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Abstract 

Bismuth vanadate (BiVO4) has been considered as an efficient photocatalysts for water splitting 

in both photocatalytic and photoelectrochemical process, but still the as prepared BiVO4 suffers 

high charge recombination and low charge transfer efficiency. The efficient photogenerated charge 

transfer at solid-liquid interface for improving the photoactivity is a key to the device performance 

for solar energy applications. The metallic dopants and loading co-catalysts are potential processes 

to suppress the electron-hole recombination. Particularly, site selective co-catalysts have a strong 

potential to scavenge the holes from BiVO4 surface. However, uniform incorporation of the co-

catalyst on the semiconductor surface is also challenging. This study describes simple one step 

RF-magnetron sputtering deposition of new bimetallic p-type FeMnOx and FeNiOx hole selective 

cocatalysts over the as prepared, Zn and W doped BiVO4. The loading of bimetallic co-catalysts 

over as prepared, Zn and W doped BiVO4 have shown a remarkable improvement in photocatalytic 

O2 evolution. The photocatalytic O2 evolution of the Zn and W doped BiVO4 samples increased 

as compared to the pristine BiVO4 (93 μmol), where for the Zn doped BiVO4, the oxygen evolution 

was enhanced to 134 μmol while for W doped BiVO4 it was boosted to 160 μmol under solar 

irradiation condition (1.5 G) for 3 h. Loading FeMnOx and FeNiOx cocatalysts over Zn and W 

doped BiVO4 further enhanced the photocatalytic activity to 181 μmol for W doped BiVO4 loaded 

with FeMnOx. The FeMnOx and FeNiOx bimetallic cocatalysts are p-type in nature, combining 

with n-type BiVO4 making a p-n junction.  Formation of p-n junction is a key to improve the charge 

transfer and suppress the charge recombination. Our study offers a facile way to boost the 

photocatalytic activity of BiVO4 by loading a bimetallic cocatalysts via magnetron sputtering as a 

hole scavenger which can be applied to many other materials for energy applications.  

Keywords: Hydrothermal synthesis, metal (Zn and W), BiVO4, photocatalysis, FeMnOx and 

FeNiOx cocatalysts RF-magnetron sputtering, and oxygen evolution. 
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Resumo 

O vanadato de bismuto (BiVO4) tem sido considerado um fotocatalisador eficiente na quebra da 

molécula de água em processos fotocatalíticos e fotoeletroquímicos, mas, ainda assim, amostras 

desse material em sua forma pura demonstram alta recombinação de carga e baixa eficiência na 

transferência de carga. Um transporte de cargas fotogeradas eficiente na interface sólido-líquido, 

que resulta em uma maior fotoatividade, é crucial para o desempenho do dispositivo para 

aplicações em energia solar. A adição de dopantes metálicos e co-catalisadores são processos com 

potencial de suprimir a recombinação elétron-buraco. Particularmente, os co-catalisadores 

seletivos ao sítio ativo têm um grande potencial para suprimir os buracos da superfície do BiVO4. 

No entanto, a incorporação uniforme do cocatalisador na superfície do semicondutor também é 

desafiadora. Este estudo demonstra a deposição em uma etapa dos co-catalisadores bimetálicos 

seletivos do tipo p FeMnOx e FeNiOx pela técnica de RF-magnetron sputtering sobre o BiVO4 

dopado com Zn e W. A adição dos co-catalisadores sobre o BiVO4 dopado resultou em um notável 

aumento na evolução fotocatalítica de O2. A evolução fotocatalítica de O2 das amostras de BiVO4 

dopadas com Zn e W aumentou em comparação ao BiVO4 puro (93 μmol), sendo para o BiVO4 

dopado com Zn de 134 μmol, enquanto para o BiVO4 dopado com W de 160 μmol, sob condições 

de irradiação solar (1.5 G) pelo período de 3 h. A adição dos co-catalisadores de FeMnOx e FeNiOx 

sobre o BiVO4 dopado com Zn e W aumentou ainda mais a atividade fotocatalítica, sendo de 181 

μmol para BiVO4 dopado com W com adição de FeMnOx. A natureza do tipo p dos co-

catalisadores bimetálicos FeMnOx e FeNiOx combinadas com o BiVO4, um material do tipo n, 

formam uma junção p-n, que é considerada importante para uma melhor transferência de carga e 

supressão da recombinação de carga. Este estudo oferece uma maneira fácil de aumentar a 

atividade fotocatalítica do BiVO4 pela adição de co-catalisadores bimetálicos depositados por RF-

magnetron sputtering que atuam como supressores de buracos da estrutura de bandas, e que pode 

ser aplicado a muitos outros materiais para aplicações de energia. 

Palavras-chave: Síntese hidrotermal, metal (Zn e W), BiVO4, fotocatálise, co-catalisadores 

FeMnOx e FeNiOx, RF-magnetron sputtering, evolução de oxigênio. 
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Chapter 1 

Introduction 

1.1 General Context 

 

         The energy crisis and environmental pollution are the main challenges worldwide. The world 

is mostly dependent on energy from fossil fuels. People across the globe consume approximately 

80 % of their energy from fossil fuels and the burning of fossil fuels emits CO2 gas into the 

environment which leads to serious environmental issues like the greenhouse effect [1,2]. 

According to the Intergovernmental Panel on Climate Change (IPCC) prediction, the average CO2 

emission will rise to 590 ppm by the year 2100 which may lead to a rise in the average temperature 

of the earth by 1.9 °C and affect the world badly by increasing sea level, frequent drought, heavy 

rain, and storm  [3–5]. Therefore, environmentally friendly and alternative energy sources are 

highly desirable. 

         Solar energy conversion into other forms like hydrogen energy is a promising pathway for a 

sustainable future. Solar energy is one of the richest natural sources of energy available on Earth. 

The energy consumed by humans in a year is less than the solar energy striking the earth's surface 

in one hour [6].   Therefore, it is important to develop photocatalysts that can directly convert solar 

energy into another form of energy. So far, many photocatalytic semiconducting materials such as 

metal oxides, ternary oxides, nitrides, halides, and sulfides have been developed due to their 

extraordinary photocatalytic activity and non-toxicity. Among these photocatalysts, monoclinic 

scheelite bismuth vanadate (m-s BiVO4) is of great importance due to its outstanding properties, 

such as low band gap (~2.4 eV), maximum photocurrent density of 7.5 mA/cm2, about 9% solar-

to-hydrogen efficiency, excellent dispersion, a non-toxic, highly resistant to corrosion under 

visible light illumination, and photocatalytic activity. However, the pure m-s BiVO4 presents some 

drawbacks such as low electron mobility, high charge recombination, slow water oxidation, and 

short hole diffusion length. Many strategies have been adapted to improve sluggish charge kinetics 

such as morphological control, doping, heterojunction, and cocatalyst deposition [7].  

In this work, we adopted doping and cocatalyst deposition strategies to improve the slow charge 

dynamics of m-s BiVO4. Tungsten (W) and zinc (Zn) were used as dopants because they have 

shown greater improvement in photocatalytic activity based on previous literature. W6+ has a 
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higher oxidation number while Zn2+ has lower oxidation number. Therefore V5+ substituents with 

high and low oxidation states contribute differently to the BiVO4 structure, where W6+ forms a 

sub-energy level at the top of the conduction (C.B) band while Zn2+ forms a sub-energy level at 

the top of the valence band (V.B) [8]. In both cases, the dopants reduce the band gap, and enhance 

the visible light absorption. Thus, leading to suppression of charge recombination and 

enhancement of the photocatalytic activity of BiVO4. Furthermore, for the first time we have 

deposited p-type FeMnOx and FeNiOx cocatalysts on pure and W and Zn doped BiVO4 powder 

using RF-magnetron sputtering. P-type cocatalysts combine with n-type BiVO4 form a p-n 

junction that provides an additional built-in electric field, active sites and enhances stability to 

further promote photocatalytic activity. 

1.2 Photocatalysis  

 

         Photocatalysis has received considerable attention in the last two decades for environmental 

applications. Photocatalysis is a low cost approach that utilizes solid-liquid interface to harvest 

energy under sunlight irradiation. The working principle of photocatalysis is based on the direct 

use of sunlight and its conversion into another form of energy [9–11]. In a homogenous system, a 

photocatalytic process involves the generation, migration, and separation of electron-hole pairs. 

Major applications of photocatalysis are photocatalytic (PC) or photoelectrochemical (PEC) water 

splitting, and environmental remediation known as photodegradation. [12]. The first application is 

related to water splitting which is a non-toxic and environmentally friendly method to split water 

into hydrogen and oxygen [12]. The second application is related to environmental remediation, 

which is also known as an advanced oxidation process for cleaning water, oil, and soil [13].  

