fe2O3 is newly 

developed with W by using a simple and low-cost drop casting method, then systematically 

investigated to get elucidate the metal doping effects. The present study demonstrates that W is 

such a good dopant for improving the activity of the α-Fe2O3 photoanodes by enhancing the charge 

carrier mobility. Subsequently, optimizing the tungsten content was shown to lead a significant 

enhancement in PEC performance for 0.5% W doped α-Fe2O3 had a photocurrent density of ~ 0.5 

mA.cm-2 at 1.23 VRHE under 100 mWcm-2  and a 1 M (pH~14) aqueous NaOH solution as the 

electrolyte respectively, which are ~7 times higher than that of the pure α-Fe2O3 photoanode (~0.07 

mA.cm-2 at 1.23 VRHE).  
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2.2.1. Introduction  

Although, half a century has passed since discovery of photoelectrochemical water splitting by 

Honda and Fujishima, its conversion efficiency is not enough for practical applications [1]. Direct 

water splitting requires relatively high energy (<1.23 V) which can be assisted by semiconductor 

materials with a suitable band position for hydrogen evolution reaction (HER) and oxygen 

evolution reaction (OER) [2-4]. Efficient PEC semiconductors should have following virtues: (I) 

suitable conduction and valence bands position; (II) effectively separating and transferring 

electron-hole; (III) absorption light in a wide range. Among these semiconductors, hematite (α-

Fe2O3) is considered as a promising candidate for water splitting because of its favorable band gap 

(2.1 eV), low cost, non-toxicity, and excellent chemical stability [5, 6]. However, α-Fe2O3 suffers 

from a short hole diffusion length (2-3 nm) and quick electron-hole recombination rate leading to 

low energy conversion efficiency [7]. To address these limitations and improve solar conversion 

efficiency, enormous efforts have been focused on the development of hematite nanostructures 

and the modification of their electronic structure via elemental doping [8].  

Herein, we demonstrate the design and synthesis of tungsten-doped hematite (W doped α-Fe2O3) 

photoanode by a hydrothermal and drop casting methods. The photoelectrochemical measurements 

indicate that significantly enhanced photocurrent and lowered turn-on voltage for W doped α-

Fe2O3 photoanodes as compared with pure α-Fe2O3. Further, the synergistic effects between Ti-

doping result describe that in lower electron-holes recombination rates and enhance the charge 

separation due to the improved conductivity by doping tungsten as a metal dopant in the α-Fe2O3  

photoanode. 
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2.2.2. Experimental Section  

2.2.2.1. Preparation of W doped αFe2O3 photoanode 

Akageneite (β-FeOOH) thin film was fabricated on fluorine tin oxide (FTO) using a hydrothermal 

method. An aqueous solution was prepared by mixing 1 M sodium nitrate (NaNO3) and 0.15M 

ferric chloride (FeCl3.6H2O) as a precursor and then adding hydrochloric acid (HCl) to adjust the 

pH to 1.5. Next, the FTO was washed with a mixture of deionized water, acetone, and anhydrous 

ethanol in equal volumes, and then placed at the bottom of a Teflon container and had 80ml 

precursor poured over it. The autoclave was then left in an oven at 100°C for six hours. After this, 

the residues on the coated FTO were washed with deionized water, and β-FeOOH appeared in the 

form of a yellowish layer. The samples were placed in a furnace at 550°C for 3 h to produce α-

Fe2O3 thin film. The α-Fe2O3 photoanode was doped with Tungsten (W) through a simple and low-

cost drop casting method with W containing species with different amounts of N10H42W12O42 in 

30ml deionized water. Finally, the W doped α-Fe2O3 photoanodes with W content (atomic 

percentage) were optimized by loading 500μl of the 0.25, 0.5, or 1 % atomic ratio of W precursor 

on the surface of the α-Fe2O3 photoanode, and the resulting photoanodes were labeled 

0.25W:αFe2O3, 0.5W:αFe2O3 and 1W:αFe2O3, respectively.  

2.2.2.2. Characterization Equipment 

The morphologies and structures of the samples were characterized by using scanning electron 

microscopy (SEM, Model Quanta 250 FEG) and transmission electron microscopy (TEM, JEOL, 

JEM-2100F). The structures and crystallinities of the different catalytic films were characterized 

by X-ray diffraction (XRD). The X-ray source was Bruker D8Advance with monochromatic Cu 

Kα radiation (λ=1.5406 Å) in the 2θ range of 10–55°. A Raman spectrum was used with the laser 

line at 785 nm as the excitation source at room temperature (Bruker, model: Senteraa 2009, 
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Germany). The chemical states of the component elements in the film samples were investigated 

using Thermo Scientific Sigma Probe spectrometer with a monochromatic AlKα source (photon 

energy 1486.6 eV), spot size of 400 μm, energy step size of 1.0 eV and pass energy of 200 eV. The 

optical properties of the photoanodes were measured by Perkin Elmer UV-Vis-NIR model Lambda 

950. Finally, photoluminescence (PL) spectra were detected at room temperature using an 

Edinburgh F-4600 NF900 (FLS920) fluorescence spectrophotometer at an excitation of 400 nm. 

Electron paramagnetic resonance (EPR) measurements in the X-band (9.64 GHz) were performed 

using a CW/Pulse EPR System(QM09). 

2.2.2.3. Photoelectrochemical (PEC) Measurement 

The PEC measurements were obtained using a standard three-electrode structure. The pure α-

Fe2O3 and modified W:α-Fe2O3 photoelectrodes were used as working electrodes and a platinum 

wire was used as a counter electrode with an Ag/AgCl reference electrode in 1 M NaOH electrolyte. 

The applied bias was also displayed in RHE scale using the following relationship (Eq.1):    

VRHE = VAg/AgCl + 0.197 + 0.059 pH                                                                                         (1) 

The PEC performance was measured under an illumination of 100mW/cm2 (AM 1.5) from a 300W 

Xe lamp from the front side of the photoanodes in the voltage range from -0.3 to 1.5 V (vs. RHE). 

Electrochemical impedance spectroscopy (EIS) was conducted by using a potentiostat with the 

identical electrode formation. The Mott-Schottky plots were also conducted in PEC measurements 

under dark state. Finally, to investigate the conversion ratio of the incident photon to electron, 

Incident Photon-to-electron Conversion Efficiency (IPCE) measurements were also conducted 

using different filters in this system at 1.23V(vs. RHE) under an illumination of 100mW.cm-2.  
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2.2.3. Results and Discussion 

2.2.3.1. Structural characterization 

Field emission scanning electron microscope (FESEM) images illustrate the oval shaped α-Fe2O3 

nanostructure on the FTO (Fig. 2.2.1). As shown in Fig. 2.2.1c, the surface agglomeration in the 

1W:α-Fe2O3 photoanode significantly decreased its light harvesting and photocurrent density.  

 

Fig. 2.2.1. (a-c) Top-view, (d-f) EDX, and (g-i) cross section of 0.25W:α-Fe2O3, 0.5W:α-Fe2O3, and 1W:α-Fe2O3.  

However, the 0.25W:α-Fe2O3 with the less dopant condensation showed a slight change in surface 

morphology (Fig. 2.2.1a), leading to its detection even at a low absorption range in optical 

characterization analysis (Fig. 2.2.2). The thickness of all W doped α-Fe2O3 samples is estimated 
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by SEM cross-section which is in order of around 450 nm without any significant changes in the 

α-Fe2O3 morphology (Fig. 2.2.1 (h-I)).  

The phase purities and crystallographic structures of the prepared pure α-Fe2O3 and W:α-Fe2O3 

thin films were confirmed by using X-ray diffraction (XRD) patterns (see Fig. 2.2.2a).  The 

diffractions at 34, 37, 62 and 64° respectively corresponded to the (104), (110), (214), and (300) 

planes of the α-Fe2O3 structure (PDF 02-0915) in all the samples and no additional XRD peak 

could be observed. Thus, the XRD data reveals that the crystal structure of α-Fe2O3 was not 

changed after doping W and no extra peaks appear in XRD, so it can be confirmed that the role of 

W is doping [9-11]. Fig. 2.2.2b shows the Raman spectra of pure α-Fe2O3 and W:α-Fe2O3 

photoanodes to further clarify the structural features. All the characteristic peaks of the α-Fe2O3-

based samples show well crystallized features of the hematite. The spectral range between 200 and 

650 cm-1 contains the most intensive peaks of α-Fe2O3, while the peak recorded at 1315 cm-1 with 

a higher intensity is determined to be a second harmonic vibration [12]. 
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Fig. 2.2.2. (a) X-Ray diffraction patterns and (b) Raman spectra for pristine hematite and 0.5%W doped hematite. 

To detect the presence of elements in the samples and investigate the electronic structure, XPS 
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analysis were performed, and the results are shown in Figs. 2.2.3a–c. The Fe 2p region spectra 

show binding energies of 724.5 eV (Fe 2p1/2) with a shake-up satellite line at 733.5 eV and other 

binding energies of 711.1 eV (Fe 2p3/2) with a shake-up satellite line at 718.8 eV, which is specified 

to be Fe3+ in α-Fe2O3 (see Fig. 2.2.5a). As shown Fig. 2.2.5b, the deconvolution O1s spectrum 

peaks had a high peak at around 530.8 eV that can be corresponds to the Fe-O bonds at around 

529.7 eV. The O1s spectrum at around 531.5 eV revealed OH- in both α-Fe2O3 and W:α-Fe2O3 

samples [13]. In the detecting W spectra, three peaks were observed at 35.1 and 37 for W 4f7/2 and 

W 4f5/2, respectively, which can be attributed to the existence of W nanoparticle in the 0.5W:α-

Fe2O3 sample (Fig. 2.2.3c). 

705 710 715 720 725 730

(a)

Fe 2p 3/2 Fe 2p 1/2 

In
te

n
si

ty
(a

.u
)

Binding Energy(eV)

a-Fe2O3

 a-Fe2O3

 0.5W:a-Fe2O3

 
526 528 530 532 534 536

O1s

(b)

In
te

n
si

ty
(a

.u
)

Binding Energy(eV)

a-Fe2O3

 a-Fe2O3

 0.5W:a-Fe2O3

 

34 36 38 40

W4f5/2

W4f7/2

 0.5W:a-Fe2O3

 a-Fe2O3

(c)

In
te

n
si

ty
(a

.u
)

Binding Energy(eV)  



38 
 

Fig. 2.2.3. (a) XPS survey spectra and high-resolution XPS spectra for (b) Fe 2p (c) O1s and (d) W4f for pristine and 

0.5% W doped hematite. 

The XPS depth and the electron paramagnetic resonance (EPR) spectra were measured for the 

0.5W:α-Fe2O3 electrode to further confirm the doping role of W, with the results shown in Fig. 

2.2.4a to d, respectively. The W4f intensity signals do not increase significantly with increasing 

etching times (Figs. 2.2.4a and b), indicating that the homogenous distribution of the W element 

exists in the structure, thus confirming the doping role for tungsten at the optimum photoelectrode 

[14, 15]. The EPR results of α-Fe2O3, 0.25W:α-Fe2O3, 0.5W:α-Fe2O3, and 1W:α-Fe2O3 

photoelectrode are shown in Figs. 2.2.4c and d. It can be easily seen that the g-values of all sample 

spectra are the same whereas the peak intensities are enhanced for the W doped α-Fe2O3 electrodes. 

The peak intensity of the EPR spectrum is correlated with the concentration of Fe3+ and Fe2+ ions, 

which implies that more oxygen vacancies were produced by the doping process of the tungsten. 

The EPR spectrum shows weak signals centered at g=4.2759 and  around g=2.0012 at room 

temperature. These signals are attributed to the high-spin Fe3+ (S5/2) and low-spin Fe3+ (S1/2), 

respectively [16]. They were also assigned to Fe3+ ions coupled via exchange interactions and Fe3+ 

ions in rhombic and axial symmetry sites, respectively.  However, the high-intensity signals 

centered at g = 2.5687 could clearly be observed for the W doped α-Fe2O3 samples, particularly 

0.5W:α-Fe2O3, samples (Fig. 2.2.4c). This change can be linked to the interaction between Fe3+ 

and Fe2+ ions caused by a ferromagnetic resonance. It can also be seen that the g-values of all 

sample spectra remained the same whiles the EPR intensity increased (Fig. 2.2.4d). The EPR data 

reveals that the structure of α-Fe2O3 was not changed after using tungsten as a dopant. Therefore, 

these results convincingly show that the W doped samples possess more defects than the pure α-

Fe2O3 electrode [17, 18]. Based on the above discussions, it can be concluded that the role of W 

could be the metal-doped on the surface of α-Fe2O3 photoanode. 
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Fig. 2.2.4. (a) XPS depth profiles of W4f in different etching times and (b) XPS depth profiles of W4f, Fe2p, and O1s 

in the 0.5W:α-Fe2O3 photoanode. C and d) Electron paramagnetic resonance (EPR) spectra of the pure α-Fe2O3, 

0.25W:α-Fe2O3, 0.5W:α-Fe2O3, and 1W:α-Fe2O3 photoanodes.    

To evaluate the optical properties of the prepared photoelectrodes, the UV-vis reflectance spectra 

were measured for the pure α-Fe2O3 and W:α-Fe2O3 photoanodes (Fig. 2.2.5a). The reflectance of 

0.5W:α-Fe2O3 are significantly decreased compared to that of the pure α-Fe2O3. Further, the slight 

redshift indicates the presence of tungsten as a dopant, which implies that the absorbance intensity 

was improved [19, 20]. In addition, the band gap energies of the prepared α-Fe2O3, 0.25W:α-Fe2O3, 

0.5W:α-Fe2O3, and 1W:α-Fe2O3 thin films are shown in Fig. 2.2.5b. The band gap for α-Fe2O3 

decreased after doping W from 2.16 to 2.11 eV. Compared to the pure α-Fe2O3 photoelectrode, the 



40 
 

W:α-Fe2O3 photoelectrodes had a strong absorption spectrum in a wide range of wavelengths. This 

may be related to the red shift of the light absorption band of the W doped samples that improving 

the light absorption ability and the photon to charge conversion efficiency [21]. As shown in Fig. 

2.2.5c, the W:α-Fe2O3 samples could absorb more photons than the pristine α-Fe2O3 sample could, 

and therefore generated more electron-hole pairs. This confirms the improved PEC efficiency 

under higher wave number (low energy) of visible light irradiation compared with that of pure α-

Fe2O3. The photogenerated electron-hole recombination rate and charge trapping effect can be 

detected by analyzing the photoluminescence (PL) spectrum data (Fig. 2.2.5d). The PL spectra of 

the undoped and doped α-Fe2O3-based thin films were measured under an excitation range from 

450 nm to 600 nm with a 10 nm interval. The intensity of the PL for 0.5W:α-Fe2O3 was 

substantially weaker than those of the other samples of pure α-Fe2O3, as well as 0.25 and 1%W 

doped Tungsten (Fig. 2.2.5d). These results implied reductions in recombination and charge 

trapping of photogenerated electron-hole pairs in the samples [22, 23]. 
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Fig. 2.2.5. (a) UV–vis reflectance spectra and (b) band gap energies, (c) XPS for VB, and (d) PL of pure α-Fe2O3, 

0.25W:α-Fe2O3 , 0.5W:α-Fe2O3, and 1W:α-Fe2O3.     

2.2.3.2. Photoelectrochemical (PEC) measurements  

Figs.2.2.6a and b show linear scan voltammetry (LSV) and chopped LSV of the pure α-Fe2O3, 

0.25W:α-Fe2O3 , 0.5W:α-Fe2O3, and 1W:α-Fe2O3 electrodes under continuous and on-off cycling 

between 0.3-1.7 V vs. RHE. In the dark condition, the photocurrent density is around zero for all 

samples. After starting illumination, photoelectron-hole pairs generated in the photoanode α-Fe2O3, 

0.25W:α-Fe2O3 , 0.5W:α-Fe2O3, and 1W:α-Fe2O3 electrodes and this photocurrent is dependent to 

applied voltage in which the higher voltage is applied the more photoelectron can be collected [24]. 

As shown in Fig.2.2.6a, pure α-Fe2O3 shows low photo response with a photocurrent density 

reaching 0.07 mA cm-2 at 1.23 V vs. RHE. This can be attributed to high rate of recombination of 

electron and hole due to poor electron mobility inside bulk α-Fe2O3 [25]. After doping a small 

amount of tungsten (0.25, 0.5, and 1%W:α-Fe2O3), the photocurrent density is substantially 

increased, in particular for the 0.5 W:α-Fe2O3 electrode which peaks at around 0.5 mA.cm-2 at 1.23 

V vs. RHE (more than 7-fold greater than that of pure α-Fe2O3). The significant enhancement of 

PEC performance at low W atomic percentage in α-Fe2O3 is attributable to the improved electrical 
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conductivity of α-Fe2O3, increased charge separation and reduced charge recombination rate [26]. 

Furthermore, after W doping, the onset potential shifted significantly to a lower applied voltage. 

However, the further addition of W (1% W:α-Fe2O3) beyond the optimal W loading decreased the 

photocurrent density due to the existing defects and traps in the photoanodes functioning as 

recombination centers [27].  

Figs. 2.2.6c and d show the photocurrent response and photostability results of the pure α-Fe2O3, 

0.25W:α-Fe2O3 , 0.5W:α-Fe2O3, and 1W:α-Fe2O3 photoelectrodes for 4 cycles at a constant 

potential of 1.23 V vs. RHE. Clearly, 0.5 W:α-Fe2O3 shows the highest photocurrent intensity 

among all samples. The photocurrent of 0.5 W:α-Fe2O3 with good stability over time is ~7-, 3-, 

and 2-fold higher than that of pure α-Fe2O3, 0.25W:α-Fe2O3, and 1W:α-Fe2O3, respectively. This 

indicates that the optimum W content (0.5%) in α-Fe2O3 could create greater strength in the 

separation and transfer of electron–hole pairs compared with undoped or higher W-atomic 

percentage α-Fe2O3 [28]. 
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Fig. 2.2.6. (a) Linear scan voltammetry and (b) chopped LSV vs. potential linear from 0.3 to 1.5 V vs. RHE, (c) 

photocurrent response, and (d) photocurrent stability at 1.23 V vs. RHE for pure α-Fe2O3, 0.25W:α-Fe2O3 , 0.5W:α-

Fe2O3, and 1W:α-Fe2O3 under 100 mWcm-2 illumination. The electrolyte was a 1 M NaOH. 

The IPCE result in Fig. 2.2.7a obtained at 1.23 V vs. RHE shows that the photon conversion 

efficiency increased for 0.5W:α-Fe2O3 compared to α-Fe2O3 which is in good agreement with 

photocurrent and absorption results [29].  