         The working principle of photocatalysis may be described completely in four steps as shown 

in Figure 1.1: (1) absorption of incoming light to produce electron-hole pairs when its energy is 

equal or greater than the bandgap energy of the photocatalysts; (2) separation of excited electron-

hole; (3) transfer of charges (electron-hole) to the surface of photocatalysts; and (4) redox surface 

reaction by electron-hole. In the third step, a large portion of electron-hole pairs recombine on the 

surface site. The recombination of electron-hole pairs dissipates energy in the form of heat or light 

emission and the long-lived photogenerated charges have the potential to participate in the surface 

redox reaction which depends on the donor and the accepter properties of the surface adsorbed 

species [14].  
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Figure 1. 1  Steps involved in the photocatalysis reaction process [15]. 

 

1.2.1 Photoelectrochemical (PEC) water splitting 

 

              Photoelectrochemical (PEC) is a form of artificial photosynthesis, which was first studied 

by Fujishima and Honda when they used TiO2 as a photocatalyst under UV illumination [16]. It is 

an alternative way that directly produces hydrogen and oxygen (solar fuels) from water under solar 

light illumination. The PEC process often uses photoanodes to convert solar energy to chemical 

energy, thus enabling abundant solar energy to be stored, and converted to other forms. 

Additionally, PEC provides a zero-emission pathway for hydrogen production and involves two 

kinds of reaction i.e. oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). 

OER takes place at the photoelectrode while HER is at the counter electrode [17]. Three types of 

arrangements of the photoelectrodes exist in photoelectrochemical setup i.e. photo-anode made of 

n-type semiconductor and metal cathode, photocathode made of p-type semiconductor and photo-

anode made of n-type semiconductor, and photo-cathode made of p-type semiconductor and photo-

anode made of metal. There are several requirements to split water efficiently into hydrogen and 

oxygen: (1) appropriate band alignment and the photovoltage generated by photoelectrode > 1.23 

V, (2) absorption of a large portion of the visible light spectrum, (3) charge transport between the 

electrolyte solution and semiconductor [18]. The bottleneck of this process lies in the water 

oxidation half reaction (Equation 1-3), which produces oxygen. In other words, the OER reaction 

is a complex proton-coupled process that involves four electrons and four protons, with slow 
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kinetics in the cleavage of four O-H bonds and formation of two O-O bonds [19]. On the other 

hand, HER could occur easily due to the hydrogen (H) production by direct H-H association. 

Photocatalytic water splitting reactions are given below, where the overall photocatalytic reaction 

can be expressed as:  

 

                  2H2O →2H2 + O2                                                                                                                                          (1) 

Which can be considered as two half reaction equation 1 and equation 2: 

                       4H++ 4e- →2H2                             (HER)                                                                                                   (2) 

                   2H2O →O2 + 4H++ 4e-          (OER)                                                                                                 (3) 

 

The PEC process starts from the absorption of photons with energy equal to or greater than the 

bandgap of semiconductor photocatalysts, which generate electrons in the conduction band (CB) 

and holes in the valance band (VB). The electrons in the conduction band (CB) with an energy 

level above 0.0 V vs RHE diffuse to the surface of the hydrogen evolution cocatalyst and produce 

hydrogen (H) (equation 2) [20]. Likewise, holes in the VB with an energy level lower than 1.23 V 

vs RHE diffuse to the surface of oxygen evolution cocatalysts and produce oxygen (equation 3). 

This process results in an overall water-splitting reaction and produces hydrogen from water under 

solar irradiation. The minimum voltage of 1.23 V at room temperature is required to successfully 

drive the OER and HER reactions.  Besides the voltage, an additional energy (activation energy) 

is also required to run the reaction at an appreciable rate. The rate of water splitting is related to 

the current densities which are directly related to the activation energy; the faster the water splitting 

greater the activation energy that must be supplied [21]. A typical PEC setup is shown in Figure 

1.2. 
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Figure 1. 2 Scheme showing the photoelectrochemical water splitting reactions and electron flow 

[22]. 

 

1.2.2 Photocatalytic Water Splitting  

 

          Recently, photocatalytic water splitting has attracted much attention due to its simplicity, 

and environmental friendly. A photocatalytic process consists of solid (powder) and liquid 

interfaces that directly harvest energy under sunlight illumination [12]. The photocatalytic water 

splitting process to hydrogen (H2) and oxygen (O2) is shown in Figure 1.3, where a semiconductor 

powder is dispersed in a pool under sunlight illumination. This kind of water-splitting system is 

very beneficial for large-scale production of H2 and O2. There are several steps involved in the 

photocatalytic water splitting:  

Step 1st: in this step, a photon is absorbed by the semiconductor photocatalyst depending on the 

band gap of the semiconductor to form electron-hole pairs. To absorb a large portion of visible 

light, the band gap energy of the visible light driven photocatalyst should be less than 3 eV. 

Therefore a suitable band gap engineering is necessary to design a photocatalyst that could absorb 

a large portion of the visible spectrum [23].  

Step 2nd:  This step involves charge separation and migration of the photogenerated charge carriers, 

which are strongly dependent on the crystallinity, particle size, and crystal structures. Materials 

with high crystalline quality have less defects and most of the defects act as trapping and 
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recombination centers between photogenerated electrons and holes, thus it reduces the 

photocatalytic activity. The smaller particle size is also an important factor in charge 

recombination and migration. When particle size decreases the distance becomes shorter for 

photogenerated electron-hole to migrate easily to the reaction sites, resulting in a decrease in the 

probability of charge recombination.  

Step 3rd:  The final step, is a surface chemical reaction that depends on the active sites and surface 

area of the photocatalyst. The photogenerated electrons and holes will recombine if the active sites 

for the redox reaction do not exist on the surface of the photocatalyst. It is worth noting that the 

recombination of photogenerated electrons and holes occurs even if they have sufficient 

thermodynamic potential for water splitting [23]. 

 

Figure 1. 3. Solar hydrogen and oxygen production from water using powder photocatalyst. 

 

1.3 Choice of Photocatalysts 

         In the past few decades, semiconductor materials have attracted much attention for their 

environmental applications due to their electrical, optical, magnetic, electrical, mechanical, 

and photocatalytic properties. The ideal semiconductor in the photocatalytic setup should 

have the following properties which are listed below [24],  
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 Favorable optical band gap energies of a semiconductor that can absorb the visible 

region of the solar spectrum. 

 Valence and conduction band edges straddle with water redox potential. 

 Excellent electronic properties like higher charge separation and higher life time of 

photogenerated charge carries. 

 Rich in producing high oxidizing and reducing species at the semiconductor/medium 

interface 

 Chemical and photostability or photoelectrochemical stability in the aqueous 

solution. 

The band gap distributions of many semiconductors are shown in Figure 1.4, which are likely 

semiconductors for photocatalytic applications. The photocatalysts include TiO2 [25], ZnO [26], 

SnO2 [27], Cu2O [28], WO3 [29], Fe2O3 [30], SrTiO3, ZrO2, KTaO3, and BiVO4 [31]. 

 

 

Figure 1. 4. Representing the relationship of band structure and redox potential of different 

photocatalytic semiconductors [31].  

TiO2 has already been used for photocatalytic water splitting by Fujishima and Honda, and has 

proved that it is responsible for diverting attention toward solar cells [32], photocatalysis [33], and 

sensing applications [34].  
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      The photocatalysts like TiO2, ZnO, and SnO2 are not capable of absorbing a large portion of 

the solar spectrum because of their wide band gap ̴ 3.3 to 3.4 eV. These photocatalytic 

semiconductors are only responsive to the ultraviolet spectrum, absorbing 5 to 7% intensity of the 

solar spectrum. On the other hand bismuth vanadate (BiVO4) with a narrow band gap is capable 

of absorbing a large portion of the solar spectrum and is responsive to visible light. Apart from 

these properties, BiVO4 has attracted much attention due to its unique features such as non-

toxicity, oxygen evolution by water splitting, photodegradation of harmful pollutants, ionic 

conductivity, environmental friendliness, and high charge transfer capability [35]. In many 

semiconductor oxide photocatalysts, the valence bands are formed by O2p orbital which is a key 

factor in tuning the band gap. It is crucial to use other elements to alter the band gap of 

semiconductor oxide instead of O2p; therefore, utilization of the visible region which constitutes 

~43% of the solar spectrum, can play a vital role in enhancing photocatalytic performance. Kudo 

et al reported that the bandgap of BiVO4 can be tuned easily by controlling the valence band 

element (O2p)[36].   

 

1.4 Bismuth Vanadate (BiVO4) 

         BiVO4 is one of the potential candidates in photocatalysis because of its structural features, 

a tremendous work has been made to synthesize BiVO4 for environmental applications since 1925 

(first report) [37].  

1.4.1 Historical Background of BiVO4  

 

         Bismuth vanadate (BiVO4) is an inorganic compound that is almost twice as abundant as 

gold in the earth's crust. The bismuth vanadate (BiVO4) was synthesized via solid state and melting 

reaction by Roth and Waring in 1963 using the V2O5 and Bi2O3 as vanadium and bismuth 

precursors [38]. In 1975, the ferroelectric properties of the BiVO4 were reported by J.D. Bierlien 

et al [39]. In 1980, Monolikas et al. also studied BiVO4 and found that it is a promising material 

for acousto-optical properties [40]. Subsequently, BiVO4 has attracted much interest due to its 

ferroelastic properties, acoustic-optical properties, ionic conductivity [41], and non-toxic pigment 

[42].  BiVO4 has gained importance steadily over the past two decades and today it is manufactured 

across the globe for the use of pigment. BiVO4 has wide applications despite its nontoxic yellow 

pigment for high-performance lead-free paints.  There are many other applications of BiVO4 such 
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as gas sensors, posistors (It’s a thermal resistor like thermistor, but with positive resistance 

temperature factor), solid-state electrolytes, and positive electrode materials for lithium 

rechargeable batteries. 

Since 1986, Kudo et al. have studied many materials for photocatalytic applications where they 

found that BiVO4 is an excellent material for photocatalytic oxygen evolution and pollutant 

degradation using the aqueous solution of AgNO3 under visible light illumination [43]. Lately, in 

1999, a series of synthesis techniques were carried out to synthesize high crystalline BiVO4 

microparticles [44].  

1.4.2 Crystal Polytypes and Optical Properties   

 

         The BiVO4 semiconductor mainly exists in three-phase: monoclinic scheelite (distorted 

scheelite clinobisvanite), tetragonal scheelite (dreyerite), and tetragonal zircon (pucherite) as 

shown in Figure 1.5a-c [45]. The irreversible transition from the tetragonal zircon-type structure 

to the monoclinic scheelite structure occurs at the calcination temperature range from 400 °C to 

500 °C. Furthermore, the monoclinic scheelite phase can be converted to a tetragonal scheelite 

phase at a temperature of 255 °C, and the tetragonal scheelite phase can be converted to a 

monoclinic scheelite phase using the same temperature. It has also been reported that the 

mechanical grinding (agate mortar and pestle) of tetragonal phase BiVO4 can be converted to a 

monoclinic scheelite phase at room temperature [46] The XRD pattern of tetragonal and 

monoclinic BiVO4 structures is shown in the Figure 1.6 which can better explain the differences 

between different transformed phases. Tetragonal BiVO4 with a band gap of ~2.9 eV is only 

responsive to ultraviolet (UV) and the monoclinic BiVO4 has a band gap of ~2.4 eV which is 

capable of absorbing both UV and visible spectrums. The UV absorption in tetragonal and 

monoclinic BiVO4 is related to the band transition from O2p to V3d and visible absorption of the 

monoclinic BiVO4 is related to the transition from Bi6s or hybrid of O2p and Bi6s to the 

conduction band (CB) of V3d [47]. The absorption coefficient of the m-s BiVO4 is shown in Figure 

1.5e, which increases from 1 × 104 𝑐𝑚−1at the band edge absorption onset of 500 nm to 1 ×

105 𝑐𝑚−1 at 460 nm. Additionally, plateau can be observed in between 430 nm and 390 nm. The 

absorption coefficient increases when the wavelengths shorter than 390 nm. The yellow color of 

the BiVO4 is related to the strong absorption of green to ultraviolet photons in visible region and 

transmission of yellow to infrared photons in visible region.      
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1.4.3 Electronic Structure of BiVO4 

 

           BiVO4 exists in three phases as discussed previously, where in all these three structures the 

vanadium (V) ions are bonded to four oxygen (O) atoms on the tetrahedron side and Bi ions are 

bonded to eight O atoms. Scheelite and tetragonal structures are different because of the Bi ions 

bound to VO4 tetrahedron i.e. in scheelite Bi ions are surrounded by eight VO4 tetrahedrons and 

Bi ions in tetragonal zircon structure surrounded by six VO4 tetrahedra. Similarly, considering the 

scheelite phases of the BiVO4, the tetragonal scheelite structure consists of a V-O bond length of 

1.72 A° and monoclinic of consists of different V-O bond lengths of 1.77 A° and 1.69 A° [48]. 

Furthermore, there are four lattice sites in the basic monoclinic structure Bi (4e), V (4e), O1 (8f), 

and O2 (8f). [49] The electronic properties of the monoclinic scheelite BiVO4 phase have been 

studied and found that the photocatalytic response of the m-s BiVO4 under visible light 

illumination is much better than the tetragonal zircon BiVO4.  

 

 

Figure 1.5. Crystal structure of BiVO4 : (a) Pucherite, (b) tetragonal zircon, (c) monoclinic 

scheelite [3], (d) band structures of monoclinic scheelite and tetragonal zircon BiVO4 [7] and,(e) 

absorption of monoclinic BiVO4 [50]. 
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The better photocatalytic response of the monoclinic BiVO4 was found because of the additional 

states formed by the Bi 6s and O 2p orbitals above the valence band, causing shifts up the valence 

band as compared to other crystal phases. The upshifts cause a lowering of the bandgap, which 

further helps to increase the photoabsorption as shown in Figure 1.5d [44]. The DFT calculations 

also demonstrated that m-s BiVO4 is an indirect bandgap semiconductor material whereby the top 

of the valence band was estimated to consist of Bi 6s and O 2pπ states and the estimated conduction 

band consists of V 3dx2
-y

2
 and dz2 states. These Bi 6s and O 2pπ states help in decreasing the 

bandgap [51]. 

 

 

Figure 1. 6. XRD pattern of tetragonal, and monoclinic BiVO4 [52]. 

1.4.4 Limitations of the monoclinic BiVO4 

 

      BiVO4 is a photocatalyst used in the degradation of organic pollutants, oxygen production, 

and CO2 reduction, where in the case of O2 evolution the photogenerated holes of the BiVO4 are 

consumed by the water to produce O2. The monoclinic phase of BiVO4 is one of the best phases 

with an excellent photocatalytic response because of the Bi 6s and O 2p orbital. The valence 

band (VB) edges of the monoclinic BiVO4 are located at ca. 2.4 eV vs. reversible hydrogen 

electrode (RHE). The lower bandgap of monoclinic BiVO4 makes it capable of absorbing a large 

portion of visible light resulting in the theoretical photocurrent density of 7.5 mA/cm2. 

Furthermore, assuming that all the photons having energies greater than the bandgap of BiVO4 
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are absorbed would result in 9% Solar-to-Hydrogen efficiency under AM 1.5 G solar 

illumination. [53]. However, the practical solar to hydrogen efficiency of the monoclinic BiVO4 

is still far apart from an ideal photocatalyst due to some limitations: 

 Low mobility of the photogenerated charge carriers in the bulk leads to the recombination 

of electron-hole before reaching the interfaces [54]. 

 Polaron formations in the BiVO4 delay the charge separation which further leads to a 

reduction in the carrier diffusion length to 70 nm.  

 The oxygen evolution kinetics of BiVO4 is very slow as compared to the oxidation of sulfite 

because it takes place with an extremely fast oxidation process; therefore, neglecting the 

surface recombination.  

 The conduction (CB) band position is lower than the reduction potential of water (normal 

hydrogen electrode (RHE) level). 

 Limited surface reactions due to weak surface absorption [55]. 

Many methodologies have been used for the improvement of the photocatalytic activity of BiVO4 

such, as shallow-level doping, novel nanostructures, loading cocatalysts, heterojunction, and 

morphological control (surface modification). Doping, in general, modifies the electrical 

properties of semiconductors; for example, doping of metallic ions in semiconductor oxide 

improves carrier concentrations and conductivity which is probably due to the presence of a high 

valence state of metal ions dopants. The doping of transition metals in BiVO4 can induce 

intermediate levels in between the valence and conduction band which reduces the band gap 

energies. The electrons can easily excite from these intermediate levels to the conduction band in 

the doped BiVO4 as compared to un-doped BiVO4 because of utilizing lower photon energy. 

1.4.5 Photocatalytic process in the perspective of metal-doped BiVO4 

 

         The charge migration, recombination, separation, light absorption, and the driving force for 

photocatalytic chemical reactions of semiconductors are governed by the electronic band structure 

of a semiconductor. Metal doping is an effective method that can modify the electronic structure 

of semiconductor photocatalysts to further enhance the intrinsic electronic conductivity and 

introduce polarons; thus, improving the charge carrier concentration. BiVO4 doped by metals can 

result in improved photoinduced charge migration to reduce charge recombination,  narrow the 
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band gap by forming sub-energy levels that enhance the photon absorption, and create oxygen 

vacancies that work as an electron trapping center to enhance charge separation [49,56]. As a 

result, metallic doping improves the photocatalytic performance of a semiconductor [57]. 

     BiVO4 has been doped with some non-metals, transition metals ions, rare earth metals, and 

noble atoms, where the non-metals ions include B, C, F, N, S, and P [58–60], and noble atoms 

include Ag, Au, Pd, and Pt. The transition metal and the rare earth metals dopants include Mo, W, 

Cr, Ta, Zr, Si, Ti, Zr, Hf, Sn, Fe, Sr, Zn and La, Eu, Er, Y, Ho, Yb, Sm, Nd and Gd [61–63]. 