The open circuit potential is measured to show the improvement in carrier-separation for α-Fe2O3 

and 0.5W:α-Fe2O3 photoelectrodes. Figure 2.2.7b shows the change in open circuit potential ( 

OCP) versus light illumination density. As it can be observed in Fig.7b, the ∆OCP value for 

0.5W:α-Fe2O3 increased more than pure α-Fe2O3 indicating a photogenerated electrons production 

in 0.5W:α-Fe2O3 due to less recombination [30]. 

The charge carrier mobility plays an important role in the PEC performance of α-Fe2O3. The 

electrochemical impedance spectroscopy (EIS) was conducted for α-Fe2O3 and W:α-Fe2O3 (0.25, 

0.5, and 1%) (Fig. 2.2.7c), to study the charge carrier mobility of photoanodes. The imaginary data 

(Zimag) of impedance for W:α-Fe2O3 reduced as compared with pure α-Fe2O3, leads to smaller 

semicircle radius. Fig. 2.2.7c shows that the 0.5W:α-Fe2O3 sample has the smallest semicircle 
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radius, which indicates the smallest electron transfer resistance (Rct) and the highest conductivity 

for photogenerated carriers transport among the tested W:α-Fe2O3 photoanodes. Thus, the efficient 

charge transfer at the interface between the photoanode and the electrolyte prevents the charge 

carrier recombination and induces easy charge transport of electrons through the photoanode [31]. 
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Fig. 7. (a) The incident-photon-to-current-efficiencies (IPCE), (b) change in open circuit potential (ΔOCP) value, (c) 

Nyquist plot, (d) Mott–Schottky analysis, and (e) the relationship between Donor concentration (ND) and Vfb for pure 

α-Fe2O3, 0.25W:α-Fe2O3 , 0.5W:α-Fe2O3, and 1W:α-Fe2O3 under 100 mWcm-2 illumination. The supporting 

electrolyte was a 1 M aqueous solution of NaOH. 

Donor concentration (ND) and flat band potential energy level are among the most important 

factors explaining the enhanced photocatalytic and PEC activities for semiconductors. To extract 

the ND and Vfb, the Mott-Schottky plots were plotted by assuming ideal semiconductor 

characteristics using equation (4) 

                                                                              (4) 

where V is the CB potential (V), Vfb the flat band potential (V), k the Boltzmann constant, T the 

temperature (K), e the charge of an electron (C), ε the relative permittivity, ε0 the dielectric constant, 

ND the donor concentration per unit volume (cm3), and Csc the surface charge capacitance (F/cm2). 

The Mott–Schottky plot can provide qualitative information on ND and Vfb in which the positive 

slopes of electrodes indicate n-type semiconductors. Fig. 2.2.7d shows that the 0.5W:α-Fe2O3 film 

has the lowest slope, followed by 0.25%, 0.5% and 1% W:α-Fe2O3 samples, which show much 

increased ND as compared with pure α-Fe2O3. Moreover, the Vfb was shifted to a negative value 

after doping W (Vfb pure α-Fe2O3 =0.91VRHE and Vfb 0.5W:α-Fe2O3 =0.84 VRHE), indicating the 

presence of more surface states which can lead to a significant change in the band position. The 

newly generated surface states in the 0.5W:α-Fe2O3 photoanode could contribute to the visible light 

response in the photocurrent action spectrum [32].  

2.2.4. Conclusion 

Following the facile and cost-effective preparation of photoanodes by a hydrothermal and drop 

casting method with different W atomic percentages in α-Fe2O3 photoanode, this study has 

estimated the key PEC parameters and investigated the PEC performance of the photoanodes 
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according to their W atomic percentage. The optimized 0.5W:α-Fe2O3 photoanode exhibited the 

greatest improvement in the PEC performance, at about 7-fold higher than that of pure α-Fe2O3 

(0.5 mA/cm2 at 1.23 V vs. RHE), which demonstrated its significant light harvesting and charge 

transport characteristics. The notable enhancement of the PEC properties is attributed to the 

synergistic effect of the incorporated W doping, which contributes to the interface formation 

wherein the efficient separation, transport, and utilization of the charge carriers (e−/h+) can occur. 

Mott-Schottky and EIS analyses supported that adding W in pure α-Fe2O3, particularly 0.5%W, 

greatly increased the ND and decreased Vfb, WSCL and Rct. The favorable changes in these key 

parameters all combined to improve the PEC performance of W:α-Fe2O3 electrodes. 
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Chapter 3-Heterojunction 

 

A heterojunction is an interface between two layers or regions of dissimilar semiconductors. These 

semiconducting materials have unequal band gaps as opposed to a homojunction. It is often 

advantageous to engineer the electronic energy bands in many solid-state device applications, 

including semiconductor lasers, solar cells, transistors, and photo-electrochemical water splitting. 

The first step in thinking about how a semiconductor device operates usually consists of drawing 

its energy band diagram. Bandgap tuning is an interesting topic in the field of photocatalysis. 

However, the conduction band (CB) elevation effect induced by quantum size is limited. On the 

other hand, the formation of heterojunction can obviously promote the CB positions of 

photocatalysts via the Fermi levels alignment. The hematite (α-Fe2O3) has a positive conduction 

band edge, which can be addressed by the construction of heterojunction with other 

semiconductors. In this chapter, the α-Fe2O3 nanorods heterojunction with TMDs nanosheets were 

fabricated to enhance photoelectrochemical performance by suppressing the charge recombination, 

enhances the photogeneration of electron–hole pairs, and facile hole/electron transfer pathways. 

This chapter contains one section as follow: 

 

3.1. Hematite (α-Fe2O3) heterojunction with molybdenum disulfide (MoS2)  
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Chapter 3- Section 1- Heterojunction with 

Molybdenum disulfide (MoS2) 

Enhanced photoelectrochemical performance of α-Fe2O3 photoanode by the 

construction of heterojunction with molybdenum disulfide (MoS2) 

Abstract:   

This study successfully manufactured a p-n heterojunction hematite (α-Fe2O3) structure with 

molybdenum disulfide (MoS2) to address the electron–hole transfer problems of conventional 

hematite to enhance photoelectrochemical (PEC) performance. The two-dimensional MoS2 

nanosheets were prepared through ultrasonication-assisted liquid-phase exfoliation, after which 

the concentration, number of layers, and thickness parameters of the MoS2 nanosheets were 

respectively estimated by UV-vis, HRTEM and AFM analysis to be 0.37 mg/ml, 10-12 layers and 

around 6nm. The effect of heterojunction α-Fe2O3/MoS2 and the role of the ultrasonication process 

were investigated by the optimized concentration of MoS2 in the forms of bulk and nanosheet on 

the surface of the α-Fe2O3 electrode while measuring the PEC performance. The best photocurrent 

density of the α-Fe2O3/MoS2 photoanode was obtained at 1.52 and 0.86 mA.cm-2 with good 

stability at 0.6 V vs. Ag/AgCl under 100mW/cm2 (AM 1.5) illumination from the back- and front-

sides of α-Fe2O3/MoS2; these values are 13.82 and 7.85-times higher than those of pure α-Fe2O3, 

respectively. The results of electrochemical impedance spectroscopy (EIS) and Mott-Schottky 

analysis showed increased donor concentration (2.6-fold) and decreased flat band potential (by 

20%). Moreover, the results of IPCE, ABPE, and OCP analyses also supported the enhanced PEC 
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performance of α-Fe2O3/MoS2 through the formation of a p–n heterojunction, leading to a facile 

electron–hole transfer.  

3.1.1. Introduction:  

The immense global consumption of fossil fuels has led to serious environmental impacts around 

the world. Many studies have aimed to address these issues by investigating the production of 

renewable energy resources such as hydrogen gas by using photoelectrochemical (PEC) water 

splitting technology [1]. This emerging technology can produce more renewable energy by directly 

harvesting solar energy, leading to reduced air emissions from greenhouse gases. PEC water 

splitting requires enough energy to cause a reaction in semiconductor materials with valence and 

conduction band positions that are appropriate for generating hydrogen and oxygen [2]. 

Semiconductors for PEC should be efficient, environmentally friendly, and nontoxic end products, 

and they should enable cost-effective energy conversion [3]. Hematite (α-Fe2O3) satisfies all these 

requirements and also has a proper band gap (Eg=2.1 eV) making it a promising candidate for water 

oxidation [4, 5]. However, bare α-Fe2O3 has some limitations in terms of PEC performance, 

including fast electron-hole recombination, short hole diffusion length (typically 2–4 nm), and low 

conductivity [6, 7]. Various methods can be used to overcome these drawbacks, such as the 

application of doping elements to improve electron transport , the inclusion of a heterojunction 

with other semiconductors to enhance charge separation [8-11], the use of nanostructures to 

generate more electron–hole pairs, the addition of co-catalysts on the surface to promote charge 

migration, and other methods to control morphology [12].  

Two-dimensional (2D) materials tend to be more reactive to their bulk counterparts, and as they 

contain unique properties, they have the potential to reveal intriguing new phenomena [13]; 

transition-metal dichalcogenides (TMDs) are one of the most noteworthy examples of the type of 
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material. In the type MX2, M is a transition metal atom and X is a chalcogen atom. The unique 

combination of a direct bandgap, favorable mechanical and electronic properties, and strong spin–

orbit coupling makes them more attractive for applications in optoelectronics, electronics, and 

energy harvesting materials [14]. Molybdenum Disulfide (MoS2) is one of the most attractive and 

widely used TMDs; it has desirable properties, such as a low coefficient of friction, high chemical 

stability, and thermal stability, and can thus enhance visible light absorption with a proper band 

edge [15]. When changing from a bulk material to a 2D material, the bandgap length is modified 

from an indirect bandgap of 1.4eV to a direct bandgap of 2eV. This change in the bandgap makes 

it an extremely interesting material for a wide range of applications [16]. The use of MoS2 could 

also improve the separation of photogenerated electron-hole pairs in the α-Fe2O3 photoanode [17, 

18].  

In this section, we synthesized MoS2 nanosheets using a liquid exfoliation method. A p–n junction 

of α-Fe2O3/MoS2 was fabricated on FTO substrate with two simple hydrothermal and drop casting 

processes. Further, the effect of the ultrasonication process on PEC performance was investigated 

for α-Fe2O3/MoS2 electrodes prepared with and without the ultrasonication process. The best PEC 

performance of α-Fe2O3/MoS2 was achieved by optimizing the amount and the thickness of the 

MoS2 in the p–n heterojunction. We confirmed that the p–n junction effect of MoS2 in α-Fe2O3 

improved the PEC performance.  

3.1.2. Experimental section: 

3.1.2.1. Preparation of α-Fe2O3 photoanode:  

The PEC cells were manufactured using FTO (Fluorine Doped Tin Oxide Coated Glass, 

25mm×25mm×2.2mm, ~7ohm/sq) as the substrate and washed with deionized water, ethanol, and 

acetone in equal volumes for 15 min, then dried for subsequent use. α-Fe2O3 thin films were 
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manufactured through a hydrothermal method, typically using an aqueous solution of 1 M NaNO3 

and 0.15 M FeCl3.6H2O as precursor. After mixing these solutions, hydrochloric acid (HCl) was 

added dropwise to regulate the pH of the mixture to 1.5. The cleaned FTO was placed at the bottom 

of a Teflon container, and 80ml of the solution was added into this container. Then, the autoclave 

was placed in an oven at 100°C for 6 h. After the autoclave had cooled down, the coated FTO were 

taken out, and the residues on the surfaces of the samples were washed off with deionized water. 

The yellowish layer that was coated on the FTO was β-FeOOH. To transform the β-FeOOH into 

α-Fe2O3 and to prepare the α-Fe2O3 photoanode, the FTO coated with β-FeOOH was placed in a 

furnace in air at 550°C for 4 h. 

3.1.2.2. Preparation of 2D-MoS2 nanosheet by ultrasonication:  

The MoS2 nanosheets were synthesized via a liquid exfoliation method, as shown in a schematic 

in Fig. 1. First, 300 mg of MoS2 powder was added into the solution prepared by combining 45 ml 

Ethanol with 55 mL water as a solvent. The exfoliated MoS2 nanosheets precursor was sonicated 

continuously for five days. The dispersions were centrifuged at 3500 rpm for 60 min to separate 

MoS2 nanosheets. Then, the supernatant containing thin MoS2 nanosheets were collected from the 

top of the solution. 

3.1.2.3. Preparation of α-Fe2O3/MoS2 thin film:  

The p-n heterojunction between these two semiconductors of α-Fe2O3 and MoS2 was manufactured 

through a simple and low-cost drop casting method. We dropped 100 μl of liquid exfoliation MoS2 

nanosheets solution on to the surfaces of the α-Fe2O3 photoanodes, then placed them in a furnace 

for 5 min at 450ᵒC. We repeated the drop casting process under the same conditions four, eight, 

and 12 times, and the resulting samples were labeled α-Fe2O3/4-MoS2, α-Fe2O3/8-MoS2, and α-

Fe2O3/12-MoS2, respectively. Finally, all the heterojunction samples of the α-Fe2O3/MoS2 
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photoanodes were calcined in a furnace for 2 h at 450ᵒC. 

3.1.2.4. Characterization Measurement: 

The morphologies and structures of the samples were characterized by a scanning electron 

microscope (SEM, Model Quanta 250 FEG) and a transmission electron microscope (TEM, JEOL, 

JEM-2100F). Structure and crystallinities of the different catalytic films were characterized by X-

ray diffraction (XRD). The X-ray source was Bruker D8Advance with monochromatic Cu Kα 

radiation (λ=1.5406 Å) in the 2θ range of 10–55°. Raman spectra was used with the laser line at 

785 nm as the excitation source at room temperature (Bruker, model: Senteraa 2009, Germany). 

The chemical states of the component elements in the film samples were investigated using a 

Thermo Scientific Sigma Probe spectrometer with a monochromatic AlKα source (photon energy 

1486.6 eV), a spot size of 400 μm, an energy step size of 1.0 eV, and a pass energy of 200 eV. The 

optical properties of the photoanodes were measured by Perkin Elmer UV-Vis-NIR model Lambda 

950 and photoluminescence (PL) spectra (Edinburgh F-4600 NF900 (FLS920) fluorescence 

spectrophotometer) at 400 nm excitation.  

3.1.2.5. Photoelectrochemical (PEC) Measurement: 

A standard three-electrode structure was used for PEC measurements. The pure α-Fe2O3 and 

modified α-Fe2O3/MoS2 heterojunction photoelectrodes were used as working electrodes, a 

platinum wire was used as a counter electrode, and Ag/AgCl was used as a reference electrode in 

1 M NaOH electrolyte. The PEC performance was measured under 100mW/cm2 (AM 1.5) an 

illumination from a 300W Xe lamp from the front- and back-sides of the photoanodes in the 

voltage range of -0.7 to 0.7 V (vs. Ag/AgCl). EIS was measured with the usage of potentiate by 

the identical electrode formation. IPCE measurements were also taken using different filters in this 
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system at 0.6V(vs. Ag/AgCl) under 100mW.cm-2 (AM 1.5) illumination to investigate the 

conversion ratio of the incident photon to electron. 

3.1.3. Results and discussion 

3.1.3.1. Structural characterization  

One method used to investigate the van der Waals interactions in 2D materials is atomic force 

microscopy (AFM). The optical absorption of MoS2 can be seen from the near-infrared (NIR) to 

the ultraviolet (UV) region because of its electronic band structure. Points A, B, and C shown in 

Fig. 3.1.2a imply the existence of MoS2 nanosheets. The accumulation of layers slightly influences 

d-orbitals in the metal atom and causes shifts in the A and B exciton peaks. By increasing the 

number of layers, the energy difference between excitons B and A increases (ΔE = EB – EA) [19]. 

The C peak occurs in various energies for monolayered versus multilayered materials. The C 

transitions are attributed to the van der Waals interactions, which require the p-orbitals of the S 

atoms. In our work, the C peak in MoS2 is centered at ∼397 nm, while the B and A transitions are 

at ∼610 nm and ∼670 nm, respectively, with a difference of ∼59 nm between their excitons. 

These results indicate a significant contribution of the few-layered nanosheets [18, 20]. The 

thicknesses of the MoS2 nanosheets are estimated using equation (1). 

Thickness (N (nm)) = 2.3 × 1036 × 𝑒𝑥𝑝⁡(− 58444
𝜆𝐴
⁄ )                                                        (1) 

In this equation, λA is the wavelength of the absorbance light at point A in Fig. 3.1.2a. The thickness 

of the MoS2 nanosheets exfoliated by an ultrasonication process was found to be around 6 nm, 

which represents the few layers of nanosheets used.  
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Fig. 3.1.2. (a) UV-Vis and (b) AFM images and height profiles for MoS2 nanosheets. 

The AFM results, specifically the deposited height measurement, can provide a further estimate of 

the number of MoS2 nanosheets layers. The average thickness measured from the height profile 

diagram was estimated to be approximately 4.5-6 nm (Fig. 3.1.2b).  

The concentration and length of the exfoliated MoS2 (CM) was estimated by Eq. 2 and 3. 

L(nm) = 
(3500×

𝐸𝑋𝑇𝐵
𝐸𝑋𝑇345

−140)

(11.5−
𝐸𝑋𝑇𝐵
𝐸𝑋𝑇345

)
                                                                                                       (2) 

C (mg. mL-1) = EXT345/(α×l)                                                                                                  (3) 

In this equation, L is average size of nanosheets were estimated by EXTB and EXT345 values in 

UV-vis data. Concentration of the nanosheets depends on EXT345 value, the absorption coefficient 

(α) and the path length (l). Furthermore, the amount of MoS2 precursor per area of photoelectrode 

was calculated as shown in Eq. 4: 

Amount of MoS2 nanosheets per area= (Times of drop×100 μl×CM )/photoelectrode’s area      (4) 

It should be noted that concentrations reported in the cited references may not be the optimal values 

because the experimental parameters (such as ultrasonic time, centrifuge speed and time) would 



57 
 

greatly affect the obtained product concentration. Further, the length and concentration of the MoS2 

nanosheets on each photoanode were estimated to be 104.74 nm and 0.37 mg/ml, respectively. 

Table 1: Amount of MoS2 nanosheets on the photoelectrodes. 
Samples name Time of drops Volume of MoS2 

precursor (0.1 ml per 

each drop cycle) 

Concentration of MoS2 

nanosheets in 

precursor (mg/ml) 

Concentration of MoS2 

nanosheets in each 

photoelectrode (mg/ml) 

Amount of MoS2 nanosheets in 

photoelectrode’s area 

(mg/cm2) 

(FTO area =25mm×25mm) 

α-Fe2O3-4-MoS2 4 4×0.1=0.4 0.37 0.148 0.023 

α-Fe2O3-8-MoS2 8 8×0.1=0.8 0.37 0.296 0.47 

α-Fe2O3-12-MoS2 12 12×0.1=1.2 0.37 0.44 0.71 

Fig. 3.1.3a shows TEM images of typical MoS2 nanosheets prepared using a sonication process in 

the liquid exfoliation method with a lateral size of 100-150 nm. Figs. 3.1.3b and c show HRTEM 

images of the MoS2 layers, which are well accumulated with an interlayer interval of 0.26 nm, 

corresponding to the (100) lattice planes of the hexagonal MoS2 phase.  

HRTEM analysis in the boundary areas is a common method used to directly distinguish the 

numbers of layers of the MoS2 nanosheet [21]. As shown in Fig. 3.1.3c, 10 -12 dark and bright 

patterns can be seen for the exfoliated MoS2 nanosheet, indicating that the MoS2 was accumulated 

with 10-12 single layers, which is consistent with the AFM results. 

The high-resolution TEM image in Fig. 3.1.3d shows that the lattice structure of the MoS2 

nanosheet was not damaged during the sonication process. The electron diffraction pattern shown 

in the inset in Fig. 3.1.3d indicates that the MoS2 nanosheet has an acceptable crystallinity for the 

synthesis process. 
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Fig. 3.1.3. a and b) HRTEM images of MoS2 nanosheets exfoliated by ultrasonication process. c and d) High-

resolution TEM images of 10–12-layer MoS2 nanosheet. The inset in (d) is the corresponding SAED pattern.  

The morphologies of the pure α-Fe2O3 and α-Fe2O3/MoS2 electrodes were analyzed by SEM, and 

the results are shown in Fig. 3.1.4(a-d). The optimized sample of the α-Fe2O3/MoS2 confirms that 

it has the same morphology as the pure α-Fe2O3 sample. The α-Fe2O3/8-MoS2 nanorods in Fig. 

3.1.4b are denser, and they appear as rice-shaped rods that are both longer and wider [22]. As 

shown in Fig. 3.1.4c and 3.1.4d, the thicknesses of the pristine α-Fe2O3 and α-Fe2O3/8-MoS2 thin 

films are around 430 and 500 nm, respectively. The concentration of MoS2 on the surface of the 

thin films affects the light harvesting of the electrodes when loading more MoS2 on the surface of 

the photoelectrode in question. In the HRTEM image of the α-Fe2O3 electrode shown in Fig. 3.1.4e, 

the identified lattice space is 0.23 nm, which is attributed to the lattice plate (110); this was also 

detected in the XRD analysis results (Fig. 3.1.5a). The thickness of the MoS2 increased with the 

dropping of more MoS2 nanosheets on the surface of α-Fe2O3 photoanodes with increased 

repetitions of drop casting from four to eight to 12 times, respectively denoted as 4-MoS2, 8-MoS2, 

and 12-MoS2 (Table 1). The evolutions of 0.7 nm, 3.33 nm, and 7.6 nm of the MoS2 nanosheets 
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on the α-Fe2O3 surface were detected in α-Fe2O3/4-MoS2 (Fig. 3.1.4f), α-Fe2O3/8-MoS2 (Fig. 

3.1.4g), and α-Fe2O3/12-MoS2 (Fig. 3.1.4h), respectively. We found that the α-Fe2O3/8-MoS2 

photoanode produced a thickness of around 3.33 nm and exhibited the best photocurrent density 

and PEC performance of all the samples (Fig. 3.1.7a).  

 
Fig. 3.1.4. Top-view (a and b) and cross-sectional (c and d) FE-SEM images of pure α-Fe2O3 (a and c) and α-Fe2O3 

/MoS2 (b and d). HRTEM images of (e) α-Fe2O3, (f) α-Fe2O3/4-MoS2, (g) α-Fe2O3/8-MoS2, and (h) α-Fe2O3/12-MoS2. 

The thickness of the MoS2 layer was controlled by changing the time spent on the drop casting of MoS2 nanosheets 

with the same concentration on the FTO/α-Fe2O3 electrode. 
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X-ray diffraction (XRD) analysis was used to investigate the crystallographic structures of the α-

Fe2O3 and α-Fe2O3/8-MoS2 electrode, and the results are shown in Fig. 3.1.5. Since FTO was used 

as the substrate, its XRD peaks were detected in all samples (PDF 99-0024). The peaks around 34, 

37, 62, and 64° respectively corresponded to the 104, 110, 214, and 300 planes of the α-Fe2O3 

structure (PDF 02-0915) in both samples. These results confirm that there was no restructuring in 

the α-Fe2O3 photoanode after the addition of the p-n junction with MoS2 nanosheets. The 

diffraction peaks at 14.4° and 33.5°,which respectively corresponded to the (002) and (101) planes 

of MoS2 (PDF 73-1508), prove the presence of MoS2 coated on the α-Fe2O3 film as heterojunction 

layers [17, 23]. The Raman spectra of the photoanodes display a dominant band at about 1318 

cm−1, which corresponds to the existence of hematite in both structures (Fig. 3.1.5b). The band at 

(148383, 403 cm-1) further supports the formation of dual α-Fe2O3/MoS2 nanocomposites. In 

addition, the Raman plot around 1318 cm-1 shifts to a higher wavelength after the loading of MoS2. 

The red shift for α-Fe2O3/8-MoS2 can be observed, which is attributed to the improved crystallinity 

of the material, therefore indicating that the material lattice was not compressed [24]. 

X-ray photoelectron spectroscopy (XPS) spectra were taken to better investigate the elemental 

compositions of the α-Fe2O3/MoS2 thin films (Fig. 3.1.5c to 5f). The high resolution XPS spectrum 

with all deconvoluted peaks of Fe 2p shows two peaks at 709.43 and 723.72 eV, which are 

respectively attributed to Fe 2p3/2 and 2p1/2, and these are characteristic of Fe2+ in α-Fe2O3. 

Moreover, the distance of 13.8 eV between Fe 2p1/2 and Fe 2p3/2 represented the Fe3+ ions in α-

Fe2O3 [25]. Fig. 3.1.5d shows the binding energies of the two distinguishable diffraction O 1s 

peaks at 529.97 eV (Fe-O) and 532.04 eV (-OH). The oxygen peaks in the α-Fe2O3/MoS2 sample 

are higher than those in pure α-Fe2O3, which may indicate the presence of MoO3 as a side product 

of the formation of MoS2 on the α-Fe2O3. Two peaks are shown in the modified sample at 232.46 
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and 235.54 eV, which respectively correspond to Mo 3d3/2 and Mo 3d5/2 and confirm the existence 

of Mo6+ cations in MoS2. The energy separation between Mo 3d5/2 and Mo 3d3/2 is estimated to be 

3.08 eV (<3.3 eV), which is indicative of the presence of MoS2 [26]. S 2p1/2 and 2p3/2 peaks appear 

at around 164 and 163 eV, respectively. In a higher binding energy, the SO4
2- peak shows MoO3, 

which formed as a side product during the calcination process of MoS2 on the hematite substrate 

[27]. Thus, the XPS data further confirm the existence of MoS2 in α-Fe2O3/MoS2 film, which is 

consistent with the XRD results (Fig. 3.1.5a). 
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Fig. 3.1.5. (a) X-Ray diffraction peaks and (b) Raman spectra and XPS spectra for (c) Fe 2p (d) O1s (e) Mo3d, and 

(f) S2p for pure α-Fe2O3 and α-Fe2O3/MoS2. 

Fig. 3.1.6a shows the optical properties and band-gap energies of α-Fe2O3 and α-Fe2O3/8-MoS2. 

To evaluate the effect of MoS2, the light absorption ability and photon-to-charge conversion 

efficiency of the α-Fe2O3-based samples are considered. The band gaps estimated for α-Fe2O3 and 

α-Fe2O3/MoS2 films were 2.09 eV and 2.05 eV, respectively. These results confirm that the α-

Fe2O3/8-MoS2 electrode is a suitable photocatalytic material due to its high visible light response 

[25]. Photoluminescence (PL) spectrum analysis can be used to investigate the charge trapping and 

recombination rate for photogenerated electron-hole pairs in the photocatalyst. The PL intensity of 

α-Fe2O3/MoS2 thin film is less than that of pure α-Fe2O3 between 420 nm to 600 nm (Fig. 3.1.6b). 

These data indicate the fast electron–hole transfer between α-Fe2O3 and MoS2, which is attributed 

to the p–n junction present in the α-Fe2O3/MoS2 photoelectrode [28].  

Fig. 3.1.6c shows the electron–hole transfer mechanism of the p–n heterojunction in the α-

Fe2O3/MoS2 photoelectrode. The band bending achieved equilibrium of the Fermi level when 

MoS2 was in contact with α-Fe2O3 in the p-n junction. Following visible light illumination, the 

electrons obtained from electron-hole separation were transferred from the valence band (VB) to 
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the conduction band (CB) of α-Fe2O3 and MoS2. Due to the difference in energy levels, an electron 

was transferred from the CB of MoS2 to the CB of α-Fe2O3. The holes were simultaneously driven 

by the electrostatic field from the VB of α-Fe2O3 to the VB of MoS2, and they reacted with OH to 

generate O2 gas. The electrons were led to the Pt electrode via the FTO substrate, and this process 

produced hydrogen gas. Hence, this inner electrostatic field formed in the p-n heterojunction can 

increase the extraction of the photo-induced carriers at the space charge region of the p-n junction 

and can also gain more O2 and H2 generation by facilitating the electron-hole separation pathway. 
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Fig. 3.1.6. (a) UV–Vis reflectance spectra and band gap energies, (b) photoluminescence (PL) spectrum analysis for 

α-Fe2O3 and α-Fe2O3α-Fe2O3/MoS2, and (c) mechanism for the p–n heterojunction of α-Fe2O3/MoS2. 
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3.1.3.2. Effect of MoS2 nanosheets on the PEC activity of α-Fe2O3 photoanode 

Linear scan voltammetry (LSV) of the pure α-Fe2O3 and α-Fe2O3/MoS2 electrodes were taken  

under continuous and on-off cycling between -0.6 and 0.6 V vs. Ag/AgCl in 1 M NaOH solution 

(pH~12), as shown in Fig. 3.1.7a. After starting light illumination, the photoanode photocurrent 

density reached ~0.11 mA cm-2 at 0.6 V vs. Ag/AgCl for the pure α-Fe2O3 electrode. The 

photocurrent density significantly increased after the deposition of MoS2 nanosheets with the 

highest value of 0.63 mA cm-2 obtained at 0.6 V vs. Ag/AgCl for α-Fe2O3/8-MoS2. This behavior 

could be attributable to the heterojunction between MoS2 and α-Fe2O3, which improved the charge 

separation and reduced the recombination of the photogenerated electrons and holes. However, 

further increases the amount of MoS2 loaded on the surface of α-Fe2O3 gradually decreased the 

photocurrent density, because excessive MoS2 may block the light absorption of α-Fe2O3 [25, 26]. 

Moreover, after the deposition of MoS2 nanosheets, the onset potential significantly shifts from 

0.25 V for α-Fe2O3 to a lower applied voltage of 0.1 V. This indicates that the α-Fe2O3 photoanode 

underwent a quick reaction to the light and promptly generated photocurrent from zero to its 

equilibrium value. Chronoamperometry scans were measured for 10 cycles (Fig. 3.1.7b) under 

intermittent irradiation (30 min light on and 15 min light off) in 1 M NaOH solution, and these 

confirm the photocurrent responses. The fast and uniform reactions to each light on/off interval of 

the two electrodes reflect the good producibility of the samples. The pristine α-Fe2O3 has a low 

photocurrent, which implies a low quantum efficiency of α-Fe2O3. By contrast, the α-Fe2O3/MoS2 

heterostructure shows a higher photocurrent response, which in turn has a positive effect on the 

decreased recombination for photogenerated charges. As shown in Fig. 3.1.7c, the photocurrent 

stabilities of different α-Fe2O3/MoS2 films were obtained by continuous illumination after 10 on-

off cycles. The photoelectrodes with the p-n heterojunction showed stable photocurrent, even in 
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30-min light illumination, without any significant downturn.  

The photocurrent density depends on many conditions, including the direction of light illumination; 

back-side illumination significantly increases photocurrent density compared to front-side 

illumination (Fig. 3.1.7d). The identified photocurrent for α-Fe2O3/8-MoS2 thin film reached ~1.52 

mA.cm-2, which was 13.8 and 1.77 times more than that for pure α-Fe2O3 and α-Fe2O3/8-MoS2 in 

front-side illumination, respectively [29, 30]. 
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Fig. 3.1.7. (a) Linear scan voltammetry, (b) photocurrent response, (c) photocurrent stability at 0.6 V (vs. Ag/AgCl) , 

(d) photocurrent density vs. potential linear of α-Fe2O3 and α-Fe2O3/MoS2 at potentials from -0.6 to 0.6 V (vs. 

Ag/AgCl) under 100 mWcm-2 back- and front-side illumination. The electrolyte was a 1 M NaOH. 
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The effect of MoS2 thickness on the charge transfer process at the α-Fe2O3/MoS2/electrolyte was 

elucidated using electrochemical impedance spectroscopy (EIS). Fig. 3.1.8a shows that the 

addition amount of MoS2 nanosheets reduced the semicircle radius as compared with the pure α-

Fe2O3 having a relatively very large semicircle. This indicates that the addition of MoS2 nanosheets 

on the surface of α-Fe2O3 effectively reduced its Rct. Consequently, the α-Fe2O3/4-MoS2 electrodes 

exhibited higher conductivity for photogenerated carriers transport [31].  

The Mott-Schottky plot shown in Fig. 3.1.8c. These represent the charge transport time factor and 

the electron mobility corresponding to the electron recombination. The donor concentration ND 

and the flat band potential VFb can be respectively obtained from the slope and the intercept on the 

potential axis of the Mott-Schottky plot. The slopes of the Mott-Schottky curves were significantly 

reduced after the p-n junction of the α-Fe2O3/MoS2. The ND in α-Fe2O3/8-MoS2 photoelectrodes 

(2.07E+27), which has a 2.5-fold higher donor concentration than that of the pure α-Fe2O3 

(8.11E+26), leading to increased charge carrier transfer and improved PEC performance. Moreover, 

the qualitative p-type nature of MoS2 for approving the formation of p–n junctions can be evaluated 

by the negative slope of Mott–Schottky measurements (Fig. 3.1.8b).  

The incident-photon-to-current-efficiencies (IPCE) quantitatively reflect the activity of the 

photoelectrode at different wavelengths. The IPCE of α-Fe2O3 and α-Fe2O3/8-MoS2 were 

measured under 100 mWcm-2 at a bias voltage of 0.6 V (vs. Ag/AgCl) in 1 M NaOH, and they 

were calculated by placing the appropriate values in equation (5):  

𝐼𝑃𝐶𝐸,% = (
1240

𝜆
×

𝐽𝑙𝑖𝑔ℎ𝑡

𝑃𝑙𝑖𝑔ℎ𝑡
) × 100                                                                                      (5) 

The steady-state photocurrent density at the wavelength (λ) of incident light (Jlight) and the light 

power at the specific wavelengths (Plight) were replaced with our measured data. The IPCE values 
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were obtained in the range from 350 to 600 nm (Fig. 3.1.8d), and they are consistent with the light 

absorption spectrum results of α-Fe2O3 and α-Fe2O3/8-MoS2 (Fig. 3.1.6a). The highest IPCE value 

(7.6%) was detected at around 325 nm for α-Fe2O3/8-MoS2, which is 7.5 times higher than that of 

the pure α-Fe2O3 electrode (1%). This improvement reflects the successful conversion of the 

absorbed photons to photocurrent, which is confirmed by the LSV result (Fig. 3.1.7a).  

To further elucidate the production behavior of the photogenerated electrons, open current 

potential (∆OCP) analysis was conducted (Fig. 3.1.8e). In the figure, higher ∆OCP values represent 

the higher production of photogenerated electrons and the improved conductivity [32]. As shown 

in Fig. 3.1.6c, the α-Fe2O3/MoS2 conductivity increased after loading MoS2 on the surface of α-

Fe2O3 eight times, and this was attributed to the higher production of photogenerated electrons as 

well as the substantially reduced electron-hole recombination on the surface of the electrodes. 

The applied bias photon-to-current conversion efficiency (ABPE) under different applied 

potentials was calculated from LSV using equation 6. 