Generally, the doping changes electronic structure it may contribute to improving photocatalytic 

activity. However, the changes in the electronic structure of a semiconductor depend on the atomic 

radii of the dopants and the doping sites in the semiconductors [64]. As an example, a BiVO4 

semiconductor has two doping sites i.e. Bi+3 and V+5, therefore doping of metals to these sites can 

result in different structures depending on the type of dopants [65]. 

There are two possibilities for occurring doping in semiconductor photocatalysts, i.e. 

substitutional/ interstitial doping and cluster loading.  

1.4.6 Substitutional/ interstitial doping  

 

     The doping atoms can be inserted into the crystalline site by replacing the host atom in the 

crystallite site. Foreign atoms can be added to the interstitial sites of a crystal without replacing 

the host atoms, which is called interstitial doping. Both doping methods are important in boosting 

photocatalytic activities by generating more charges [49].  

Several studies have been devoted to the impact of the metallic ion dopants such as Mo6+, W6+, 

Cr6+, Ta5+, Zr5+, Si4+, Ti4,+Zr4+, Hf4+, Sn4+, La3+, Fe3+, Sr3+, Cu2+, Zn2+ and Ag+  on the 

photoelectrochemical (PEC) and photocatalytic (PC) applications. The BiVO4 material has two 

dopant sites i.e. Bi3+ and V5+  Z. Zhao et al. have studied the impact of metal dopants on the Bi3+ 

and V5+ sites in BiVO4 by using density function theory (DFT) [66]. Mo6+, W6+, and Cr6+ were 

chosen as substitutional elements for the V5+ site, and Ti4,+Zr4+, Hf4+, and Sn4+ were chosen as 

substitutional elements for Bi3+ sites of the BiVO4. It was also shown experimentally and 

theoretically, that only Mo6+ and W6+ have a greater impact on the improvement of the 

photocatalytic activity of the BiVO4 [67,68]. Mo6+ and W6+ can increase the photocatalytic activity 

of the BiVO4 photocatalyst due to the higher donor density. The high donor densities may shift the 
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Mo6+ and W6+ fermi levels towards the conduction band which helps further in accelerating charge 

separation by band bending, therefore enhancing photocatalytic activity. The boost in the 

photocatalytic activity of BiVO4 by the metallic dopants (Mo6+ and W6+)  can also be attributed to 

the increase in the charge carriers mobility and diffusion length [65,69].  

     Non-metals dopants i.e.  B, C, N, F, P, and S in BiVO4 semiconductors were also studied for 

photocatalytic applications. In the study, three major issues i.e. band gap narrowing, impurity 

energy level, and oxygen vacancy were addressed. The photocatalytic oxygen evolution activity 

of the doped BiVO4 photocatalysts is shown in Table 1.1. 

Band gap narrowing: M.Wang et al. doped m-s BiVO4 with nitrogen (N) and thus found that the 

band gap of N-BiVO4 is narrowed up to 2.23 eV and able to absorb visible light until 600 nm [70]. 

Likewise, in another study by Y. Li et al, it was found that the B substituted in V sites can form 

localized defect levels just above the valence band (VB) of BiVO4 [71].  

 

Figure 1.7 Scheme diagram showing the band structure and optical curves of (a) pure 

semiconductor, (b) doping-induced shallow-level and deep-level states, and (c) induced band gap 

narrowing [72].  

Impurities energy level: in one study Z. Zhao et al. suggested that sulfur impurities can reduce the 

band gap energy of the BiVO4. They further suggest that mixing S 3p with Bi 6s as well as with O 

2p in the VB of BiVO4 could be the main factor in decreasing band gap energies. As a result, the 

Sulphur may form impurities above the valence band [59].  
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Oxygen vacancies: Nitrogen was substituted in the place of oxygen vacancies as pointed out by 

M.Wang et al. Additional oxygen vacancies and V sites would become active sites for BiVO4 and 

are beneficial for the enhancement of the photocatalytic activity of N-BiVO4  (Figure 1.7b) [71]. 

         Substitutional doping can affect the band gap of a semiconductor by creating an intermediate 

state above the valance band. These intermediate states result from the hybridization of the valence 

band (VB) and conduction band (CB) states by the dopants, thereby narrowing the band gap and 

extending the absorption spectral range to higher wavelengths [73]. The shallow or intermediate 

states could promote charge carrier mobility and increase the minority charge carrier diffusion 

length. Substitutional doping can change the electronic structure of the semiconductor, depending 

on the dopant concentrations. Also, substitutional doping causes variations in cell parameters 

depending on the substitution sites [74]. Taking Mo dopant is an example in the BiVO4 structure 

which improves the conductivity when replacing V5+ atoms with Mo6+ atoms and contributes one 

extra electron in photocatalytic reactions [55,75].  

 

1.4.7 Heterojunction  

 

         Heterojunction or heterostructures is a well-known technique consisting of two or more 

semiconductors which is beneficial for light absorption, and charge separation in photocatalytic 

systems. It is worth mentioning that only a few photocatalysts fulfill the minimal required 

thermodynamic criteria, while most of them only absorb ultraviolet (UV) light [3]. 

Heterostructures have three main types. i.e. type-I (straddling gap), type-II (staggered gap), and 

type-III (broken gap). These heterostructure types depend on the valence (VB) and conduction 

(CB) band energy positions of the individual semiconductors [76,77]. The band diagram of type-

I, type-II, and type-III heterojunction is given in Figure 1.8. 

Type-I heterojunction: It consists of two semiconductors i.e. semiconductor 1 (SC-I), and 

semiconductor 2 (SC-II), where they can be either n-type or p-type. In the type-I heterojunction 

setup, the conduction band of SC-II is higher than the conduction band of SC-I, while the valence 

band of SC-I is higher than the valence band of SC-II. Therefore, electrons and holes will transfer 

and accumulate on SC-I [76].  
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Type-II heterojunction: It also consists of two semiconductors i.e. SC-I, and SC-II, where the 

conduction band of the SC-II is more negative while the valence band of the SC-I is more positive. 

The photoexcited electrons can transfer from the conduction band of SC-II to the conduction band 

of SC-I due to the more negative conduction band of the SC-II. On the other hand, the hole can 

transfer from the valence band of the SC-I to the valence band of the SC-II because of the more 

positive valance band of the SC-I. These kinds of charge transfer mechanism leads to efficient 

charge separations and enhanced photocatalytic activity.    

Type-III heterojunction: As shown in Figure 1.8, the structure of the type-III heterojunction is 

identical to that of the type-II heterojunction except that the staggered gap becomes so extreme 

that the bandgap does not overlap. Therefore, the electron-hole separation and migration cannot 

occur between SC-I and SC-II, making it unsuitable for improving charge separation and migration 

[78].  

 

Figure 1.8. Band alignment in type-I, type-II, and type-III heterojunctions. 

Type-II heterojunctions are considered more valuable than other heterojunctions due to their 

unique charge transfer and separation capabilities. Hence it is considered more favorable for 

photocatalysis [79]. There are two possibilities for the charge transfer in type-II heterostructures 

i.e. electron transfer, and hole transfer.  In the first case, the electron moves from a material with 
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a more negative conduction band (CB) to another material with a more positive conduction band 

(CB). The holes follow an opposite trend to that of electrons, transferring from a material having 

a more positive valence band (VB) to a material with a more negative valence band potential.  

Recently heterojunctions between two materials have attracted much attention, which include 

semiconductor-semiconductor, semiconductor-metal, and semiconductor-carbon heterojunction 

structures [79]. By far the most commonly used heterojunction is the semiconductor-

semiconductor heterojunction, which is mostly formed by close contact between p-type and n-type 

semiconductors.   The result is a space charge region at the interface and an electric field is added 

as a result of charge diffusion. This can enable a direct flow of electrons to the conduction band of 

the n-type semiconductor material while the hole to the valence band of the p-type semiconductor 

material; thus, enabling efficient charge separation, longer charge carrier lifetime, and higher 

reaction rate[76].  

1.4.8 Bimetallic Cocatalysts Loading  

 

         The method in which metal nanoparticles (NPs) are added to the surface of a semiconductor 

is called metal loading. Metal oxide cocatalysts are attached to the photocatalysts which can 

improve the local photocatalytic rate and charge separation by creating a built-in electric field  

[80]. Sparsely attaching metallic cocatalysts at the surface of a photocatalyst induces barrier 

heights which as a result change the surface charge density, forming a lateral electric field [81]. 