ABPE (%) =(
J(

mA

cm2
)×(1.23−Vbias)(V)

P(
mW

cm2
)

)                                                                                             (6)                                   

In this equation, V is the applied potential; P is the power density of the incident light, 100mW/cm2 

(AM 1.5); and J is the net photocurrent density at different potentials [33, 34]. The ABPE values 

of all the α-Fe2O3 heterojunctions with MoS2 are higher than those of the pure α-Fe2O3 over the 

measured potential range in a 1 M (pH=14) aqueous solution of NaOH. The highest percentage for 

ABPE was around 0.132 % at 0.97 VRHE for the α-Fe2O3 8layer MoS2, which is 30.69 times higher 

than that of pure α-Fe2O3 (0.0043%). Therefore, the α-Fe2O3/8-MoS2 photoanode shows the 

highest photoelectrochemical properties. 
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Fig. 3.1.8. (a) Nyquist plot, (b) Mott–Schottky of pure MoS2, (c) Mott–Schottky plot, (d) IPCE, (e) open circuit 

potential (ΔOCP), and (f) ABPE plots for pure α-Fe2O3 and α-Fe2O3/MoS2 electrodes. The supporting electrolyte was 

a 1 M aqueous solution of NaOH.  
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3.1.4. Conclusion 

The heterojunction of α-Fe2O3 with exfoliated two-dimensional MoS2 nanosheets, prepared 

through the ultrasonication process showed an improved PEC performance caused by the facile 

electron–hole transfer due to the formation of an electrostatic field.  The optimized α-Fe2O3/MoS2 

with a thin 8-MoS2 layer (3.3 nm thickness), labeled α-Fe2O3/8-MoS2, showed photocurrent 

densities of 0.86 and 1.52 mA.cm-2 at 0.6 V (vs. Ag/AgCl) in front- and back-side illumination, 

respectively, which were 7.85 and 13.81 times higher than those of pure α-Fe2O3, respectively. The 

enhanced PEC performance of the α-Fe2O3/MoS2 heterojunction was due to the improved 

production efficiency of photo-generated electron-hole pairs as well as the decreased resistance 

caused by the reduced recombination rate of charge carriers and facile hole extraction through the 

p–n junction. Moreover, the ultrasonication process influenced the photoelectrochemical 

performance of α-Fe2O3/MoS2 photoanode and increased both light harvesting efficiency and 

electrical conductivity due to the improved efficient charge transport through the p-n junction. 
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Chapter 4 - Complex Modification 

 

To decrease these drawbacks affecting the PEC performance of α-Fe2O3, various techniques have 

been examined. For instance, doping techniques particularly using metals, have been widely 

applied to obtain improved PEC performance by increasing the conductivity, lifetime of charge 

carriers, hole diffuse length and crystallinity. In this chapter, the complex of heterojunction with 

doping (W:α-Fe2O3/MoS2) and multi-heterojunction (α-Fe2O3/BiVO4/MoS2) were studied, which 

shows more effective PEC performance. Further, characterization analyses, energy band diagram, 

and photoelectrochemical measurements are systematically investigated for both studies. This 

chapter contains two sections as follow:  

 

4.1. Complex of heterojunction with doping (W:α-Fe2O3/MoS2) 

4.2. Multi-heterojunction (α-Fe2O3/BiVO4/MoS2) 
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Chapter 4 - Section 1 - Doping & Heterojunction  

Simultaneous Enhancement of Charge Separation and Hole Transfer in a W:α-

Fe2O3/MoS2 Photoanode: The Collaborative Approach of MoS2 as a Heterojunction 

and W as Metal Doping 

 

Abstract  

In this study, a facile approach has been successfully applied to synthesize the W doped-

Fe2O3/MoS2 core-shell with unique nanostructure modifications for photoelectrochemical 

performance. A two-dimensional structure of molybdenum disulfide (MoS2) and tungsten (W) 

doped hematite (W:α-Fe2O3) overcome the drawbacks of the α-Fe2O3 and MoS2 semiconductor 

though simple and facile processes to improve photoelectrochemical (PEC) performance. The 

highest photocurrent density of the 0.5W:α-Fe2O3/MoS2 photoanode is 1.83 mA.cm-2, at 1.23 V 

vs. RHE under 100mW/cm2 illumination which is higher than those of 0.5W:α-Fe2O3 and pure α-

Fe2O3 electrodes. The overall water splitting was evaluated by measuring the H2 and O2 evolution 

that after 2h of irradiation for 0.5W:α-Fe2O3/MoS2 was determined 49 and 23.8 μmol.cm-2, 

respectively. The optimized combination of the heterojunction and metal doping on the pure α-

Fe2O3 (0.5W:α-Fe2O3/MoS2 photoanode) showed IPCE of 37% and ABPE 26%, which are around 

5.2 and 13 times higher than those of 0.5W:α-Fe2O3, respectively. Moreover, the facile fabrication 

strategy can be easily extended to design other oxide/carbon–sulfide/oxide core–shell materials 

for extensive applications.  
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4.1.1. Introduction:  

The photoelectrochemical (PEC) systems as an approaching way to address the global energy crisis 

can successfully convert the abundant solar energy harvesting into the storable chemical fuel. The 

photocatalytic conversion of solar energy into renewable hydrogen fuel via the dissociation of 

water molecules using a PEC system containing a photoanode and a counter-electrode can enable 

energy production to zero emissions of pollutants [1]. The major limiting factors affecting the 

efficiency of solar fuel production include: (i) low light absorption, (ii) poor charge separation and 

transport and (iii) low surface chemical reaction; substantial efforts have thus gone toward solving 

these problems[2]. 

Hematite is one of the most promising metal oxides which have been used as a photoanode in PEC 

cells. It is not only highly naturally abundant, environmentally friendly, and low cost, but it also 

has a narrow bandgap (1.9‐2.2 eV) and photo‐chemical stability [3]. Theoretically, the maximum 

solar-to-hydrogen [4] efficiency over α-Fe2O3 could reach 15.3%, corresponding to a photocurrent 

density of ca. 12.6 mA.cm−2 at 1.23 V vs. RHE under AM 1.5 G. However, the drawbacks of α-

Fe2O3 result in inconformity in the conduction band edge compared to the redox level of the H2/H
+ 

couple [5]. To decrease these drawbacks affecting the PEC performance of α-Fe2O3, various 

techniques have been examined. For instance, doping techniques particularly using metals, have 

been widely applied to obtain improved PEC performance by increasing the conductivity, lifetime 

of charge carriers, hole diffuse length and crystallinity. These property improvements are mostly 

the result of increasing free electrons generation and minimize electron-hole recombination [6]. 

Another technique for enhancing the PEC performance by reducing the onset potential involves 

utilizing structural design control , such as nanoparticle, nanowires, nanotubes, nano sheets and 

three-dimensional inverse opal structures of α-Fe2O3 [7]. Further, designing a heterojunction 
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structure with other catalysts in good coordinated band gap position or using cocatalysts on the 

surface of α-Fe2O3 can also be considered an effective technique for making facile electron-hole 

transfer route [8]. Specially, having a heterojunction with two-dimensional materials can be 

effective on the surface passivation of the photoanode by facilitating the extraction of holes from 

a photoexcited absorber such as semiconductors through the easier charge transfer pathway [9].  

This study reports a new and facile construction method for improving the PEC performance of 

the α-Fe2O3 photoanode. Here, α-Fe2O3 is newly developed with W doped and heterojunction 

MoS2 by using a simple and low-cost drop casting method, then systematically investigated to get 

elucidate the metal doping and heterojunction effects. The present study demonstrates that W is 

such a good dopant for improving the activity of the α-Fe2O3 photoanodes by enhancing the charge 

carrier mobility. Subsequently, the development of a facile charge transfer by constructing a 

heterojunction with MoS2 nanosheets while optimizing the tungsten content was shown to lead a 

significant enhancement in PEC performance.  

4.1.2. Experimental 

4.1.2.1. Preparation of W:αFe2O3 photoanode 

Akageneite (β-FeOOH) thin layer was coated on fluorine tin oxide (FTO) using a hydrothermal 

method. An aqueous solution was prepared by mixing 1 M sodium nitrate (NaNO3) and 0.15M 

ferric chloride (FeCl3.6H2O) as a precursor and then adding hydrochloric acid (HCl) to adjust the 

pH to 1.5. Next, the FTO was washed with a mixture of deionized water, acetone and anhydrous 

ethanol in equal volumes, and then placed in a Teflon container, and had 80ml precursor poured 

over it. The hydrothermal process was left in an oven at 100°C for 6h. After this, the surface of 

FTO/β-FeOOH were washed using DI water, and a yellowish layer appeared on the FTO. The 

samples were placed in a furnace at 550°C for 3 h to produce α-Fe2O3 thin film. The α-Fe2O3 
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photoanode was doped with Tungsten (W) through a simple and low-cost drop casting method 

with W containing species with different amounts of N10H42W12O42 in 30ml deionized water. 

Finally, the W doped α-Fe2O3 photoanodes with W content (atomic percentage) were optimized 

by loading 500μl of the 0.25, 0.5, or 1 % atomic ratio of W precursor on the surface of the α-Fe2O3 

photoanode, and the resulting photoanodes were labeled 0.25W:αFe2O3, 0.5W:αFe2O3 and 

1W:αFe2O3, respectively.  

4.1.2.2. Preparation of W:α-Fe2O3/MoS2 photoanodes 

The W:α-Fe2O3/MoS2 heterojunction was constructed by dropping the precursor of liquid 

exfoliation MoS2 nanosheets onto the surfaces of W:α-Fe2O3 photoanodes. The MoS2 nanosheets 

were made using 300 mg bulk powder of the MoS2 which dissolved in 55 mL DI water and 45 ml 

Ethanol as a solvent and sonicated for continues five days. Further, prepared solution was 

centrifuged at 3500 rpm for 60 min to make the few layers of MoS2 nanosheets. Then, the top of 

the solution containing thin MoS2 nanosheets was collected for use. For making heterojunction, 

800 μl of the few layers exfoliated MoS2 nanosheets precursor was dropped on W:α-Fe2O3 

photoanodes, and the W:α-Fe2O3/MoS2 sample was put in the furnace for 3 h at 550ᵒC. 

4.1.2.3. Characterization Equipment 

The morphologies and structures of the samples were characterized by using scanning electron 

microscopy (SEM, Model Quanta 250 FEG) and transmission electron microscopy (TEM, JEOL, 

JEM-2100F). The structures and crystallinities of the different catalytic films were characterized 

by X-ray diffraction (XRD). The X-ray source was Bruker D8Advance with monochromatic Cu 

Kα radiation (λ=1.5406 Å) in the 2θ range of 10–55°. A Raman spectrum was used with the laser 

line at 785 nm as the excitation source at room temperature (Bruker, model: Senteraa 2009, 

Germany). The chemical states of the component elements in the samples were investigated using 
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Thermo Scientific Sigma Probe spectrometer with a monochromatic AlKα source (photon energy 

1486.6 eV), spot size of 400 μm, energy step size of 1.0 eV and pass energy of 200 eV. The optical 

properties of the photoanodes were measured by Perkin Elmer UV-Vis-NIR model Lambda 950. 

Finally, photoluminescence (PL) spectra were detected at room temperature using an Edinburgh 

F-4600 NF900 (FLS920) fluorescence spectrophotometer at an excitation of 400 nm. Electron 

paramagnetic resonance (EPR) measurements in the X-band (9.64 GHz) were performed using a 

CW/Pulse EPR System(QM09). The power 1 mW absorbed by the samples was recorded at room 

temperature. To measure the time-resolved photoluminescence (TRPL), we used the second 

harmonic generated beam of a Ti:sapphire laser (800 nm wavelength, 100 fs pulse-width, and 82 

MHz repetition rate), which detected by a photomultiplier tube (PMT-100, Becker & Hickl). The 

luminescence signal from the photomultiplier tube was processed by time-correlated single-photon 

counting (TCSPC) system (SPC-730, Becker & Hickl) to yield the temporal behavior of FTOs and 

hematite-based samples. The monitoring window for the TRPL measurements was 590 nm and 

469 nm for FTOs and α-Fe2O3 s, respectively and the excitation intensity was about 4.7 MW/cm2. 

4.1.2.4. Photoelectrochemical (PEC) Measurement: 

The PEC measurements were obtained using a standard three-electrode structure. The pure α-

Fe2O3, W:α-Fe2O3, and W:α-Fe2O3/MoS2 photoelectrodes were utilized as a working electrode and 

a counter electrode was a platinum wire with an Ag/AgCl reference electrode in 1 M NaOH 

electrolyte. The applied bias was converted into RHE scale by Eq.1:    

VRHE = VAg/AgCl + 0.197 + 0.059×pH                                                                                           (1) 

The PEC performance was measured under an illumination of 100mW/cm2 from a 300W Xe lamp 

from the front side of the photoanodes in the voltage range from -0.3 to 1.5 V (vs. RHE). 

Electrochemical impedance spectroscopy (EIS) was conducted using the various potentials (0.9, 
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1, and 1.1 V vs. RHE) with the identical electrode formation. Finally, Incident Photon-to-electron 

Conversion Efficiency (IPCE) were investigated using different filters in this system to find out 

the conversion ratio of the incident photon to electron at 1.23V(vs. RHE). 

4.1.2.4. Hydrogen and Oxygen Evolution Measurement:  

The overall water splitting of α-Fe2O3, o.5W-α Fe2O3 and o.5W-α Fe2O3/MoS2 photoanodes were 

evaluated by measuring the H2 and O2 evolution at 1.23 V versus RHE in 1 M NaOH electrolyte 

under 100 mW.cm-2 irradiations. The amounts of generated oxygen and hydrogen gas were 

measured by gas chromatography (GC) system (YL Instrument, 6500GC System). Prior to the 

measurments the water splitting reaction nitrogen gas was purged into cell for 2 h to remove the 

air remaining in the reaction vessel. The light source was turned on and the amounts of evolved 

oxygen and hydrogen were measured by a tight syringe every 20 min using a gas chromatograph 

for 2h. The the resulting peak areas (AreaH2, AreaO2) were recorded by injecting gas samples in 

the GC. The progressed oxygen-hydrogen gases were estimated using the Eq.2 : 

𝐻2(𝑜𝑟⁡𝑂2)𝜇𝑚𝑜𝑙. 𝑐𝑚
−2 = (

𝐴𝑟𝑒𝑎⁡𝑜𝑓⁡𝐻2(𝑜𝑟⁡𝑂2)𝑝𝑒𝑎𝑘

𝑆𝑙𝑜𝑝𝑒⁡𝑜𝑓⁡𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛⁡𝑐𝑢𝑟𝑣𝑒⁡𝑓𝑜𝑟⁡𝐻2(𝑜𝑟⁡𝑂2)
) × (𝐻𝑒𝑎𝑑⁡𝑠𝑝𝑎𝑐𝑒⁡𝑣𝑜𝑙𝑢𝑚𝑒) × (

1𝑚𝑜𝑙

24.2⁡𝐿
)           (2) 

4.1.3. Results and Discussion 

4.1.3.1. Structural characterization 

The UV-vis, AFM and TEM graphs for prepared exfoliated MoS2 nanosheets display in Fig. 4.1.1a-

d. The near-infrared (NIR) to the ultraviolet (UV) region can be seen for optical absorption of 

MoS2 nanosheets due to the electronic band structure. Positions  named C, B, and A in Fig. 4.1.1a 

indicate the presence of exfoliated MoS2 nanosheets in the solution. The A and B transitions are at 

671.12 nm and 612.65 nm, respectively. The point C in Fig. 4.1.1a were place at 398.34 nm that is 

also corresponds to the well prepared MoS2 nanosheets precursor [10]. The length, concentration, 

and thickness of the exfoliated MoS2 nanosheets was calculated by equations 1, 2, and 3 are given 
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in chapter 3-1 [11]. The number of MoS2 nanosheets were estimated based on the deposited height 

measurement (Fig. 4.1.1b). Both measured average thicknesses using height profile diagram (Fig. 

4.1.1b) and estimated using equation 3 in chapter 2-1 are approximately 6-7 nm. Moreover, the 

average concentration and length of the MoS2 nanosheets on each prepared photoelectrodes were 

estimated to be 0.03 mg/ml and 168.26 nm, respectively.  
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Fig. 4.1.1. (a) UV-Vis, (b) AFM and height profiles, and (c, d) TEM images for MoS2 nanosheets. 

As shown in Fig. 4.1.1c, a lateral size of prepared MoS2 nanosheets by the liquid phase exfoliation 

process is approximately 100-150 nm. The lattice structure in high-resolution TEM image (Fig. 

4.1.1d) implies the unscathed MoS2 nanosheets in synthesis process. A polycrystalline film of 

MoS2 includes {101̅0}, {112̅0}, and (0002) indicates in the electron diffraction pattern (inset in 
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Fig. 4.1.1d) , which confirms few layers of MoS2 nanosheets with an acceptable crystallinity of 

the synthesis process [12].   

Field emission scanning electron microscope (FESEM) images illustrate the oval shaped α-Fe2O3 

nanostructure on the FTO, which has a diameter around 50 nm, and a length around 70–150 nm 

(Fig. 4.1.2). The heterojunction of MoS2 nanosheets also led to longer thickness (~470nm) and 

changes the size and condensation of nanorods as compared to pure α-Fe2O3 (Fig. 4.1.2b and d).  

Following the drop-deposition of two-dimensional exfoliated MoS2 nanosheets on the surface of 

W:α-Fe2O3 films, the surface becomes denser, which can lead to more effective light harvesting, 

electron-hole separation and facile transfer to the photoelectrode-electrolyte interface due to the 

existing heterojunction structure in the 0.5W:α-Fe2O3/MoS2 photoanode.  

 

Fig. 4.1.2. Top-view (a and b) and cross-sectional (c and d) FE-SEM images of pure α-Fe2O3 (a and c) and 0.5W:α-

Fe2O3/MoS2 (b and d) photoanodes. 

After the W doping and junction with MoS2, the changes in morphology between 0.5W:α-Fe2O3 

and the 0.5W:α-Fe2O3/MoS2 thin films could not be clearly distinguished in SEM images (Fig. 
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4.1.2). To further investigate the morphology of the 0.5W:α-Fe2O3/MoS2 sample, high-resolution 

TEM (HRTEM), high-angle annular dark-field scanning TEM (HAADF-STEM) and energy-

dispersive X-ray spectroscopy (EDX) elemental mapping images are shown in Fig. 4.1.3(a–i). The 

morphology of the 0.5W:α-Fe2O3/MoS2 has nanorods (Fig. 4.1.3a), however shortened nanorods 

which may have originated during the processing of preparation and TEM scanning. According to 

the Figs. 4.1.3c, the nanorod morphology remained almost unchanged upon W doping, [13]. A 

uniform α-Fe2O3 film was just detected with a lattice spacing of 0.249 nm corresponding to (110), 

which was also confirmed through XRD analysis (Fig. 4.1.4a). The α-Fe2O3/MoS2 structure was 

shown to have a core-shell morphology with a thickness of around 6 nm (Fig. 4.1.3c). When the 

MoS2 nanosheets coated on the surface of W:α-Fe2O3, the crystal structure decreased as compared 

to that of pure MoS2 nanosheets. This change in the crystal structure of the MoS2 layer can be 

attributed to increasing the concentration of the MoS2 nanosheets on the surface of the α-Fe2O3 

photoanode by dropping several times. In Figs. 4.1.3b and c, the MoS2 surrounding the 0.5W:α-

Fe2O3 indicated that the MoS2 layer was composed of stacked nano sheets [14]. Further, the STEM 

and EDX elemental mapping results of the 0.5W:α-Fe2O3/MoS2 nanorods show the presence of all 

elements which confirms the XPS analysis results. 
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Fig. 4.1.3. (a-c) HRTEM images of 0.5W:α-Fe2O3/MoS2 (d-i) HAADF-STEM image and energy-dispersive EDX 

elemental mapping images of 0.5W:α-Fe2O3/MoS2 sample. 

The phase purities and crystallographic structures of the prepared pure α-Fe2O3, 0.5W:α-Fe2O3 and 

0.5W:α-Fe2O3/MoS2 thin films were confirmed by using X-ray diffraction (XRD) patterns (see 

Fig. 4.1.4a).  The diffractions at 64, 62, 37, and 34° respectively matched with the (300), (214), 

(110), and (104) planes of the α-Fe2O3 structure (PDF 02-0915) in all the samples and no additional 

XRD peak could be observed. Thus, the XRD data reveals that the pure crystal structure of α-

Fe2O3 reserved without appearance of any extra peaks or impurity such as WO3 or MoO3. This 

possibly indicated that after addition of  N10H42W12O42 and calcination at 550 oC, W elements 

diffused into a shallow distance in the crystalline structure of α-Fe2O3  and replaced on defect sites 

resulted in W-doping α-Fe2O3 [2] . 
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Fig. 4.1.4. (a) X-Ray Diffraction patterns and (b) Raman spectra of the pure α-Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-

Fe2O3/MoS2. 

Fig. 4.1.4b shows the Raman spectra of pure α-Fe2O3, 0.5W:α-Fe2O3 and, 0.5W:α-Fe2O3/MoS2 

nanorods to further clarify the structural features. All the characteristic peaks of the α-Fe2O3-based 

samples show well crystallized features of the hematite. The spectral range between 200 and 650 

cm-1 contains the most intensive peaks of α-Fe2O3, while the peak recorded at 1315cm-1 with a 

higher intensity is determined to be a second harmonic vibration. The vibration peak intensity 

becomes wider and smaller after structural defects due to W doping in 0.5W:α-Fe2O3 and 

heterojunction 0.5W:α-Fe2O3/MoS2.The increasing intensity of the peak around 657 cm–1 can be 

attributed to the induction of an impurity phase and a defective structure [15]. 

To detect the presence of elements in the samples and investigate the electronic structure, XPS 

analysis were performed, and the results are shown in Fig. 4.1.5a–d. The Fe 2p region spectra show 

binding energies of 724.5 eV (Fe 2p1/2) with a shake-up satellite line at 733.5 eV and other binding 

energies of 711.1 eV (Fe 2p3/2) with a shake-up satellite line at 718.8 eV, which is specified to be 

Fe3+ in α-Fe2O3 (see Fig. 5a). As shown Fig. 4.1.5b, the deconvolution O1s spectrum peaks had a 

high peak at around 530.8 eV that can be corresponds to the Fe-O and Mo-O bonds at around 529.7 

eV and 530.2 eV, respectively. The peak at 530.2 eV could be related to the oxygen atoms of the 
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MoO3 on the surface [16]. The O1s spectrum at around 531.5 eV revealed OH- in both α-Fe2O3 

and 0.5W:α-Fe2O3 as well as Mo-peroxo for 0.5W:α-Fe2O3/MoS2. The hydroxyl groups (-OH) 

were unified on the surface by water molecular adsorption, while the peroxo groups (O2 
2-) joined 

to the Mo atoms attributing to the surface defect [17]. In the detecting W spectra, three peaks were 

observed at 35.1, 37, and 41.2 eV for W 4f7/2, W 4f5/2, and W 5p5/2 , respectively, which can be 

attributed to the existence of W nanoparticle in the 0.5W:α-Fe2O3 sample (Fig. 4.1.5c). 

Interestingly, the W peaks in the 0.5W:α-Fe2O3/MoS2 thin film are shifted to the lower binding 

energies of  34.1, 36.2, and 40.3 eV for W 4f7/2, W 4f5/2, and W 5p5/2 , respectively. This negative 

shift in binding energy can be detected by the electron donation of W, leading to a change in the 

electronic properties of the W 4f peaks [18]. 
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Fig. 4.1.5. XPS spectra for (a) Fe 2p (b) O1s, (c) W4f and (d) Mo3d for pure α-Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-

Fe2O3/MoS2. 

Furthermore, Mo6+ and Mo5+ peaks appear in 0.5W:α-Fe2O3/MoS2 and are confirmed by 

deconvoluted two major peaks at 231.5 eV (Mo3d5/2) and 234.9 eV (Mo3d3/2), respectively, which 

are attributed to the natural metal ion and oxygen vacancy on surface defects (Fig. 4.1.5d) . The 

XPS analysis for the sulfur element did not show any peaks, which might be related to the high 

annealing temperature. This analysis can support the conversion of MoS2 into MoO3 in the 

calcination process [16].  

To evaluate the optical properties of the prepared photoelectrodes, the UV-vis absorption spectra 

were measured for the pure α-Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-Fe2O3/MoS2 photoanodes (Fig. 

4.1.6a). The absorbances of 0.5W:α-Fe2O3 and 0.5W:α-Fe2O3/MoS2 are significantly enhanced 

compared to that of the pure α-Fe2O3. Further, the slight redshift indicates the presence of W as a 

dopant and MoS2 nanosheets as a heterojunction, which implies that the absorbance intensity was 

improved [19]. The heterojunction with MoS2 also leads to higher absorption which in turn 

enhances its photoelectric performance by improving the light absorption ability and the photon to 

charge conversion efficiency [20]. 
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As shown in Fig. 4.1.6b, the light-harvesting efficiency (LHE) values of the α-Fe2O3, 0.5W:α-

Fe2O3, and 0.5W:α-Fe2O3/MoS2 thin films show enhanced light absorption, which is effective for 

catching more photons and generating more charge carrier; the LHE is obtained using the Eq. (3): 

LEH=1-𝟏𝟎−𝑨(𝝀)                                                                                                                             (3) 

Where A(λ) is the absorbance in different wavelengths. The higher absorbance of photoelectrode 

led to the higher LHE values. The LHE enhancement can be attributed to the fact that the 

combination of the W doped and MoS2 nanosheets heterojunction with α-Fe2O3 has a notable 

supplementary effect on the optical properties and this structure plays an important role in light 

capture efficiency [21]. 

The photogenerated electron-hole recombination rate and charge trapping effect can be detected 

by analyzing the photoluminescence (PL) spectrum data (Fig. 4.1.6a). The PL spectra of the 

undoped, W doped, and heterojunction structured 0.5W:α-Fe2O3/MoS2 thin films were measured 

under an excitation range from 450 nm to 600 nm with a 10nm interval. Furthermore, the PL 

intensity of 0.5W:α-Fe2O3/MoS2 thin film is shown in Fig. 4.1.6c, which implied reductions in 

recombination and charge trapping of photogenerated electron-hole pairs. The heterojunction the 

0.5W:α-Fe2O3 with MoS2 had decreased PL intensity compared to pure and 0.5W:α-Fe2O3. In 

addition, the broadening and widening of the PL could be due to partially absorption and trapping 

of emitted excited electrons induced by MoS2 layer [22]. Thus, the W doping and the construction 

of the Z-scheme structure in the heterojunction greatly contributed to the improved optical property 

by increasing more light harvesting and the photocurrent density leading to improved PEC 

performance (see section 4.1.3.2) [23].  
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Fig. 4.1.6. (a) UV-vis absorbance, (b) LHE, (c) PL, and (d) TRPL of pure α-Fe2O3, 0.5W:α-Fe2O3 , and 0.5W:α-

Fe2O3/MoS2.   

The time-resolved photoluminescence (TRPL) curves shown in Fig. 4.1.6d are used to assess the 

recombination kinetics of photoinduced electron-hole pairs. The TRPL decay spectrum was fitted 

with a biexponential decay function. The TRPL spectra in Fig. 4.1.6d reveal that the average decay 

time of the charge carriers of W:α-Fe2O3 (τave =1.80 ns) is longer than that of pure α-Fe2O3 (τave 

=0.32 ns), this significant increase in estimated τave suggested that using W dopant could more 

efficiently accelerate light-induced charge separation and transfer. Further, the τave of the 0.5W:α-

Fe2O3/MoS2 photoanode reaches 2.33 ns by making a heterojunction, which implies that efficient 

charge transfer occurs between α-Fe2O3 and MoS2 semiconductors. The better separation of 
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electron-hole pairs leads enhanced migration of charger carriers in the 0.5W:α-Fe2O3/MoS2 

electrode, leading to a higher PEC water oxidation efficiency [24]. 

4.1.3.2. Photoelectrochemical (PEC) Performance  

Linear scan voltammetry (LSV) was conducted for pure α-Fe2O3, W: α-Fe2O3, and heterojunction 

with MoS2 (Figs. 4.1.7a and b) under continuing and periodic on-off 100 mWcm-2  illuminations 

between 0.3 and 1.5 V vs. RHE in 1 M NaOH as an electrolyte. The photocurrent density is zero 

in the dark condition for all samples, and all electrodes showed a prompt and reproducible 

photocurrent response with respect to the irradiation signal ON‐OFF cycles.  The optimized W 

doped α-Fe2O3 electrode (0.5W:α-Fe2O3) showed increased photocurrent density to ~0.5 mA.cm-2 

at 1.23 V vs. RHE. The photocurrent onset potential was slightly shifted to negative areas after 

applying various atomic percentages of W doped on the surface of α-Fe2O3 photoelectrodes. The 

cathodic shift was attributed to the decreased the back reaction, but not the accelerating water 

oxidation kinetics, ions adsorption or passivating surface states [25, 26]. After constructing the 

heterojunction of the optimized W doping into α-Fe2O3 with MoS2, the identified photocurrent 

density was 1.83 mA.cm-2 at 1.23 V vs. RHE, which is 26 and 3.66 times higher than those of the 

α-Fe2O3 and α-Fe2O3/MoS2 electrodes, respectively. The cathodic shift in the onset potential is 

more pronounced in the 0.5W:α-Fe2O3/MoS2 electrode which implies a shift of the conduction 

band in the negative region and facile charge transfer path ways [27].  

The photocurrent response and stability vs. time (i-t) curves of pure α-Fe2O3, 0.5W:α-Fe2O3, , and 

0.5W:α-Fe2O3/MoS2 were evaluated by chronoamperometry at a constant applied potential of 

1.23V vs RHE for 4 on-off cycles under 1-sun illumination (Fig. 4.1.7c). The photocurrents in 

these four cycles were measured under periodic illumination (30 s light on and 15 s light off) in 
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NaOH 1M solution as an electrolyte. The immediate response to the light on-off terms for all 

electrodes implies appropriate sample fabrication for the charge mobility improvement [28]. After 

the construction of the heterojunction 0.5W:α-Fe2O3 electrode with MoS2, the 0.5W:α-Fe2O3/MoS2 

photoelectrode could also be fitted well on its photocurrent response under the four light on/off, 

and  it also had good stable behavior in continuous 30 min illumination. These desirable results 

are attributed to the suitable junction between these two semiconductors with good band alignment 

which lead to facile the charge transfer (Fig. 4.1.7c-d). 
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Fig. 4.1.7. (a) Linear scan voltammetry and (b) chopped LSV vs. potential linear from 0.3 to 1.5 V (vs. RHE), (c) 

photocurrent response, and (d) photocurrent stability at 1.23 V (vs. RHE) for pure α-Fe2O3, 0.5W:α-Fe2O3, and 

0.5W:α-Fe2O3/MoS2 under 100 mWcm-2 illumination. The electrolyte was a 1 M NaOH. 
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Fig. 4.1.8 shows the Nyquist plots of the α-Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-Fe2O3/MoS2 

photoanodes at different potentials (0.9, 1, and 1.2 V vs. RHE) which were obtained through 

potentiostatic electrochemical impedance spectroscopy (EIS). The efficiency of photogenerated 

electron-hole separation and the resistance of electron transfer for photoelectrodes are reflected in 

the size of the arc radius in the Nyquist plot. The parameter values in the inside tables represent 

the data fitted with the demonstrated equivalent circuit model [29] (inside Fig. 4.1.8d). The Randles 

circuit model was well fitted to all the samples with the sheet resistance (Rs), interfacial charge 

transfer resistance (R), and the space charge capacitance of the electrode/electrolyte interface (C). 

The tables inside of the graphs demonstrate the resistances and space charge capacitance values, 

which show that the lowest resistance and highest capacitance values were obtained by 0.5W:α-

Fe2O3/MoS2 photoelectrode at a potential of 1.2 V vs. RHE. As indicated in the tables inside of 

Figs. 8a-c, the charge transfer resistance decreased with the increase in overpotential due to the 

increased electron transfer rate [30]. This behavior could be attributable to the collaborative 

approach using MoS2 as a heterojunction and W as metal doping that facilitates the extraction of 

holes. Therefore, the 0.5W:α-Fe2O3/MoS2 photoanode reduced recombination rate of charge 

carriers at the hematite nanorods which is entirely consistent with the TRPL data . 
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Fig. 4.1.8. Nyquist plot in potential 0.9, 1, 1.2 V vs. RHE for (a) pure α-Fe2O3, (b) 0.5W:α-Fe2O3, and (c) 0.5W:α-

Fe2O3/MoS2 electrodes. (d) Nyquist plot in potential 1.2 V vs. RHE for α-Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-

Fe2O3/MoS2 electrodes. The supporting electrolyte was a 1 M aqueous solution of NaOH. The unit of the series 

resistance (Rs) and charge transfer resistance (R) are ohm (Ω) and unit of capacitance (C) is farad (F). 

As shown in Fig. 4.1.9a, the Mott-Schottky plots were measured to estimate the flat band potential 

(Vfb), donor concentration (ND), and width of the space charge layer (WSCL), which can be obtained 

using equations 4 and 5:  
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constant, T the temperature (K), e the charge of an electron (C), ε the relative permittivity, ε0 the 

dielectric constant, ND the donor concentration per unit volume (cm3), and Csc the surface charge 

capacitance (F/cm2). The linear slopes in the Mott–Schottky plot for the pure α-Fe2O3 electrode 

decreased after doping W on the surfaces of the α-Fe2O3 thin films. The 0.5W:α-Fe2O3 sample 

showed an optimized linear slope with a WSCL value around 38% lower than that of pure α-Fe2O3. 

The ND and Vfb values estimated from the slopes and intercepts of the Mott-Schottky plots for the 

pure α-Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-Fe2O3/MoS2 samples. In addition, the donor density was 

increased (ND=5.97E+20 cm-3) and the flat band potential (Vfb=0.81 v) was decreased by 

fabrication of heterojunction with the MoS2 nanosheets as the second modification process. The 

space charge layer value (WSCL=3.08 nm) is around 51 and 9% lower than those of pure α-Fe2O3 

and 0.5W:α-Fe2O3, respectively. The W doping and heterojunction with MoS2 nanosheets led to 

lower overpotential for the oxygen evolution reaction to improve the PEC performance by 

generating more electron-hole pairs and enhancing the charge transfer efficiency [31].  

The photoelectrochemical performance for all the samples under visible light region irradiation 

were confirmed by the incident-photon-to-current-efficiencies (IPCE) measurement using Eq.6: 

𝐼𝑃𝐶𝐸,% = (
1240

𝜆
×

𝐽𝑙𝑖𝑔ℎ𝑡

𝑃𝑙𝑖𝑔ℎ𝑡
) × 100                                                                                               (6) 

The highest IPCE values better support the heterojunction effect with the MoS2 nanosheets. The 

identified IPCE for 0.5W:α-Fe2O3/MoS2 photoanode was 38.7% at 325 nm, which is 2.5 times 

higher as compared that of 0.5W:α-Fe2O3 (Fig. 4.1.9b). Further, the IPCE curves correspond to the 

results of the optical absorption analysis spectrum for all samples under the visible light [32]. 

The applied bias photon to current efficiencies (ABPE) of α-Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-

Fe2O3/MoS2 are plotted in Fig. 4.1.9c by Eq. 7: 
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ABPE (%) =(
J(

mA

cm2
)×(1.23−Vbias)(V)

P(
mW

cm2
)

)                                                                                             (7)                                   

Here, J is the photocurrent density at the measured potential V vs. RHE under 100 mW.cm−2 light 

illumination in the NaOH 1M (pH=12) electrolyte. The maximum ABPE of 0.5W:α-Fe2O3 and 

0.5W:α-Fe2O3/MoS2 electrodes were obtained at 1.02 and 0.96 V vs RHE, respectively. The 

percentages of ABPE for α-Fe2O3, 0.5W:α-Fe2O3 and 0.5W:α-Fe2O3/MoS2 were 0.9, 5, and 26%, 

respectively. Moreover, the potential at the highest ABPE value of 0.5W:α-Fe2O3/MoS2 electrode 

shifted to the cathodic direction compared to that of pure α-Fe2O3. This study found that the charge 

transport of α-Fe2O3 in the low potential range is not achieved by W doping, but is easily obtained 

by fabricating a heterojunction with MoS2 nanosheets [33].  

The enhancement in electron-hole generation and charge transport by applying W doped and MoS2 

heterojunction were more investigated further with the open circuit potential (∆OCP) decay curve. 

As shown in Fig. 4.1.9d, when the light was turned on, the potential was decreased to obtain a 

stable value. The 0.5W:α-Fe2O3 photoanode showed more photogenerated electron-hole 

production and a lower recombination rate as compared with that of pure α-Fe2O3, which are 

consistent with the lower stable potential between the 30, and 60 s period (Fig. 4.1.9d) [34]. The 

∆OCP value of the 0.5W:α-Fe2O3/MoS2 photoanode was  significantly decreased to a lower 

potential value (~ -0.25), and this was attributed  to facilitation of the charge transfer path way and 

the decreased the recombination rate [35].  
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Fig. 4.1.9. (a) Mott–Schottky plot, (b) IPCE, (c) ABPE plots, and (d) open circuit potential (ΔOCP) for α-Fe2O3, 

0.5W:α-Fe2O3, and 0.5W:α-Fe2O3/MoS2 electrodes.  

The photocurrent commonly occurs through the light absorption of the semiconductor, separation 

of the photogenerated charge carriers, and surface charge injection for PEC performance. The 

charge separation efficiency (ηsep) and the surface charge injection efficiency (ηinj) of the pure α-

Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-Fe2O3/MoS2 electrodes are shown in Figs. 4.1.10a and b, 

respectively. The values of ηsep, ηinj, and ηLHE are calculated in 1M NaOH and H2O2 as a electrolyte 

[36]. The charge separation efficiency (ηsep) was enhanced from ca. 0.07 to 0.29, and to 0.42 at 

1.23 V vs. RHE for the α-Fe2O3, 0.5W:α-Fe2O3, and 0.5W:α-Fe2O3/MoS2 electrodes, respectively. 

The surface charge injection efficiency (ηinj) of the α-Fe2O3 increased from ca. 0.08 to ca. 0.37, 
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and to 0.86 at 1.23 V vs. RHE for 0.5W:α-Fe2O3 and 0.5W:α-Fe2O3/MoS2 electrodes, respectively. 

Obviously, the charge separation and surface charge injection efficiency were enhanced after a 

collaborative approach using MoS2 as a heterojunction and W as metal doping on the α-Fe2O3 

nanorods which in turn overcame the reaction barrier to impressively improve the hole transport 

through the electrode/electrolyte interface [37].  
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Fig. 4.1.10. (a) Charge separation efficiency (ηsep) and (b) charge injection efficiency (ηinj) of the pure α-Fe2O3, 

0.5W:α-Fe2O3, and 0.5W:α-Fe2O3/MoS2 electrodes.  

For comparison, the overall water splitting of α-Fe2O3, 0.5W-α Fe2O3 and 0.5W-α Fe2O3/MoS2 

photoanodes were evaluated by measuring the H2 and O2 evolution at 1.23 V versus RHE under 

100 mW.cm-2 irradiation in 1 M NaOH electrolyte. As demonstrated in Figs. 4.1.11a and b, the 

total H2 values generated after 2h of irradiation for α-Fe2O3, 0.5W-α Fe2O3 and 0.5W-α 

Fe2O3/MoS2 are 2, 11.9 and 49 μmol.cm-2, respectively, and the total O2 generated are 0.93, 5.9 

and 23.8 μmol.cm-2, respectively, indicating at 2:1 ratio of the water splitting reaction. The H2/O2 

gas evolution process was accompanied by a stable photocurrent density as shown by 

chronoamperometry in Fig. 4.1.7d. Further, the Faradaic efficiency of O2 and H2 evolution for 

0.5W-α Fe2O3/MoS2 photoanode is determined to be 85−88%, indicating most of the 
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photogenerated holes were used for the water oxidation reaction[34]. 
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Fig. 4.1.11. (a) H2 and (b) O2 evolution vs. reaction time per illuminated area (1cm2) for α-Fe2O3, 0.5W:α Fe2O3 and 

0.5W:α Fe2O3/MoS2 photoanodes at a potential of 1.23 V versus RHE. Under 100 mW.cm-2 irradiations, electrolyte 

was a 1M (PH=12) aqueous solution of NaOH. 