BiVO4 has been investigated for loading transition metals such as Cu, Co, Ni, Fe, and Mn and 

found beneficial to improving photocatalytic activity [62,82]. The photocatalytic activity of the m-

s BiVO4, as well as doped m-s BiVO4, can be further improved by depositing cocatalysts like FeNi, 

FeOOH, Co-Pi, CoO, NiO, Co-Bi, Ni-Bi, and Fe-Ce as a surface catalyst [83]. FeCoOx was used 

as a surface co-catalyst on the m-s BiVO4, which helped in suppressing charge recombination at 

the surface of BiVO4; thus, better improvements were observed in the photocatalytic activity of 

the photocatalysts [84]. The scheme diagram of the BiVO4 photocatalyst loaded with cocatalysts 

is shown in Figure 1.9 where the BiVO4 photocatalyst and cocatalyst fermi levels aligned with 

each. Therefore, these cocatalysts will work as electron-trapping agents. Many strategies have been 

developed to deposit co-catalysts on the BiVO4 but magnetron sputtering is one of the best methods 

to deposit surface co-catalyst on BiVO4. Magnetron sputtering deposition is a coating technique at 

a high vacuum that allows the deposition of many types of materials i.e. ceramics and metals, on 
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different kinds of the substrate by the use of a magnetic field applied to a sputtering target. It is 

considered one of the green synthesis techniques for the production of different metallic 

nanoparticles [85]. The main advantage of using magnetron sputtering for the deposition of 

nanoparticles (NPs) is that it is a contamination-free, scalable, and controllable technique that can 

be applied to produce limitless NPs by choosing an appropriate sputtering target and gas 

composition inside the sputtering chamber [86]. The magnetron sputtering can produce NPs in 

different solid and liquid substrates that allows to control size, concentration and shape of NPs. 

Furthermore, in a magnetron sputtering deposition process, the powder continuously moving by 

the use of agitating resonant mechanical apparatus which further ensure the homogenous 

deposition of NPs over particulate system. [87]. 

Table 1.1. Several BiVO4 photocatalysts in the form of powder for photocatalytic oxygen 

evolution. 

S.NO Sample Photocatalytic 

Application 

Intensity and 

lamp 

O2 Evolution References 

1 W:BVO/FeMnOx 

and  

W:BVO/FeNiOx 

Oxygen 

evolution 

300 W Xe lamp 

(AM 1.5 G) 

181 μmol = 

2413 μmol g-1h-1 

and 

175 μmol = 

2333 μmol g-1h-1 

This work 

2 BiVO4 Oxygen 

evolution 

300 W Xe lamp 

with cut-off 

filter 

90  

μmol.g-1 

[88] 

3 BiVO4 Oxygen 

evolution 

300 W Xe lamp 

with cut-off 

filter 

253  μmol g-1h-1 [89] 
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4 Mo:BiVO4 Oxygen 

evolution 

300 W Xe lamp 

with cut-off 

filter 

600  μmol g-1 h-1 [55] 

5 Ce:doped BiVO4 Oxygen 

evolution 

300 W Xe lamp 

285 mW/cm-2 

800 μmol g-1 h-1 [90] 

6 BiVO4 Oxygen 

evolution 

300 W Xe lamp 

with cut-off 

filter 

500 μmol g-1 h-1 [91] 

7 W-doped BiVO4 

 

 

Oxygen 

evolution 

Mercury lamp 

125W, light 

output 7 x 1018 

photons/sec 

739 

μmol g-1 h-1
 

[92] 

8 Zr-doped BiVO4 

 

Oxygen 

evolution 

300 W Xe lamp 

with cut-off 

filter 

1108 

μmol g-1 h-1 

[92] 

9 W-doped BiVO4 Oxygen 

evolution 

Plasma lamp, 

100 W/cm-2 

686 

μmol g-1h-1 

[65] 

10 Mo-doped BiVO4 Oxygen 

evolution 

Plasma lamp, 

100 W/cm-2 

942  

μmol g-1h-1 

[65] 

11 Zr-Doped BiVO4  Oxygen 

evolution 

300 W Xe lamp 550 

  μmol g-1 h-1 

[93] 

12 Cu-Doped BiVO4 Oxygen 

evolution 

300 W Xe lamp 350  

μmol g-1 

[94] 
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Figure 1.9. Schematic diagram, representing BiVO4 photocatalyst loaded with bimetallic 

cocatalysts. 

 

1.5 Research Objectives  

 

         Producing tungsten (W) and zinc (Zn) doped BiVO4 photocatalysts by hydrothermal 

synthesis method and then loading a bimetallic oxide cocatalysts i.e. FeMnOx, and FeNiOx as 

surface cocatalysts for improved photocatalytic oxygen evolution. The purpose of metallic doping 

is to change the electronic structure of the BiVO4 photocatalysts by creating an energy (sub-energy 

level) level above the valence band to reduce the bandgap and increase absorption spectra which 

may improve the charge separation in the bulk. On the other hand loading of FeMnOx, and FeNiOx 

13 NiOx(OH)y/BiVO

4 and 

CoOx(OH)y/BiV

O4 

Oxygen 

evolution 

300 W Xe lamp 

with cut-off 

filter 

1538  

μmol g-1h-1 

[95] 

14 CoOx/BiVO4 Oxygen 

evolution 

300 W Xe lamp 

with cut-off 

filter 

1733 

μmol g-1h-1 

[96] 
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metallic cocatalysts to improve the surface charge separation of the pure and doped BiVO4 by 

forming a p-n heterojunction (typically type-II)  by p-type FeMnOx and FeNiOx cocatalysts and n-

type BiVO4. 

Specific objectives:  

 Producing W and Zn doped BiVO4 powder via hydrothermal synthesis. 

 To use RF-magnetron sputtering for the deposition of FeMnOx and FeNiOx bimetallic 

cocatalysts on BiVO4.  

 Evaluating photocatalytic activity of the photocatalysts through photocatalytic oxygen 

(O2) evolution reaction under AM1.5 G solar irradiations. 

 Understanding different properties of BiVO4 through X-ray diffraction spectroscopy 

(XRD), X-ray photoelectron spectroscopy (XPS), Scanning electron spectroscopy (SEM), 

UV-vis spectroscopy, Raman spectroscopy, and high-resolution transmission electron 

microscopy (HRTEM). 

 

         BiVO4 photocatalyst doped with W and Zn will improve the photocatalytic activity for O2 

evolution which will be discussed in upcoming chapters. BiVO4 nanoparticles achieved through 

the hydrothermal process were loaded with novel FeMnOx, and FeNiOx bimetallic cocatalysts 

which can further improve the photocatalytic oxygen evolution. 
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Chapter 2 

2. Synthesis and characterization techniques 

2.1 Materials and Methods  

2.1.1 Chemicals   

      All reagents were purchased from Sigma-Aldrich and used without further purification. 

Bismuth(III) nitride-pentahydrate (99% purity) and ammonium methavandate  (99% purity) 

were used as Bismuth (Bi) and vanadium (V) precursors. Sodium tungstate dihydrate (Na 

WO4. 2H2O, 99% purity) and Zinc nitrate hexahydrate (Zn(NO3)3.6H2O, 99% purity) were 

used as W and Zn precursors. All the solutions were prepared in nitric acid (≥70%), 

ammonium hydroxide (28.0-30.0% NH3 basis), and deionized water.  

 

2.2 Hydrothermal Synthesis  

2.2.1 Preparation of pure bismuth vanadate (BiVO4) powder via hydrothermal technique 

 

          Bismuth vanadate (BiVO4) powder was synthesized via a hydrothermal process as shown in 

Figure 2.1. Bismuth nitride pentahydrate (Bi(NO3)3.5H2O) and ammonium metavanadate 

(NH4VO3) are used in a 2 mmol ratio as bismuth and vanadium precursors. Initially, 

Bi(NO3)3.5H2O was dissolved in 8 ml of HNO3 (2 M) and stirred magnetically for 30 min which 

was named solution A. Further, NH4VO3 was dissolved in 22 ml of NH3.H2O (2 M) and stirred 

magnetically for 30 min which was named solution B.   Solution B was added dropwise to solution 

A and adjusted the pH of the solution to 7.5, using NH3.H2O and HNO3 and stirred magnetically 

for 2 h.  The entire solution was shifted to a 100 ml Teflon-lined stainless steel autoclave and then 

the autoclave was kept inside the heating furnace at 200 °C with a heating rate of 10°C/min for 24 

h. The autoclave was removed from the furnace after 24 hours and kept at room temperature for 3 

h. After cooling down the reactor at room temperature, the precipitant was collected through 

centrifugation with 5000 r.p.m for 15 min and then washed with water and ethanol three times 

repeatedly. Finally, the yellow BiVO4 precipitants were dried at 80°C for 6 h and labeled as BVO 

[97].  
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Figure 2. 1. Schematic diagram, representing different steps involved in the hydrothermal 

synthesis process. 

2.2.2 Preparation of tungsten (W) and zinc (Zn) doped bismuth vanadate (BiVO4) powder 

via hydrothermal technique.  

 

            The same procedure was used for the preparation of W-doped and Zn-doped BiVO4 as 

shown in Figure 2.2. Initially, 2 mmol of Bi(NO3)3.5H2O was dissolved in 8 ml of HNO3 (2M) and 

stirred magnetically for 30 min which was named solution A. Further, 2 mmol of NH4VO3 was 

dissolved in 22 ml of NH3.H2O (2 M) and then 1%, 2%, and 3% molar ratio of sodium tungstate 

dihydrate (Na WO4. 2H2O) were added to the same container (NH4VO3 was reduced according to 

the molar ratio of Na WO4. 2H2O) and stirred magnetically for 30 min which named solution B. 