The electron-hole transfer mechanisms of the α-Fe2O3, W:α-Fe2O3 and W:α-Fe2O3/MoS2 

electrodes are exhibited in Fig 4.1.12. When, W:α-Fe2O3 and MoS2 were in contact, band bending 

occurred to obtain equilibrium of the Fermi level, which created the heterojunction. After 

irradiation light electrons were excited from the valence band (VB) to the conduction bands (CB) 

of W:α-Fe2O3 and MoS2 (Fig. 4.1.12c). Further, the electron from the CB of MoS2 was then 

transferred to the CB of W:α-Fe2O3 due to the energy level difference as shown in Fig. 4.1.12c. 

The holes from the VB of  W:α-Fe2O3 were transferred to the VB of MoS2 driven by the 

electrostatic forces and reacted with OH to create O2 gas, whereas electrons that had arrived at the 

Pt counter electrode through FTO glass generated H2 gas. In addition, the space charge region 

became smaller in W:α-Fe2O3/MoS2 compared to W:α-Fe2O3 and α-Fe2O3. Due to smaller space 

charge layer in W:α-Fe2O3/MoS2, holes could move faster to the surface of the photoanode and 

participate in the oxygen evolution reaction. For further detail, the ultraviolet photoelectron 

spectroscopy (UPS) results of the α-Fe2O3, 0.5W:α-Fe2O3, and MoS2 samples are shown in Fig. 
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4.1.12. The maximum valence bands were determined to be 6.54, 6.49, and 5.27 eV versus vacuum 

level for α-Fe2O3, 0.5W:α-Fe2O3, and MoS2, respectively. These were calculated using Eq. 12, that 

involves subtracting the width of the UPS spectrum from the excitation energy (21.22 eV) [38].  

Energies of the Fermi levels (EF) and the valence band maxima (EVBM) retrieved from ultraviolet 

photoelectron spectroscopy (UPS) spectra show in Fig. 4.1.12a andb. The work function (Φ) gives 

the energy of the Fermi level with respect to the vacuum level and is calculated with Eq. (8): 

Φ = hν – Ehighcutoff    ,(hν ≈ 21.22 ev)                                                                                        (8) 

|EVBM| is calculated with Eq. (9): 

|EVBM| = hν - (Ehighcutoff -Elowcutoff)                                                                                             (9) 

The work function (Φ) was estimated based on the energy of the Fermi level with respect to the 

vacuum level for the α-Fe2O3, 0.5%W:α-Fe2O3 and MoS2 samples insides of Fig. 4.1.12a and b, 

respectively. In addition, the band alignment diagram of the MoS2 shows in Fig. 4.1.12c, which 

indicates Φ=4.34 eV corresponding to the few layer of the MoS2 nanosheets [39].  
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Fig. 4.1.12. UPS and work function of (a) pure hematite and 0.5W doped , (b) MoS2, and (c) energy band diagram 

of the heterojunction. 

 

The energy band diagram of the heterojunction under the photoexcitation is also shown in Fig. 

4.1.13c. This indicates that by depositing α-Fe2O3 between MoS2 and FTO substrate, the charge 

separation and with depositing W doping α-Fe2O3 between MoS2 and FTO, transfer of electron-

hole pairs at semiconductor heterojunction film could be enhanced compared to pure α-Fe2O3 

electrodes . This led to the more efficient collection of photogenerated electrons on the FTO surface 

before recombination. Therefore a collaborative approach of MoS2 as heterojunction and W as 

doping (0.5W:α-Fe2O3/MoS2 photoanode) create greater strength in the separation and transfer of 

electron-hole pairs to improve noticeably its PEC performance compared with 0.5W:α-Fe2O3  and 

pure α-Fe2O3 electrodes [31]. 
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Fig. 4.1.13. Schematic illustration of electron-hole separation for (a) pure α-Fe2O3 electrode (b) W-α-Fe2O3 electrode, 

and (c) 0.5W:α-Fe2O3/MoS2 electrode under 100 mWcm-2 in contact with 1 M NaOH electrolyte. 

4.1.4. Conclusion 

This study successfully fabricated of the heterojunction between two-dimensional materials (MoS2) 

and tungsten (W) doped α-Fe2O3 by optimizing the atomic percentage of tungsten and amount of 

the MoS2 nanosheets by using simple and low-cost synthesis processes to improve the efficiency 

of photoelectrochemical performance. The identified photocurrent density of the 0.5W:α-

Fe2O3/MoS2 photoanode was ~1.83 mA.cm-2 at 1.23 VRHE, which was around 4 and 26 times 

higher than that of α-Fe2O3/MoS2 and pure α-Fe2O3 electrodes, respectively. The combination of 

the heterojunction and metal doping on the pure α-Fe2O3 increased its donor concentration, reduced 

the space charge layer, and decreased the flat band potential, which could all have contributed to 

the improved photoelectrochemical efficiency. The optimized incorporation of 0.5%W doping and 

2D nanosheets of MoS2 (0.5W:α-Fe2O3/MoS2) showed IPCE of 37% and ABPE 26% at 0.96 VRHE, 

which are around 5.2 and 13 times higher than those of 0.5W:α-Fe2O3and pure α-Fe2O3, 

respectively.  
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Chapter 4 - Section 2 - Multi Heterojunction 

 

Unified surface modification by double heterojunction of MoS2 nanosheets 

and BiVO4 nanoparticles to enhance the photoelectrochemical water splitting 

of hematite photoanode 

 

Abstract:   

Metal oxide semiconductors are among the most promising photoelectrode materials for solar 

water splitting, mainly due to their robustness in aqueous solutions. In this work, a multi 

heterojunction with metal oxides is fabricated to enhance the photoelectrochemical (PEC) water 

splitting through unified surface modification. The two-dimensional MoS2 nanosheets are 

synthesized through the liquid-phase exfoliation (LPE) process. The characteristics of the MoS2 

nanosheets for improving light harvest and charge separation, including thickness, number of 

layers, and concentration, are all estimated using the proper techniques. The best photocurrent 

density of the α-Fe2O3/BiVO4/MoS2 at 1.23V vs. RHE under 100 mW/cm2 (AM 1.5) illumination 

that was identified around 15 times greater than that of the α-Fe2O3 photoanode. The α-

Fe2O3/BiVO4/MoS2 electrode shows the highest donor concentration value (4.36E+26 m3) with 

the lowest flat band potential (0.15 V) among all the prepared electrodes. Furthermore, the obtained 

hydrogen and oxygen production in 2h irradiation for α-Fe2O3/BiVO4/MoS2 is 46.5 and 22.3 

μmol.cm-2, respectively. 
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4.2.1. Introduction:  

Finding the proper solutions to mitigate both environmental pollution and energy shortage is a high 

priority when researching best way to support the sustainable growth of modern societies [1]. 

Recently, photoelectrochemical (PEC) techniques have become increasingly attractive methods 

for the overcoming of serious problems related to many chemical and environmental applications 

and sustainable energy generation, such in chemical synthesis [2], biosensing , organic pollutant 

degradation [3], water splitting fuel generation [4], and solar rechargeable battery [5]. For PEC 

water splitting, semiconductors can make clean chemical fuels by converting solar energy into 

oxygen and hydrogen through the splitting of water [6]. Among the different semiconductors, 

metal oxides such as TiO2[7], α-Fe2O3 [8], WO3 , and BiVO4 [9] are among the most promising 

photoanode materials for usage in this process, as they are stable, non-toxic, low-cost, and have a 

suitable bandgap for generating electron-hole pairs for usage in photocatalysis applications [10]. 

To enhance the water oxidation in a half-reaction at the surface of the photoanodes, it is required 

to build a narrow and suitable bandgap with a proper valence band position [11].  

Hematite (α-Fe2O3) has many advantages, including the possession of a small bandgap (2.0–

2.2 eV), the fact that it exists in abundant quantities, and its strong stability in PEC efficiency [12]. 

The predicted theoretical efficiency of α-Fe2O3 is 12.4%; however, its short hole diffusion length 

(~2-4 nm), positive conduction band edge, and slow charge carrier mobility are few of the 

drawbacks that occur while achieving this high efficiency [13]. Bismuth vanadate (BiVO4) is also 

utilized for water oxidation, as it is a properly visible light photocatalyst with high theoretical 

conversion efficiency (9.1%) and a suitable band gap (2.4 eV) [14]. Two-dimensional (2D) 

Molybdenum disulfide (MoS2) nanosheets have an optical band gap around 1.8 eV which can 
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easily extract the holes from a photoexcited absorber within the visible range through the 

fabrication of heterojunction with an n-type semiconductor [15]. Due to its unique optical, 

mechanical, and electronic properties, it has received great attention for its usage in various 

applications particularly through photo-electrocatalysis and electrocatalysis fields [16].  

It should be noted that one of the most important limiting factors effects on PEC efficiency, is the 

recombination of charge carriers. Efficient strategies for enhancing PEC performance focus on the 

construction of a heterojunction between two or more semiconductors [17]. The forming of 

multicomponent heterojunctions can therefore facilitate the separation and transportation of charge 

carriers [18]. Furthermore, the heterojunction of semiconductors can enhance the efficiency of 

electron-hole separation by increasing the ηinjection and kinetics of charge carriers [19]. Therefore, 

charge carriers are generated in one photocatalyst, and then transferred vectorially to the other 

material through an offset in the energies of the conduction and valance band edges, thereby 

allowing for interfacial charge transfer from one semiconductor to another  [20].  

In this study, we fabricated the multi heterojunction of monoclinic BiVO4 and MoS2 nanosheet on 

the surface of the hematite photoanode with high PEC performance. The thickness, number of 

layers, and concentration parameters of the prepared MoS2 precursor were investigated through 

AFM, UV-vis, and HRTEM analyses. The PEC properties of the α-Fe2O3/BiVO4/MoS2 

photoelectrode were systematically studied which demonstrated a great enhancement of the PEC 

performance, containing incident photon conversion efficiency (IPCE), donor concentration (ND), 

space charge layer thickness (WSCL), flat band potential (Vfb), and applied bias photon-to-current 

efficiency (ABPE) are all analyzed and discussed based on the engineering multi-metal oxide 

heterojunction. 
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4.2.2. Experimental section: 

4.2.2.1. Chemical and reagents:  

For the purposes this study, Sodium nitrate (NaNO3), iron (III) chloride hexahydrate (FeCl3·6H2O), 

Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), Ammonium metavanadate (NH4VO3), acetic acid 

(CH₃COOH), nitric acid (HNO₃), and Hydrochloric acid (HCl) were all purchased from Daejung 

Chemical & Metal Co., Ltd (Korea). The bulk powder of molybdenum disulfide (MoS2) was 

procured from the company Sigma-Aldrich. Deionized water was used to prepare all the aqueous 

solutions used in this study. 

4.2.2.2. Preparation α-Fe2O3 photoanode:  

The α-Fe2O3 thin film was fabricated on fluorine tin oxide (FTO) through a hydrothermal method. 

An aqueous solution consisting of a mixture of 1 M sodium nitrate (NaNO3) and 0.15M ferric 

chloride (FeCl3.6H2O) was prepared as a precursor. Hydrochloric acid (HCl) was used to adjust 

towards a pH=1.5 with a slow drop wising to the solution. The clean FTO was put at the bottom 

of a Teflon container and then 80ml of the prepared precursor was added to it and was placed in 

the oven at 100°C for 6 hours. The residues on the coated FTO were washed with DI water and 

became the β-FeOOH. It was put in a furnace at 550°C for 3 hours and then a reddish orange α-

Fe2O3 thin film was prepared.  

4.2.2.3. Preparation of α-Fe2O3/BiVO4:  

The BiVO4 thin film was fabricated through a dip-coating process. The precursor solution was 

prepared by mixing 6 mmol or 2.94 g of Bi(NO3)3·5H2O, 2.52 g citric acid, and 6 mmol or 0.702 g 

of NH4VO3 in 5 mL acetic acid, 30 mL of distilled water, and 15 mL of nitric acid. Furthermore, 

3 g polyvinyl alcohol of Mw 89,000–98,000 was added into the solution slowly and then stirred 

for 4 hours at room temperature. To prepare the α-Fe2O3/BiVO4 photoanode, the α-Fe2O3 electrode 



107 
 

was placed into the prepared precursor for the dip-coating process at a constant speed. The heating 

treatment was done at 330°C for 5 minutes in the air to improve the crystallinity between every 

cycle. The calcination process was completed after the optimized four dip-coating cycles and α-

Fe2O3/BiVO4 electrode was placed into the furnace at 450 °C for 10 hours. 

4.2.2.3. Preparation of α-Fe2O3/BiVO4/MoS2:  

The fabricating of the MoS2 nanosheets was done through liquid-phase exfoliation (LPE) method 

and MoS2 was then loaded onto the α-Fe2O3/BiVO4 photoanode by drop-casting precursor. The 

precursor of the MoS2 nanosheets was prepared by mixing 300 mg of MoS2 bulk powder into 55 

mL water, in addition to 45 mL Ethanol, to form an aqueous solution. They were exfoliated through 

continuous sonication for a period of 5 days. The dispersed solution was centrifuged at 3500 rpm 

for a period of 1 hour to create a monolayer, and then the top of the solution was collected for use. 

Finally, the optimized values (800 μL) of the MoS2 nanosheets precursor were then dropped onto 

the α-Fe2O3/BiVO4 electrode surface and the α-Fe2O3/BiVO4/MoS2 sample was placed into the 

furnace to calcinate for 2 hours at 450ᵒC. 
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Fig. 1. The preparation processes of pure α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 photoanodes. 

4.2.2.4. Characterization Measurement: 

The scanning electron microscope (SEM, Model Quanta 250 FEG) and transmission electron 

microscopy (TEM, JEOL, JEM-2100F) was used for morphological investigation of the α-Fe2O3, 

α-Fe2O3/BiVO4, α-Fe2O3/BiVO4/MoS2 photoanodes. The structure and crystallinity of each 

catalytic electrodes were characterized by X-ray diffraction (XRD). Raman spectra (Bruker, model: 

Senteraa 2009, Germany) were used with the laser line in 785 nm as the excitation source at room 

temperature. The X-ray source was Bruker D8Advance with monochromatic Cu Kα radiation 

(λ=1.5406 Å) in 2θ range of 10–55°. Thermo Scientific Sigma Probe spectrometer, with a 

monochromatic AlKα source (photon energy 1486.6 eV), spot size of 400 μm, energy step size of 

1.0 eV and pass energy of 200 eV, was used for detecting the chemical state of component elements 

in the electrodes. The optical properties of the thin films were measured by Perkin Elmer UV-Vis-

NIR model Lambda 950. Photoluminescence (PL) spectra were detected at a room temperature 
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using Edinburgh F-4600 NF900 (FLS920) fluorescence spectrophotometer at an excitation on 400 

nm. 

4.2.2.5. Photoelectrochemical (PEC) Measurement: 

In the PEC performance part, all data were measured with a standard three-electrode. The working 

electrodes that were prepared consist of α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 

photoanodes. A counter electrode is a platinum wire that was applied with an RHE reference 

electrode in 0.5 M Na2SO4 (pH≈7) aqueous solution as an electrolyte. The PEC measurements 

were done under 100 mW/cm2 illumination of the front-side of the electrodes with a power 

intensity coming from 300W Xe lamp in the voltage range from 0.3 to 1.5 V (vs. RHE). The 

electrochemical impedance spectroscopy (EIS) was measured through the usage of potentiating 

with the identical electrode formation within the formation under light conditions whose frequency 

ranged from 10000 Hz to 0.1 Hz. Mott-Schottky analysis was also conducted under light 

conditions in 0.5 M Na2SO4 electrolyte with applied potential from 0.3 to 1.5V (vs. RHE) at 15 

scan points. Incident Photon-to-electron Conversion Efficiency (IPCE) was measured by using 

different filters at 1.23V (vs. RHE) under the illumination level of 100 mW/cm2 (AM 1.5). 

Furthermore, the applied bias photon-to-current efficiency (ABPE) was also displayed at the RHE 

scale using the following Eq. 1:    

VRHE = VAg/AgCl + 0.197 + 0.059 pH                                                                                         (1) 

4.2.2.6. Hydrogen and Oxygen Evolution Measurement:  

For overall water splitting of of α-Fe2O3, α-Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 photoanodes 

was evaluated by measuring the H2 and O2 evolution at 1.23 V versus RHE under 100 mW.cm-2 

irradiations in 1M of NaOH electrolyte. The produced hydrogen and oxygen gas amounts were 
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measured using the gas chromatography (GC). Before starting the water splitting reaction nitrogen 

gas was purged into cell for 2 h to remove the air remaining in the reaction vessel. The light source 

was turned on and the amounts of evolved oxygen and hydrogen were measured by a tight syringe 

every 20 min using a gas chromatograph for 2h. The gas samples were injected in the GC, and the 

resulting peak areas (AreaH2, AreaO2) were recorded. The evolved hydrogen-oxygen gases were 

calculated according to the following formula[21]: 

𝐻2(𝑂2)𝜇𝑚𝑜𝑙. 𝑐𝑚
−2 = (

𝐴𝑟𝑒𝑎⁡𝑜𝑓⁡𝐻2𝑝𝑒𝑎𝑘

𝑆𝑙𝑜𝑝𝑒⁡𝑜𝑓⁡𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛⁡𝑐𝑢𝑟𝑣𝑒
) × (𝐻𝑒𝑎𝑑⁡𝑠𝑝𝑎𝑐𝑒⁡𝑣𝑜𝑙𝑢𝑚𝑒) × (

1𝑚𝑜𝑙

24.2⁡𝐿
)            (1) 

The detailed calculation process for the Faradaic efficiency was shown as following: 

Faradic efficiency = Actual photocurrent density/ Theoretical photocurrent density                 (2) 

Actual photocurrent density = N× nH2/O2 × F                                                                            (3) 

F is the Faraday constant which is 0.096487 C/μmol). nH2/O2 (μmol ) is amount of H2 or O2 

evolution determined by gas chromatography. N is number of electrons needed to evolve one 

molecule of H2 or O2. It is assumed that 2 electrons are needed to produce one molecule of H2, and 

4 electrons are needed for one molecule of O2.  