Solution B was added dropwise to solution A and adjusted the pH to 7.5. The entire solution was 

shifted to a 100 ml Teflon-lined stainless steel autoclave and kept inside the heating furnace at 200 

°C with a heating rate of 10°C/min for 24 h. Finally, yellow precipitants were collected through 

centrifugation, washed three times with water and ethanol respectively, and dried at 80°C for 6 h. 

These samples were named 1%W:BVO, 2%W:BVO and 3%W:BVO where W, stands for tungsten 

and BVO for the BiVO4.  

The same procedure was followed for the Zn doped BiVO4 synthesis where  Bi(NO3)3.5H2O was 

initially dissolved in 8ml of 2M HNO3 and stirred for 30 min at room temperature until a 

transparent solution was obtained which was named solution A. Further, NH4VO3 was dissolved 
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in 22 ml of 2M NH3.H2O, and then added  1%, 2%, and 3% molar ratio of Zn(NO3)3.6H2O and 

stirred for 30 min at room temperature which was named solution B . Solution B was added 

dropwise to solution A and adjusted the pH value to 7.5 using HNO3 and NH3.H2O solutions 

following by stirring for 2 h. After 2 h vigorously stirring, the entire yellow solution was shifted 

to 100 ml Teflon-lined stainless steel autoclave and then kept in the heating furnace at 200 °C with 

a heating rate of 10°C/min for 24 h. Finally, yellow precipitants were collected through 

centrifugation, washed three times with water and ethanol respectively, and dried at 80°C for 6 h 

This way we obtained three other samples named BVO:Zn1%, BVO:Zn2%, and BVO:Zn3% 

(Figure 2.2).  

 

 

Figure 2. 2. Schematic diagram, representing hydrothermal synthesis process of W and Zn doped 

BiVO4. 

2.2.3 Loading of FeMnOx and FeNiOx bimetallic cocatalysts on pure BVO, 2% tungsten 

(W), and 2% zinc (Zn) doped bismuth vanadate (BiVO4) powder via RF magnetron 

sputtering. 

 

        Bimetallic alloy targets were used in our project where the individual metals for FeMnOx 

alloy composed of Fe (50 wt. % Fe with 99.9% purity) and Mn (50 wt. % Mn with 99.9% purity) 

and for FeNiOx Fe (50 wt. % Fe with 99.9% purity) and Ni (50 wt. % Ni with 99.9% purity). The 

RF-magnetron sputtering deposition setup is shown in Figure 2.3, which was used for the 
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deposition of FeMnOx and FeNiOx bimetallic cocatalysts on BiVO4 powder samples. The distance 

between the target and the sample was kept at 5 cm to ensure constant deposition. The working 

and base pressure was set to 3.2×10-2 and 7.5×10-6Torr, where the composition of the working 

pressure was oxygen and argon in the ratio of 18.5 Ar sccm and 2.1 O2 sccm.  The deposition of 

FeMnOx and FeNiOx was accomplished using the RF power of 50 W. The BiVO4 powder was 

placed at the bottom of round shaped capsule connected to the mechanical agitator with a 

sinusoidal wave frequency of 90 to 100 Hz which agitated the powder during the deposition. 

Bimetallic iron-manganese oxides (FeMnOx) and iron-nickel oxides (FeNiOx) nanoparticles were 

deposited on 150 mg of the pure BiVO4 via RF-magnetron sputtering for 5, 10, and 20 min 

respectively.  These samples were named 5-BVO/FeMnOx, 10-BVO/FeMnOx, 20-BVO/FeMnOx, 

5-BVO/FeNiOx, 10-BVO/FeNiOx, and 20-BVO/FeNiOx after the deposition.  

     The same procedure was used to deposit FeMnOx, FeNiOx on 150 mg of W:BVO and Zn:BVO 

via RF-magnetron sputtering for 10 min. After synthesis the samples were named 

W:BVO/FeMnOx, W:BVO/FeNiOx, Zn:BVO/FeMnOx, and Zn:BVO/FeNiOx.  

 

Figure 2. 3. RF magnetron sputtering deposition setup for powder and films: (1) Spray deposition 

system, (2) deposition gun, (3) high vacuum camera, (4) mechanical pump, (5) turbo molecular 

vacuum pump, and (6) control system 
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2.3 Synthesis of films 

 

2.3.1 Cleaning of FTO 

 

        Flourine-doped tin oxide (FTO) is a conducting substrate made of glass transparent that was 

in our project used to obtain thin films (photoanodes). Initially, the FTO substrates were cleaned 

using 15 % soap and 85 % DI water at 90 °C for 1 h and then washed with ethanol, isopropyl, and 

acetone at 90 °C for 10 min separately. Furthermore,  already washed FTO were dried in an oven 

at 80 °C for 1 h and then heated in a furnace at 500 °C for 1 h with a heating rate of 10 °C/ min 

and cooling rate of 2 °C/ min. 

 

2.3.2 Synthesis of W:BVO, W:BVO/FeNiOx and W:BVO/FeMnOx films 

 

         For the mott-Schottky measurements, samples were prepared via the spin coating technique 

as shown in Figure 2.4. Initially, 10 mg of the already prepared W-doped BiVO4 powder of each 

sample was dissolved in 2 ml of dimethyl sulfide (DMSO) separately and then mixed to form a 

slurry. 100 µL of the prepared solution was deposited on the already cleaned FTO via spin coating, 

using 500 r.p.m for 5 s, and then 3000 r.p.m for 10 s. Furthermore, the prepared film was dried at 

150 °C for 25 min, this way one layer formed. The whole process was repeated 8 times to obtain 

eight layers based on our previous research work [98]. Finally, the prepared films were calcined 

at 300 °C for 1 h. 

 

Figure 2. 4. Synthesis process of W:BVO, W:BVO/FeNiOx, and W:BVO/FeMnOx films.  
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2.3.3 Synthesis of pure FeNiOx and FeMnOx films 

 

         Iron-manganese oxides (FeMnOx) and iron-nickel oxides (FeNiOx) nanoparticles were 

deposited on FTO via RF-magnetron sputtering for 10 min respectively. The distance between the 

sample and the target was kept constant (5 cm) for all the depositions. The working and base 

pressure was set to 2.1 × 10−2 and 1.6 × 10−6Torr, which was composed of argon gas (15 ml 

min-1). The deposition of FeMn (50 wt. % Fe and 50 wt. % Mn, 99.9% purity) and FeNi (50 wt. 

% Fe and 50 wt. % Ni, 99.9% purity) was accomplished with the RF power of 50 W.  

The sample preparation map is also given in Figure 2.5, which further explains the BiVO4 powder 

sample preparation with dopants and then the deposition of FeMnOx, and FeNiOx cocatalysts via 

the sputtering technique. 

 

 

Figure 2. 5. Sample preparation map, showing different steps involved in the synthesis process. 

2.4 Characterization 

2.4.1 X-ray Diffraction (XRD) of Powder Samples 

 

          X-ray diffraction (XRD) is an analytical technique used for the identification of crystal 

structure and dimensions of a unit cell. In our experimental work, the XRD was performed to 

characterize the crystal structure and composition using Rigaku x-ray diffractometer (Ultima IV) 

operated at 40 kv and 40 mA with Cu-Ka radiations (λ = 1.5406 Å). The x-ray diffraction pattern 

was obtained at 2θ = 10° to 80°. 
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2.4.2 Scanning Electron Microscopy (SEM) 

 

                  Scanning electron microscopy is a technique that uses an electron beam to analyze the 

morphology of the material.  In our research work, the surface morphology of the prepared powder 

samples was investigated by SEM_ZEISS FEG Sigma Gemini operating at an accelerating voltage 

of 20 kV and equipped with an X-ray detector Oxford Penta Fet Precision for energy-dispersive 

X-ray spectroscopy (EDS) measurements.  The specimen stub with conductive tape was used for 

the SEM of the powder sample. Initially, powder samples were pressed onto the surface of the 

conductive tape fixed on the surface of the sample stub and then the excess powder was blown off 

the surface of the conductive tape. Thus many powder samples were prepared for analysis. 

 

2.4.3 Ultraviolet-Visible (UV-vis) Spectroscopy 

 

        Ultraviolet-visible spectroscopy is a quantitative technique that analyzes how much light is 

absorbed or reflected by a material. UV-vis spectroscopy can be accomplished by shining light 

through the material, where the recorded reflectance or absorption spectra are compared to a 

standard sample. In our experimental work, UV-vis diffuse reflectance spectra were obtained using 

Shimadzu UV-2600. The UV-vis spectra for all the samples were obtained in the wavelength range 

of 200 nm to 800 nm. 