Theoretical photocurrent density= Q = I × t                                                                                (4) 

Q is quantity of charge (electricity) in coulombs (C). I is current in amperes (amps, A) and t is time 

(seconds). 

4.2.3. Results and Discussion 

4.2.3.1 Morphology and Structure of the Exfoliated MoS2 Nanosheets 

Fig. 4.2.2a indicates TEM images of prepared MoS2 nanosheets using the LPE method with a 

lateral size between 100~150 nm. A high-resolution TEM image (Fig. 4.2.2b) shows that the lattice 

structure of the MoS2 nanosheet was not damaged during the synthesis process. The electron 
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diffraction pattern (inset in Fig. 4.2.2b) indicates that a polycrystalline film of MoS2 contains 

(0002), {101̅0}, and additionally {112̅0} lattice fringes are visible. These few layers of MoS2 

nanosheets with a thickness (∼6 nm), possessed an acceptable crystallinity during the synthesis 

process [22]. The UV-vis and AFM of the exfoliated MoS2 nanosheets are shown in Figs. 4.2.2c 

and d. Due to the electronic band structure of MoS2, optical absorption was measured by UV-Vis 

spectroscopy between the ultraviolet region to the near-infrared region. Points A, B, and C show 

in Fig. 4.2.2d represent the existence of a few layers of the MoS2 nanosheets in the prepared 

precursor. The point C in MoS2 is centered at 397.46 nm, while the B and A transitions are 

respectively placed at 609.36 nm and 669.92 nm, with these results indicating the significant 

contribution of the few-layered nanosheets. The concentration, length, and thickness of the 

exfoliated MoS2 were calculated using equations 1, 2, and 3, which can be viewed in the chapter 

2 part 1 [23]. 

AFM results can prove the estimate values for the number of MoS2 layers based on the deposited 

height measurement. The average thickness from the height profile diagram was estimated at 

approximately 6 nm (Fig. 4.2.2c). Further, the length and the concentration of the few layers MoS2 

on each photoanode were calculated at 174.63 nm and 0.02 mg/ml, respectively.  

The Raman analysis for MoS2 nanosheets shows strong signals at around 388.7 and 413.2 (cm-1) 

which corresponds to both the in-plane 𝐸2𝑔
1 and the out-of-plane A1g vibration (Fig. 4.2.2e). These 

two peaks were consistent with the observed peaks observed in exfoliated MoS2 nanosheets. The 

Raman spectra of the MoS2 nanosheets also display a frequency difference around 24.5 cm-1, which 

can be attributed to the presence of four and five monolayers, respectively [24]. 
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Fig. 4.2.2. (a, b) TEM images, (c) AFM, (d) UV-Vis, and (e) Raman analysis for MoS2 nanosheets. 
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4.2.3.2 The Characterization of the Prepared Photoelectrodes 

Fig. 4.2.3(a-c) shows the morphologies of the α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 

electrodes, which were analyzed using scanning electron microscopy (SEM) [25]. The Fig. 4.2.3a 

shows that the SEM of the prepared α-Fe2O3 is composed of many irregular rice-shape nanorods 

with a random size vertically aligned on the FTO substrate. After the first heterojunction with 

BiVO4 the thickness increased ~50 nm, which is shown in the cross-section view of the α-

Fe2O3/BiVO4 thin film (Fig. 4.2.3b). However, the porous structure in the α-Fe2O3/BiVO4 

photoanode was greater, when compared to the pure α-Fe2O3 , mainly due to the depositing of a 

homogenous layer of BiVO4 into a densely arranged structure on the surface of the α-Fe2O3 

photoanode. In Fig. 4.2.3c, the MoS2 nanosheets covered the surface of the α-Fe2O3/BiVO4 thin 

film in the form of a shell, resulting in the growth of the nanorod’s longer thickness (~520nm).  

The α-Fe2O3/BiVO4/MoS2 was shaped more densely when compared to the pure α-Fe2O3 and α-

Fe2O3/BiVO4 photoelectrodes. The α-Fe2O3/BiVO4/MoS2 photoelectrode with denser core-shell 

structure can harvest more light, which can therefore generate more electron-hole pairs, thereby 

leading to increased PEC performance [26]. The elemental composition of α-Fe2O3/BiVO4 and α-

Fe2O3/BiVO4/MoS2 photoelectrodes was confirmed using EDS and SEM mapping (Fig. 4.2.3g and 

3h), which confirmed the existence of Fe, O, Bi, V, and Mo elements, and which generally aligns 

with their XPS results. [27]. 
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Fig. 4.2.3. The FE-SEM top-view and cross-sectional images of the surface of (a) α-Fe2O3, (b) α-Fe2O3/BiVO4, (c) 

α-Fe2O3/BiVO4/MoS2 electrodes, respectively. The HRTEM of (d and e) α-Fe2O3/BiVO4/MoS2 structure, and (f) the 

thickness of deposited MoS2 layers on α- BiVO4. EDS and SEM mapping for (g) α-Fe2O3/BiVO4, and (h) α-

Fe2O3/BiVO4/MoS2 electrodes. 

The HRTEM image of the α-Fe2O3/BiVO4/MoS2 sample was shown in Figs. 4.2.3(d-f). The rice-

shape α-Fe2O3 and BiVO4 nanoparticle can be observed in Fig. 4.2.3d. The lattice space 0.31 nm 

and 0.25 nm reveals the (112) plane of the monoclinic BiVO4 structure and (110) plane of the α-

Fe2O3 nanorods, respectively (Fig. 4.2.3e) [28]. Further, an apparent interface between MoS2 

nanosheets layer and covered α-Fe2O3/BiVO4 structure is clearly observed in Fig. 4.2.3f. The 

thickness of the MoS2 nanosheets layer can be estimated at around 3.82 nm using the existence of 
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interface (Fig. 4.2.3f) [25]. 

X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical and electronic state 

of the elements in the composition. Fe2p, O1s, Bi4f, V2p, and Mo3d for use as photocatalysts are 

presented in Fig. 4.2.4. The XPS spectra of the pure α-Fe2O3 of all prepared electrodes are shown 

in two peaks for Fe2p (Fig. 4.2.4b). The two distinguished peaks were detected at around 710 eV 

and 724 eV banding energies, which corresponds to Fe2p3/2 and Fe2p1/2, respectively. The high-

resolution XPS Fe 2p spectra (Fig. 4.2.4d) are deconvoluted into seven peaks. The peaks located 

around binding energy of 710 eV and 723 eV are assigned as the Fe2+, which are attributed to the 

coexistence of Fe3+ as well as Fe2+ of Fe (2p3/2) and the oxidation state of Fe (2p1/2), respectively. 

Two peaks with binding energies around 713 eV and 725 eV are allocated to the Fe3+ oxidation 

state of Fe (2p1/2) and Fe (2p3/2). The higher or lower binding energy peak at 709 eV and 703 eV 

may be possibly due to the electron-deficient Fe2+ sites, created by the breaking of Fe-O bonds. 

[29]. Fig. 4.2.4c shows the high-resolution XPS for O1s in the α-Fe2O3, α-Fe2O3/BiVO4, and α-

Fe2O3/BiVO4/MoS2 photoanodes. The O1s peaks of α-Fe2O3 deconvoluted into two peaks at 529.3 

and 530.6 eV, which are assigned to the Fe-O and OH-, respectively. After fabricating the multi 

heterojunctions, the peak around 532 eV corresponds to the metal bonds with oxygen (Bi-O or 

Bi/Mo-O), which confirms the successful formation of heterojunction [30]. There are two peaks at 

163.92 eV and 158.6 eV for α-Fe2O3/BiVO4 (Fig. 4.2.4d) which is determined to be Bi4f5/2 and 

Bi4f7/2 [31]. The binding energy values of Bi4f shift to a lower amount after loading the MoS2 

nanosheets onto the surface of the photoanode. This reduction can be attributed to the partial 

reduction of Bi3+ ions with the migration of electrons bound to oxygen toward metal ions resulting 

in oxygen vacancies [32]. Fig. 4.2.4e shows the two peaks of the V2p related to BiVO4 in the α-

Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 samples at 515.98 and 523.68 eV, which are assigned to 
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V2p3/2 and V2p1/2, respectively [33]. Furthermore, there are two peaks in the α-Fe2O3/BiVO4/MoS2 

photoelectrode at 231.6 and 234.9 eV, which respectively correspond to Mo 3d5/2 and Mo 3d3/2 and 

therefore confirm the existence of Mo4+, Mo6+ cations in MoS2 (Fig. 4.2.4f). The appeared Mo6+ 

peaks in α-Fe2O3/BiVO4/MoS2 photoelectrode are deconvoluted at 231.5 eV (Mo3d5/2) and 234.7 

eV (Mo3d3/2) and simultaneously correspond to Mo-metals bonds and the Mo bonds with the 

oxygen vacancy existing at the surface of the α-Fe2O3/BiVO4/MoS2 photoelectrode. The 

deconvoluted Mo4+  peaks are also detected at 231.9 eV (Mo3d5/2) and 235.3 eV (Mo3d3/2), thereby 

implying the Mo-S bonds at MoS2 nanosheets [34]. Therefore, the Mo peaks represent the natural 

metal ion and oxygen vacancy existing on surface defects [35]. The XPS analysis for the sulfur 

element detection were very noisy with the smooth line showing S2p3/2 and S2p1/2 at 159.3 and 

164.5 eV, respectively. This may be related to the high annealing temperature. This analysis can 

support the conversion of MoS2 into MoO3 during the calcination process [36]. The survey 

spectrum confirmed the coexisted of Fe, O, Bi, V, and Mo elements on the surface (Fig. 4.2.4a), 

while the C 1s peak at around 285 eV was shown to be related to adventitious carbon from the 

XPS equipment.  
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Fig. 4.2.4. The XPS spectra for (a) survey, (b)Fe2p, (c)O1s, (d)Bi4f, (e)V2p, and (f) Mo3d for all the α-Fe2O3 based 

electrodes. 

The crystallographic structure of the α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 

photoanodes were analyzed using an X-ray diffraction (XRD) technique (Fig. 4.2.5a). The 

diffraction peaks corresponding to FTO as a substrate are consistent with the JCPDS data card 

(PDF 99-0024). The peaks related to α-Fe2O3 were detected within the XRD data containing 33, 

36, 62, and 66° which belonged to the 104, 110, 214, and 300 lattice planes, respectively, thereby 

confirming the existence of the α-Fe2O3’s strong crystalline structure in all three samples (PDF 02-

0915)[37].  It is notable that double heterojunction into α-Fe2O3 lattice has no effect on the 

crystallization of α-Fe2O3, and that all samples present similar diffraction peaks, which can be 
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indexed to the α-Fe2O3 phase. The characteristic peaks of BiVO4 exist at around 23, 28, 31, and 

33° are related to the 200, 112, 200, and 020 lattice planes, respectively, thereby confirming the 

existence of the BiVO4 thin layer in the α-Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 samples (PDF 

14–0688) [38]. The diffraction patterns of α-Fe2O3/BiVO4/MoS2 thin film shows a peak at around 

22°, which corresponds to 100 lattice plane of the MoS2 nanosheets on the surface of the α-

Fe2O3/BiVO4/MoS2 electrode (PDF 73-1508)[39]. The Raman spectra of the α-Fe2O3, α-

Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 photoanodes are presented in Fig. 4.2.5b. The Raman 

bands for the α-Fe2O3 photoanode were reported at about 293, 496, 608, and 1309 cm−1, which can 

be specified to the surface disorder of the α-Fe2O3 films that were detected in all samples [40]. The 

most important Raman bands of the BiVO4 can provide structural information at around 712, and 

828 cm–1, and were observed in the α-Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 samples. These two 

bands can be attributed to the symmetric and antisymmetric stretching vibration modes of the VO4 

tetrahedra and V-O... Fe stretching [41]. There were not any extra peaks related to the MoS2 

nanosheets because it is difficult to detect molecules at low concentration in the Raman spectra.  
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Fig. 4.2.5. (a) The X-ray diffraction (XRD) patterns, (b) Raman spectroscopy, (c) UV–vis reflectance spectra 

(inside: the band gap of pure α-Fe2O3), and (d) PL, of the α-Fe2O3, α-Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 

electrodes. 

The light reflectance of all samples is shown in Fig. 4.2.5c, along with UV–vis spectroscopy 

measurement. The reflectance was slightly reduced from that of pure α-Fe2O3 through the 

engineering heterojunction of α-Fe2O3 with BiVO4 and BiVO4/MoS2. This reduction could allow 

the prepared photoelectrodes to absorb greater energy from photons and thereby generate a greater 

number of electron-hole pairs as compared with those of the pure α-Fe2O3 electrode. The bandgap 

for pure hematite shown in Fig. 4.2.5c is estimated at 2.18 eV. The bandgap of α-Fe2O3 /BiVO4 

was approximately calculated to be 2.08 eV from the absorbance (inside Fig. 4.2.5c). Furthermore, 

the bandgap of photoanode in the presence of the MoS2 nanosheets was also estimated to be at 

2.06 eV with the use of UV absorption, which is shown inside of Fig. 4.2.5c. 

The recombination of photogenerated electron-hole pairs and the charge trapping can be identified 

with photoluminescence (PL) spectrum analysis. The PL spectra of the prepared photoelectrodes 

are shown in Fig. 4.2.5d. The high PL intensity of pure α-Fe2O3 can be attributed to the high 

electron–hole pair recombination. In the first heterojunction (α-Fe2O3/BiVO4), the intensity of the 

peaks is lower, which indicates that the charge carrier recombination is significantly decreased in 
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the first heterojunction when compared to that of the pure α-Fe2O3. The second heterojunction (α-

Fe2O3/BiVO4/MoS2) shows a lower PL intensity than that of α-Fe2O3/BiVO4 indicating a high 

charge separation efficiency in the α-Fe2O3/BiVO4/MoS2 photoanode (Fig. 4.2.5d). This reduced 

PL intensity supports that the construction of the multi heterojunction can facilitate charge transfer 

pathway for the α-Fe2O3/BiVO4/MoS2 photoelectrode [23]. 

4.2.3.3. The PEC performance of the photoelectrodes 

Figs. 4.2.6a and b exhibit the linear scan voltammetry (LSV) of pure α-Fe2O3, α-Fe2O3/BiVO4, 

and α-Fe2O3/BiVO4/MoS2 photoelectrodes under continuous and on-off cycles between -0.3 to 1.5 

V vs. RHE. The photocurrent density for all the samples is around zero in dark conditions. Pure α-

Fe2O3 photoelectrode shows a weak photo response due to the high rate of the charge carriers’ 

recombination. The modified α-Fe2O3 photocurrent density reaches approximately 0.7 and 1.67 

mA.cm-2 for α-Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 at 1.23 V vs. RHE, respectively (Fig. 

4.2.6a). After designed multi heterojunction, the onset potential in α-Fe2O3/BiVO4/MoS2 

photoelectrode shifts to a notably lower applied voltage, and the photocurrent density increased 15 

times as when compared to that of the pure α-Fe2O3 thin film (Fig. 4.2.6a). This efficiency can be 

attributed to the double heterojunction of α-Fe2O3 with BiVO4 nanoparticle and 2D MoS2 

nanosheets, which increased the photogenerated electron-hole pairs, thereby reducing the rate of 

the charge carriers’ recombination, and facilitating the hole transfer to the surface photoanode [42]. 

Fig. 4.2.6b represents the chopped LSV which scans the photocurrent prompt, resulting in a quick 

reaction to the light in 2s on-off. This is consistent with the photocurrent density of LSV. 
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Fig. 4.2.6 (a) A linear scan voltammetry and (b) chopped LSV, (c) photocurrent response, and (d) photocurrent 

stability at 1.23 RHE for α-Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 electrodes under 100 mW/cm2 illuminations. 

The electrolyte was a 0.5 M Na2SO4. 

Figs. 4.2.6c and d exhibit the photocurrent response and stability through the chronoamperometry 

analysis of the α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 electrodes at a constant 

potential of 1.23 V vs. RHE. In Fig. 6c, the photocurrent vs. time (i-t) was measured under an 

illumination level of 100 mW/cm2 for 4 on-off cycles consisting of 30 seconds on and 15 seconds 

off. Fig. 4.2.6d shows that the photocurrent of α-Fe2O3/BiVO4/MoS2 has stability under 15 minutes 

of continuous illumination, which exhibits stable photocurrent without any significant downturn. 

The applied bias photon-to-current conversion efficiency (ABPE), as shown in Fig. 4.2.7a, was 
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estimated under the different applied potentials from LSV using Eq. (2) [42]. 

ABPE (%) =(
J(

mA

cm2
)×(1.23−Vbias)(V)

P(
mW

cm2
)

)                                                                                             (2)    

In this equation, V represents the applied potential, P represents the power density of the incident 

light, 100mW/cm2 (AM 1.5), and J is the net photocurrent density at different potentials. The 

ABPE values of the α-Fe2O3/BiVO4/MoS2 photoanode are higher than those of the pure α-Fe2O3 

and α-Fe2O3/BiVO4 over the measured potential range. The highest ABPE value was around 0.28% 

at 0.85 V (RHE) for the α-Fe2O3/BiVO4/MoS2 photoelectrode, which is around 18.7 and 4 times 

higher than that of pure α-Fe2O3 (0.015%) and α-Fe2O3/BiVO4 (0.071%) at 0.98 V (RHE), 

respectively. The significant shift to the lower potential took place through the occurrence of 

double heterojunction, which could be related to the shifting of the onset potential and the 

improvement of the conductivity of the α-Fe2O3/BiVO4/MoS2 electrode due to the reduction in 

recombination rate [42]. 
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Fig. 4.2.7 (a) ABPE, and (b) IPCE, (c) Nyquist plot with equivalent circuit model inside, and (d) Mott–Schottky plot 

for α-Fe2O3, α-Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 electrodes. The supporting electrolyte was a 0.5 M aqueous 

solution of Na2SO4. 