2.4.4 Brunner–Emmett–Teller (BET) analysis 

 

        Brunner-Emmett-Teller (BET) analysis is a technique used to measure the surface area of a 

material using the adsorption of gas molecules on its surface. BET was used to measure the surface 

area using Micromeritics Tristar 3000 with hydrogen absorption at 77 k. Initially, 350 mg of 

powder sample was placed in a sample holder and then all possible physically bound impurities 

were removed under vacuum and heating conditions. The surface area was measured by increasing 

the pressure and noting the amount of gas adsorbed on the surface. 

2.4.5 Raman Spectroscopy  

 

        Raman spectroscopy is a technique used for the detection of vibrational, rotational, and other 

states in a system (molecular system), inquiring closely about the chemical composition of the 
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materials. In our experimental work, the Raman spectra were analyzed using Renishaw in Via 

Raman microscope equipped with double CCD cameras and Ar-Kr laser source of wavelength 514 

nm. All samples were prepared for Raman analysis on glass slides, 40 mg of the BiVO4 powder 

was placed on the glass slide and then slightly pressed.  

2.4.6 X-ray Photoelectron Spectroscopy (XPS) 

 

         X-ray photoelectron spectroscopy was obtained to study the electronic chemical surface 

composition of all powder samples. A conventional spectrometer, Scientia Omicron ESCA+ with 

a high-performance hemisphere analyzer equipped with a monochromatic Al Kα source having 

energy equal to 1486.6 eV was used to analyze samples. A low-energy electron flood gun was 

used to reduce the charge effect in the samples. Scans were collected with a 50 eV pass energy 

with a step size of .05 eV to obtain high-resolution spectra. Samples were prepared on the specimen 

stub with conducting tape. Initially, the powder was placed on the stub, pressed, and then blown 

with air to remove excess powder from the surface.  CasaXPS software was used to fit data, 

applying the peak shape of GL(30). All the peaks were calibrated with adventitious carbon (C-C 

284.8 eV). 

2.4.7 Transmission Electron Microscopy (TEM) 

 

           The Transmission Electron Microscopy analyses were performed using a JEOL JEM 2100F 

with a Gatan Tridiem 866 spectrometer coupled for Energy Electron Loss Spectroscopy (EELS) 

and an Oxford SSD detector coupled for Energy Dispersive Spectroscopy (EDS) studies. The 

crystalline structure and elemental mappings were investigated with scanning/transmission 

electron microscopy (S/TEM, FEI Talos F200X) and the energy dispersive spectroscopy unit 

(EDS, FEI ChemiSTEM®) 

 

2.4.8 Flame Atomic Absorption Spectrometry Analysis    

Sample preparation:  20 mg of each sample was weighed directly in PTFE microwave tubes 

(Xpress tubes from MARS6 microwave system) and then 2 ml of HCl and 1 ml of HNO3 were 

added to each tube. The solution was heated up to 100 °C for 15 minutes and kept at this 

temperature for 15 minutes. Afterward, the samples were cooled down to room temperature 
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transferred to graduated polypropylene tubes, and volumized to 10 mL with ultra-purified water. 

The addition was done cautiously to avoid projections due to the heating of the water. Fully 

solubilized samples. 

      The sample was analyzed by Flame Atomic Absorption Spectrometry (FAAS) in a 

PerkinElmer-A Analyst 200 instrument (Figure 2.6), using hollow cathode lamps (LUMINATM 

Hollow Cathode Lamp -PerkinElmer)  

Nickel determination: The nickel sample was analyzed in air-acetylene flame mode at flow rates 

of 10 and 2.5 L/min, respectively. The sample was introduced using a nebulizer system without 

using a spacer. The measurements were performed at a wavelength of 232 nm without the use of 

a background corrector (AA mode), using a 10 cm long burner. 

 

 

 

Figure 2. 6. Flame Atomic Absorption Spectrometry.    
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2.4.9 Graphite Furnace Atomic Absorption Spectrometry Analysis 

       The samples were analyzed by Graphite Furnace Atomic Absorption Spectrometry (GFAAS) 

in a PerkinElmer - PinAAcle 900T instrument (Figure 2.7), using hollow cathode lamps 

(LUMINATM Hollow Cathode Lamp - PerkinElmer).  

 

 

 

Figure 2. 7. Graphite Furnace Atomic Absorption Spectrometry. 

Iron determination: A Graphite furnace (with platform) was used to analyze the sample that 

contained iron by injecting 20 uL of them by using a Furnace Autosampler (PerkinElmer - AS900). 

The measurements were performed at a wavelength of 248.33 nm with the use of Zeeman-effect 

as background corrector (AA-BG). All the measurements were performed under an argon 

atmosphere. 

Manganese determination: The sample that contained manganese was analyzed in a graphite 

furnace (with platform) by injecting 20 uL of it by using a Furnace Autosampler (PerkinElmer - 

AS900) 
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2.5 Gas chromatography  

       The Agilent model 7890B, GC equipped with a thermal conductivity detector (TCD) was used 

in our project for the detection of oxygen as shown in Figure 2.8. The oxygen was injected into 

TCD through a pipe connected with the reactor and the evolved area of the oxygen was plotted 

through the computer system. 

 

Figure 2. 8. Gas chromatograph (GC) equipped with a thermal conductivity detector. 

 

2.6 Photocatalytic Oxygen Evolution 

 

          Photocatalytic oxygen was carried out in a closed quartz reactor having a volume of 90 ml. 

25 mg of already prepared bismuth powders were dissolved in a 0.05M FeNO3. 9H2O (50 ml) 

aqueous solution. The solution was stirred for 15 min to make it homogenous and then purged 

argon gas for 15 min to remove dissolved gasses. A 300 W Xe lamp equipped with an AM 1.5 G 

filter was used as the light source, where the light intensity was adjusted to 246 mW/cm2. The first 

measurement for oxygen evolution was taken in the absence of light and injected into the Agilent 

gas chromatograph model 7890B. The lamp was turned on and the quarts reactor was exposed to 

the light continuously for 3 h. The oxygen evolution was recorded after each 30 min while injecting 
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it into the chromatograph automatically using a narrow steel pipe. The produced oxygen was 

carried from the reactor to the gas chromatograph using argon gas with a constant flow of 0.9 mL 

min-1. The gas chromatograph was connected to the computer system, where through software the 

area of the evolved oxygen was recorded. The photocatalytic process used in our research work is 

given in Figure 2.9. 

 

Figure 2. 9. Photocatalytic oxygen evolution, irradiating the sample with a 300 W Xe lamp with 

an AM 1.5 G filter. 

2.7 Mott- Schottky analysis 

   

       Mott–Schottky (MS) measurements were performed with a conventional three-

electrode system, where the W:BVO (or pure FeNiOx, pure FeMnOx, W:BVO/ FeNiOx and 

W:BVO/ FeMnOx)  film is the working electrode, Pt foil is the counter-electrode, and Ag/AgCl is 

the reference electrode. All measurements were conducted at the 0.1 M potassium phosphate buffer 

(pH 7), at 1 kHz in dark conditions (i.e., without illumination), using a suitable range of potentials 

to determine flat-band potentials and dopant density. The MS equation for n-type and p-type 

semiconductors is given in equations 2.1 and 2.2 [99,100]: 
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1

𝐶𝑆𝐶
2 =

2

𝑒𝐴2𝜖𝑟𝜖0𝑁𝐷
(𝐸 − 𝐸𝐹𝐵 −

𝑘𝑇

𝑒
) , n − type                       (2.1) 

                                      
1

𝐶𝑆𝐶
2 =

2

𝑒𝐴2𝜖𝑟𝜖0𝑁𝐴
(−𝐸 + 𝐸𝐹𝐵 −

𝑘𝑇

𝑒
) , p − type                       (2.2) 

 

where 𝐶𝑆𝐶 is the total capacitance in the space-charge depletion layer, 𝜖0 is the permittivity in the 

vacuum, 𝜖𝑟 is the relative permittivity of the semiconductor (𝜖𝑟 = 68, 13, and 18 for W:BVO 

[101], FeNiOx [102], and FeMnOx [103] semiconductors, respectively), 𝐴 is the surface area of the 

working electrode, 𝐸 is the applied potential, 𝐸𝐹𝐵 is the flat-band potential, 𝑁𝐷 is the donor carrier 

density, 𝑁𝐴 is the acceptor carrier density, and 𝑇 is the temperature. The majority carrier densities 

are calculated from the slopes, whereas  𝐸𝐹𝐵 is determined from the 𝑥-intercept of the 𝐶𝑆𝐶
−2 

versus 𝐸. 

2.8 Band Bending Model for p-n Heterojunction 

 

         The details for constructing interfacial band alignment of p-n heterojunctions are described 

elsewhere [104–107]. Briefly, consider a p-n heterojunction whose interface is at the point 𝑥 = 0, 

with the n-type semiconductor situated at 𝑥 ≤  0 and the p-type semiconductor at 𝑥 ≥ 0. Let 𝑁𝐴, 

𝑊𝑝, and 𝜖𝑟,𝑝 represent the acceptor density, depletion width, and dielectric constant on the p-side, 

while 𝑁𝑑, 𝑊𝑛, and 𝜖𝑟,𝑛 are the donor density, depletion width, and dielectric constant on the n-side. 