The efficiency of the prepared photoanodes to convert the incident light into photocurrent at 

different wavelengths, IPCE (%) was measured for α-Fe2O3, α-Fe2O3/BiVO4, and α-

Fe2O3/BiVO4/MoS2 photoelectrodes (Fig. 4.2.7b). Eq. (3) was used to calculate IPCE values: 

𝐼𝑃𝐶𝐸⁡(%) = ⁡ [
1240

𝜆(𝑛𝑚)
×

𝐽𝑙𝑖𝑔ℎ𝑡−𝐽𝑑𝑎𝑟𝑘

𝑃(𝜆)
] × 100                                                                                 (3) 

The α-Fe2O3 possessing a high recombination rate of charge carriers converted only 1.8% of the 

incident light in the wavelength range of 300 to 600nm at 1.23 V vs. RHE. The IPCE of α-Fe2O3 

decreased to around zero at a wavelength higher than 450 nm due to its band edge at a wavelength 

of around 550 nm. The IPCE result showed that the photon conversion efficiency increased around 

4 to 11 times for α-Fe2O3/BiVO4 (8%) and α-Fe2O3/BiVO4/MoS2 (22%), respectively, as compared 

to that of pure α-Fe2O3. The IPCE results indicate a notable increase after double heterojunction, 

which aids in supporting the enhancement of the quantum efficiency of the α-Fe2O3/BiVO4/MoS2 

photoanode, the significant reduction in the recombination rate, and the increase in the 

photocurrent density [43].  
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The charge carrier mobility is investigated in the pure α-Fe2O3, α-Fe2O3/BiVO4, and α-

Fe2O3/BiVO4/MoS2 photoanodes with the use of the Electrochemical Impedance Spectroscopy 

(EIS) analysis as shown in Fig. 4.2.7c. On the Nyquist diagram for pure α-Fe2O3, the impedance 

can be represented using the Randles model (inside of Fig. 4.2.7c). After fabricating the 

heterojunction, the α-Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 photoanodes changed to mixed 

kinetic and diffusion control circuit. The slope of the linear part in the impedance of the α-

Fe2O3/BiVO4 and α-Fe2O3/BiVO4/MoS2 photoanodes can be attributed to the diffusion inside the 

electrode. The lower slope of the linear part indicates more diffusion and high kinetics of metal 

ions inside of the electrodes. Based on the equivalent model, the values of the solution resistance 

and the charge transfer resistance at the bulk and interfaces for the α-Fe2O3/BiVO4 and α-

Fe2O3/BiVO4/MoS2 photoanodes were summarized at Table S2. The semicircle radius decreases 

in the following order: α-Fe2O3/BiVO4/MoS2 < α-Fe2O3/BiVO4 < pure α-Fe2O3. A lower 

semicircle radius reveals a higher efficient charge carrier transport at the photoanode-electrolyte 

interface due to a lower charge transfer resistance or photo resistance [44]. Therefore, the 

heterojunction of the BiVO4 and MoS2 on the surface of the α-Fe2O3 was effective in improving 

the charge transfer by increasing interfacial charge transfer velocity with lower charge transfer 

resistance [45].  

The Mott-Schottky (MS) curves of the α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 are 

shown in Fig. 4.2.6f. The slope of the MS plot decreases significantly in the linear region which is 

attributed to the decreased depletion in the photoanodes after the double heterojunction. The MS 

analysis conducts for the estimation of the donor concentration (ND), flat band potential (Vfb), and 

the length of depletion layer (WSCL) for the prepared photoelectrodes. The α-Fe2O3/BiVO4/MoS2 

electrode shows the highest donor concentration value (4.36E+26 m3), the lowest flat band 
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potential (0.15 V), and the lowest depletion layer (WSCL=2.96 nm) among the prepared electrodes. 

It also shows that the multi heterojunction decreased the recombination rate and facilitation of the 

hole transfer pathway to the electrode/electrolyte interface.  
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Fig. 4.2.8. (a) The charge separation, (b) charge injection efficiencies, (c) H2, and (d) O2 evolution vs. reaction time 

for α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 photoanodes at a potential of 1.23 V versus RHE, under 100 

mW/cm2 irradiations, the electrolyte was a 0.5M aqueous solution of Na2SO4. 

The modified α-Fe2O3/BiVO4/MoS2 photoelectrode overcame the reaction barrier and 

impressively improved the hole transport through the electrode/electrolyte interface. As shown in 

Fig. 4.2.8a, there is a significant enhancement in the photocurrent density an obvious shift in the 
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onset potential in the presence of H2O2 for α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 

photoelectrodes, mainly due to the faster oxidation kinetics [46].  The photocurrent commonly 

occurs through the light absorption of the semiconductor, the separation of the photogenerated 

charge carriers, and the surface charge injection for PEC performance. The charge separation 

efficiency (ηsep) and the surface charge injection efficiency (ηinj) of the pure α-Fe2O3, α-

Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 photoanodes are shown in Figs. 4.2.8a and b, respectively. 

The values of ηsep and ηinj at 1.2 V vs. RHE for the pure α-Fe2O3, α-Fe2O3/BiVO4, and α-

Fe2O3/BiVO4/MoS2 electrodes were obviously enhanced through the fabrication of the double 

heterojunction. 

In comparison, the overall water splitting of α-Fe2O3, α-Fe2O3/BiVO4, and α-Fe2O3/BiVO4/MoS2 

photoanodes were evaluated through the measurement of the H2 and O2 evolution at 1.23 V versus 

RHE under 100 mW/cm2 irradiations in 0.5M of Na2SO4 electrolyte. Fig. 4.2.8c and d indicate the 

total H2 values generated after 2 hours of irradiation for α-Fe2O3, α-Fe2O3/BiVO4, and α-

Fe2O3/BiVO4/MoS2 were determined 2.5, 17.2 and 46.5 μmol/cm2, respectively, and the total O2 

generated are 1.55, 8.6, and 22.3 μmol/cm2, respectively, indicating at 2:1 ratio in the water 

splitting reaction. In addition, the Faradaic efficiency of O2 and H2 evolution for 

Fe2O3/BiVO4/MoS2 photoanode was determined to be 80−83%, indicating that the majority of the 

photogenerated holes were used for the water oxidation reaction. 
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Fig. 4.2.9. Effective electrochemical active surface area tests (ECSA) of (a) α-Fe2O3, (b) α-Fe2O3/BiVO4 and (c) α-

Fe2O3/BiVO4/MoS2; (d) electrochemical double-layer capacity (Cdl) of α-Fe2O3, α-Fe2O3/BiVO4 and α-

Fe2O3/BiVO4/MoS2. 

The relative electrochemical surface area (ECSA) of the α-Fe2O3, α-Fe2O3/BiVO4 and α-

Fe2O3/BiVO4/MoS2 samples was determined by the capacitive region of the cyclic voltammogram. 

As shown in Fig. 4.2.9a-c, cyclic voltammograms (CV) were carried out at scan rates of 10, 20, 

40, 80, 100 and 120 mV/s in 0.5M Na2SO4 (pH≈7). The electrochemically active surface area was 

then determined by measuring the capacitive current associated with double layer charging from 

the scan rate dependence of the CV. The double layer capacitance (Cdl) was estimated from the 
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relationship between ΔJ=(Ja-Jc) of Ag/AgCl at 0.8 V and different scan rates. The linear slope is 

equivalent to twice the Cdl and can be used to represent the ECSA (Fig. 4.2.9a-c). The double layer 

capacitance (Cdl) of α-Fe2O3/BiVO4/MoS2 is 63 μF cm-2, which is higher than that of α-

Fe2O3/BiVO4 (37 μF cm-2) and pure α-Fe2O3 (12 μF cm-2). The plots in Fig. 4.2.9d show that the 

α-Fe2O3/BiVO4/MoS2 have a large active surface area, which can be attributed to the 

heterostructure with rich active edge sites [47].  
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Fig. 4.2.10. UPS spectra for estimation of  (a) valence band maximum and (b) work function for α-Fe2O3, BiVO4 

and MoS2 photoelectrodes. 

The ultraviolet photoelectron spectroscopy (UPS) spectra were measured to know how the bands 

line up at compositional junctions. Energies of the Fermi levels (EF) and the valence band 

maximum (EVBM) were estimated from UPS spectra shown in Figs. 4.2.10a and b. The work 

function (Φ) gives the energy of the Fermi level with respect to the vacuum level by subtracting 

the high cutoff (Eh) in UPS spectra from the excitation energy (hν) (Fig. 4.2.10b).  The valence 

band energy (EV) can be calculated by adding the low cutoff (EL) in UPS spectra to the Φ value 

(Fig. 4.2.10a). These values are important for the determination of the semiconductor's junction 
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properties. The valence band energies (Ev) were 7.08, 6.58, and 5.76 eV for the α-Fe2O3, BiVO4, 

and MoS2, respectively. The conduction band energies (Ec) were estimated at 4.9, 4.12, and 3.84 

eV from EVBM-Eg for the α-Fe2O3, BiVO4, and MoS2 respectively. 

 

Fig. 4.2.11. A schematic illustration of the band alignment at (a) α-Fe2O3, BiVO4, and MoS2 before heterojunction 

and (b) after contact of the α-Fe2O3/BiVO4 as a first heterojunction and (c) the BiVO4/MoS2 as a second heterojunction. 

Suitable band alignment of the conduction band (CB) and valence band (VB) is required for 

effective photogeneration of the charge carriers. Obviously, before contact, there are separate 

Fermi levels for the semiconductors, but after they are in contact, the energy bands adjust to align 

the Fermi levels. In equilibrium, the final structure is characterized by a single Fermi level. Fig. 

4.2.11a shows schematic illustration of the band alignment at the α-Fe2O3, BiVO4, and MoS2 

before heterojunction. Figs. 4.2.11b and c show the junction of the α-Fe2O3 and the BiVO4 as a 

first heterojunction and the junction of BiVO4 and MoS2 as a second heterojunction. The electron-

hole pairs are generated in the semiconductors after visible light irradiation. Then, the electrons 

are transferred from the higher conduction band (CB) to the lower one and the holes are moved 

from the lower valence band (VB) to the higher valence band energy. The PEC efficiency in the 

pure α-Fe2O3 is very low due to the high recombination rate of charge carriers and short diffusion 

length. In the α-Fe2O3/BiVO4 electrode, the recombination decreased due to the electron’s 

movements from the CB of BiVO4 to the CB of the α-Fe2O3 and the holes simultaneously transfer 
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from the VB of α-Fe2O3 to the VB of BiVO4 [25]. After designing the multi heterojunction, the 

difference in energy levels makes electrons move from the CB of MoS2 to the CB of BiVO4 and 

then to the CB of α-Fe2O3 in the α-Fe2O3/BiVO4/MoS2 photoanode. The holes were driven by the 

electrostatic field from the VB of α-Fe2O3 to the VB of BiVO4 and then to the VB of MoS2 which 

occurs in the oxidation reaction on the surface of the photoanode. Thus, the construction of these 

heterojunctions can enhance the photogeneration of the charge carriers at the depletion layer and 

lead to higher PEC performance [48]. 

4.2.4. Conclusion 

The heterojunction of α-Fe2O3 nanorod with BiVO4 and MoS2 nanosheets, were prepared using 

dip-coating and drop casting processes respectively and served to enhance the PEC performance. 

By loading the MoS2 nanosheets as a 2D material onto the surface of the electrode, the highest 

photocurrent density was approached for the fabricated α-Fe2O3/BiVO4/MoS2 photoanode among 

all electrodes. The best photocurrent density was 7, and 15 times higher than those of the α-

Fe2O3/BiVO4 and pure α-Fe2O3 electrodes, respectively. The incident photon current efficiency 

(IPCE) and applied-bias photon-to-current conversion efficiency (ABPE) results indicated that the 

multi heterojunction of α-Fe2O3/BiVO4/MoS2 increased around 11 and 18.7 times compared to 

that of pure α-Fe2O3, respectively. The heterojunction of α-Fe2O3/BiVO4 improved the efficiency 

of photo-generated electron-hole pairs and reduced the recombination rate due to the decrease in 

resistance and facilitated the hole transfer pathway. Furthermore, the exfoliated MoS2 nanosheets 

were deposited on the surface of the α-Fe2O3/BiVO4 photoelectrode, leading to increased light 

harvesting and the enhancement of electrical conductivity through heterojunction, mainly because 

of the improved efficient charge transport at the α-Fe2O3/BiVO4/MoS2 interfaces. 
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Chapter 5- Conclusion 

5.1. Summary  

Solar water-splitting is a promising approach to produce sustainable clean fuels, with high 

theoretical efficiencies for converting solar energy to a dense, portable chemical energy form. To 

date, the achieved efficiencies of water-splitting by semiconductor-based photoelectrochemical 

cells have been still lower than those needed in a practical device, due to either a lack of suitable 

candidate materials, or stability limitations under harsh reaction conditions. Among the various 

water splitting photoanode materials, hematite (a-Fe2O3) has several promising properties, 

including a smaller band gap (1.9–2.2 eV) that maximizes absorption of the solar spectrum, 

stability in an aqueous environment under typical operating conditions, abundance, and 

affordability. Therefore, it is the best candidate for the proof-of-concept demonstrations for use as 

a practical water splitting photocatalyst. However, to date the maximum solar-to-hydrogen 

efficiency (STH) of hematite achieved is nearly 5%, which is by far from its theoretical STH (15.3, 

at the band gap of 2.1 eV).  

In this thesis, we have critically discussed the factors that limit the water splitting efficiency of 

hematite and various approaches used to overcome the limitations. We discussed four different 

approaches to minimize the oxygen evolution overpotential, using metal doping, Z-scheme 

heterojunction with TMDs as a 2D semiconductor materials, using doping-heterojunction and 

using multi-heterojunction techniques. The PEC performances of doped hematite thin films were 

measured under the same synthetic and measurement condition. In the first section of chapter one, 

the optimum doping percentage of Mo, 10% Mo-α-Fe2O3 electrode with drop casting process, 

showed greatly improved PEC performance, which comprised 10-fold higher photocurrent density 
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than that of pure α-Fe2O3. Furthermore, optimizing the atomic percentage of W for doping is 

described in the second section of chapter one in the same conditions. The optimum 0.5W:α-Fe2O3 

photoanode exhibited the greatest improvement in the PEC performance, at about 7-fold higher 

than that of pure α-Fe2O3 (0.5 mA.cm-2 at 1.23 V vs. RHE), which demonstrated its significant 

light-harvesting and charge transport characteristics. Samples doped with Mo and W elements 

were further investigated for their morphological and electronic properties. The result showed that 

the doping greatly improves photocurrent, decreases the resistance, and generates more charge 

carriers.  

Z-scheme heterojunction systems based on multi-step photoexcitation liberate the semiconducting 

materials from thermodynamic limitations and enable the application of a variety of materials to 

water splitting. The heterojunction of α-Fe2O3 with exfoliated two-dimensional MoS2 and WS2 

nanosheets, prepared through the ultrasonication process showed an improved PEC performance 

caused by the facile electron-hole transfer due to the formation of an electrostatic field.  The 

optimized α-Fe2O3/MoS2 with a thin 8-MoS2 layer (3.3 nm thickness), labeled α-Fe2O3/8-MoS2, 

showed photocurrent densities of 0.86 and 1.52 mA.cm-2 at 0.6 V (vs. Ag/AgCl) in front- and back-

side illumination, respectively, which were 7.85 and 13.81 times higher than those of pure α-Fe2O3, 

respectively. Further, the  optimum heterojunction with WS2 (α-Fe2O3@4WS2/WOx) photoanode 

had a photocurrent density of 0.98 and 2.1 mA.cm-2 (with lowest onset potential 0.45 and 0.38 V 

vs. RHE) in front and back-side illumination, respectively at 1.23 V vs. RHE under 100 mW.cm-2 

which are ~ 13 and 30 times higher than that of the α-Fe2O3 photoanode. The efficient and stable 

PEC water splitting of the α-Fe2O3 heterojunction with TMDs was greatly enhanced, due to the 

increased efficiency of photogenerated charge carriers, facile hole extraction through the optimum 

shell heterojunction, and the reduced resistance caused by the decreased recombination rate of the 
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electron-hole pairs.  

The combination of the heterojunction and metal doping on the pure α-Fe2O3 increased its donor 

concentration, reduced the space charge layer, and decreased the flat band potential, which could 

all have contributed to the improved photoelectrochemical efficiency. The optimized incorporation 

of 0.5%W doping and 2D nanosheets of MoS2 (0.5W:α-Fe2O3/MoS2 photoanode) showed IPCE 

of 37% and ABPE 26% at 0.96 V vs. RHE, which are around 5.2 and 13 times higher than those 

of 0.5W:α-Fe2O3and pure α-Fe2O3, respectively.  

In the last technique, the forming of multicomponent heterojunctions can therefore facilitate the 

separation and transportation of charge carriers. Furthermore, the heterojunction of 

semiconductors can enhance the efficiency of electron-hole separation by increasing the kinetics 

of charge carriers. Therefore, charge carriers are generated in one photocatalyst and then 

transferred vectorially to the other material through an offset in the energies of the conduction and 

valance band edges, thereby allowing for interfacial charge transfer from one semiconductor to 

another. The multi heterojunction of α-Fe2O3 nanorod with monoclinic BiVO4 and MoS2 

nanosheets, were prepared through dip-coating and drop casting processes respectively and served 

to enhance photocurrent density 7, and 15 times higher than those of the α-Fe2O3/BiVO4 and pure 

α-Fe2O3 electrodes, respectively. Moreover, the incident photon current efficiency (IPCE) and 

applied-bias photon-to-current conversion efficiency (ABPE) results indicated that the multi 

heterojunction of α-Fe2O3/BiVO4/MoS2 increased around 11 and 18.7 times compared to that of 

pure α-Fe2O3, respectively. 

Photocatalytic and photoelectrochemical water splitting under irradiation by sunlight has received 

much attention for production of renewable hydrogen from water on a large scale. Many challenges 
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remain in improving energy conversion efficiency yet, such as utilizing longer-wavelength photons 

for hydrogen production, enhancing the reaction efficiency at any given wavelength, and 

increasing the lifetime of the semiconductor materials. Researchers working on semiconductor 

materials and catalysts for water splitting are responsible for achieving adequate performance in 

solar to hydrogen conversion, because there are also many challenges in separation, purification, 

transportation, and utilization of solar hydrogen fuel as well as in scale-up. All the above-

mentioned research fields are essential to establish a sustainable society based on solar hydrogen. 

5.2. Future work 

Future directions in PEC water splitting are myriad and there are many opportunities to discover 

cost-effective methods for the conversion of solar energy to chemical energy. Although an 

emerging trend in water splitting is the development of nanostructured photoelectrodes, the full 

potential of nanostructures can only be achieved when the limitations of a specific material are 

accounted for, such as high recombination rates or poor charge transport. Therefore, works on 

materials to prepare photoelectrodes with the proper PEC performance is the priority for other 

steps. The material such as: Semiconductor Materials (BiVO4 , Ta3N5 , and Fe2TiO5) and 2D 

materials (graphene, boron nitride, and  MAX phases nanosheets). 

Upgrading the photocatalytic efficiency to the required level while using narrow bandgap 

photocatalysts consisting of inexpensive and abundant elements will be challenging, given our 

present level of knowledge and technology. More advanced material designs are needed, ideally 

in conjunction with breakthrough discoveries stemming from a broad range of research areas. 

Therefore, it is our sincere hope that collaborations in this exciting research field will speed the 

adoption of this technology on an industrial scale. 
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