The conduction band energy for the n-type (p-type) layer is given by 𝐸𝐶,𝑛(𝑝). The solution for the 

one-dimensional Poisson equation describing this abrupt n-p heterojunction, with the proper 

boundary conditions, is: 

 

                          𝐸𝐶(𝑥) =

{
  
 

  
 

𝐸𝐶,𝑛 + 𝑞𝑉𝑛, 𝑥 < −𝑊𝑛 

𝐸𝐶,𝑛 + 𝑞𝑉𝑛 −
𝑞𝑁𝐷
2𝜖0𝜖𝑟,𝑛

(𝑥 +𝑊𝑛)
2, −𝑊𝑛 ≤ 𝑥 < 0

𝐸𝐶,𝑝 − 𝑞𝑉𝑝 +
𝑞𝑁𝐴
2𝜖0𝜖𝑟,𝑝

(𝑥 −𝑊𝑝)
2
, 0 ≤ 𝑥 < 𝑊𝑝

𝐸𝐶,𝑝 − 𝑞𝑉𝑝, 𝑥 > 𝑊𝑝

                          (3.5) 
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Where 𝐸𝐶(𝑥) is the conduction band energy given as a function of position, and 𝑉𝑛 and 𝑉𝑝 are the 

potential drops supported in the n and p layers, respectively, given as a function of the dopant 

concentrations and dielectric constants by: 

 

               𝑉𝑛 =
𝑁𝐷𝑊𝑛

2

2𝜖0𝜖𝑟,𝑛
=

𝜖𝑟,𝑝𝑁𝐴

𝑞(𝜖𝑟,𝑝𝑁𝐴 + 𝜖𝑟,𝑛𝑁𝐷)
𝑉𝑏𝑖  and 𝑉𝑝 =

𝑁𝐴𝑊𝑝²

2𝜖0𝜖𝑟,𝑛
=

𝜖𝑟,𝑛𝑁𝐷
𝑞(𝜖𝑟,𝑝𝑁𝐴 + 𝜖𝑟,𝑛𝑁𝐴)

𝑉𝑏𝑖 

Here, 𝑉𝑏𝑖 is the total interfacial potential drop, defined as: 

 

𝑉𝑏𝑖 = 𝑉(−𝑊𝑛) − 𝑉(𝑊𝑝) = 𝑉𝑛 + 𝑉𝑝 = 𝐸𝐹,𝑛 − 𝐸𝐹,𝑝 

 

Where 𝐸𝐹,𝑝 and 𝐸𝐹,𝑝 are the Fermi energies of the 𝑝 and 𝑛-type semiconductors, respectively. 

Similarly, the depletion width of the 𝑛 and 𝑝-type semiconductors are given by: 

                   𝑊𝑛 = (
2𝜖0𝜖𝑟,𝑛𝑁𝐴𝑉1

𝑞𝑁𝐷
(

1

𝑁𝐴 + 𝑁𝐷
))

1/2

 and   𝑊𝑝 = (
2𝜖0𝜖𝑟,𝑛𝑁𝐷𝜓𝑏𝑖

𝑁𝐴(𝜖𝑟,𝑝𝑁𝐴 + 𝜖𝑟,𝑛𝑁𝐷
)

1/2

  

 

The discontinuities of the valence and conduction bands (Δ𝐸𝑉 and Δ𝐸𝐶) must be invariant after 

equilibrium since bandgap energies and electronic affinities are considered constants in the 

classical band bending model. 

The distribution of the electric field (𝜉(𝑥)) can be obtained through the (minus) first derivative of 

the electrostatic potential. It is straightforward to show that: 

 

                                        𝜉(𝑥) =

{
 
 

 
 
𝑞𝑁𝐷
𝜖0𝜖𝑟,𝑛

(𝑥 +𝑊𝑛), −𝑊𝑛 ≤ 𝑥 < 0

−𝑞𝑁𝐴
𝜖0𝜖𝑟,𝑝

(𝑥 −𝑊𝑝), 0 ≤ 𝑥 < 𝑊𝑝

                                            (3.6) 

 

Therefore, the built-in electric field developed on the space charge region has its maximum value 

at the point where the junction occurs (𝑥 = 0), which is: 

 

                                               | 𝜉𝑚𝑎𝑥| =
𝑞𝑁𝐷𝑊𝑛
𝜖0𝜖𝑟,𝑛

=
𝑞𝑁𝐴𝑊𝑝

𝜖0𝜖𝑟,𝑝
,                                                           (3.7) 
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Confirming that higher values of depletion widths (and therefore, potential drops) result in more 

intense built-in electric fields. 

 

2.9 Computational details 

 

         All calculations were performed using QUANTUM ESPRESSO density functional theory 

(DFT) software and the crystal structure model was constructed in VESTA and AVOGADRO 

software [108]. The clinobisvanite structure of BiVO4 having symmetry group of I2/b with the 

lattice parameters of a=5.147Å, b=5.147Å, c=11.7216 Å and γ= 900 and the bond distances of 2.443 

Å (Bi-O), 2.488Å (Bi-O), 1.738 Å (V-O), 3.900 Å (Bi-Bi) and 3.900 Å (V-V) was used [109–111]. 

In our model, the basic unit cell of BiVO4 consists of 24 atoms: 4 atoms from bismuth, 4 atoms 

from vanadium, and 16 atoms from oxygen. Keeping the impurity concentrations equals to 4.16% 

(atomic fraction), we have replaced one V atom with one Zn atom. The primitive unit cell 1x1x1 

was optimized by using the ultra-soft pseudopotentials of plan wave basis set with cutoff energy 

500 eV. The adsorption of FeMn cocatalysts was performed by creating a vacuum 20 Å along the 

y-direction for the study of the periodic boundary condition. The Generalized gradient 

approximation (GGA) at Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was 

used for the structural and energy optimization calculation [112]. The Monkhorst-pack scheme k-

points grid sampling was set as  5 × 5 × 1 for the irreducible Brillouin zone. To get reasonable 

results, the lattice parameters and atomic coordinates were first optimized by the minimum total 

energy and atomic forces. The charge density difference for Zn-doped BiVO4 and Zn-doped 

BiVO4 loaded with bimetallic FeMn cocatalysts was obtained from equation ∆ρ =ρ total - ρ Zn - ρ 

FeMn, where ρ total is representing the charge density of bimetallic adsorption on Zn doped BiVO4, 

ρ Zn is charge density of Zn doped BiVO4, and ρ FeMn is the charges density of FeMn [113].  
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Chapter 3 

3. Tungsten (W) doped BiVO4: Results and discussion 

3.1 X-ray diffraction (XRD) pattern of Powder Samples 

3.1.1 X-ray diffraction (XRD) pattern of W-doped BiVO4 

     X-ray diffraction pattern of pure and W-doped BVO samples are shown in Figure 3.1, where 

all peaks of the XRD plot are in good agreement with JCPDS (Card No. 14-0688, space group: 

I2/a, a = 5.195, b = 11.701, c = 5.092, b = 90.38) and correspond to the monoclinic scheelite (m-

s) phase of BiVO4 [114]. The monoclinic scheelite (m-s) phase generally shows well splitting of 

peak at 2θ  ̴ 18.7o, 35 o, and 46o [115,116] . There were no extra peaks observed in the XRD plot 

for both BVO and W-doped BVO. The peak positions around 2θ ̴ 18.7 o, 28.8 o, and 30.55 o in doped 

and undoped samples correspond to (110), (121), and (040) facets. If we compare the (040) peak 

at around 2θ ̴ 30.55o for pure BVO and W:BVO, the peak is more intense in W:BVO than pure 

BVO which shows growth towards the (040) direction.  

 

Figure 3. 1. XRD pattern of all BiVO4 powder samples doped with 1%, 2%, and 3% tungsten (W) 

showing a trend towards 040 direction. 
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The growth towards the (040) facet can be confirmed from the ratio (040/110) facets, which 

increased for the W:BVO sample as compared to the BVO [117]. The growth was found to increase 

towards the (040) direction because of the increasing concentration of W dopant. Therefore 

increasing the concentration of dopants at a particular doping site can increase the atomic scattering 

factor leading to an increase in intensity at a particular site. Furthermore, the 121 peak for W:BVO 

shifted to lower angles which could be due to larger ionic radii of W [118]. The shift towards lower 

angles can be explained by the different sizes of ionic radii of W (0.65 Å) and V (0.54 Å). The 

larger ionic radii of the W dopant helped to enlarge the crystal lattice which further led to the shift 

(Figure 3.2). 

 

 

Figure 3. 2. XRD pattern of all BiVO4 powder samples doped with 2%, tungsten (W) showing a 

shift toward lower angle. 

The Scherer equation was used to calculate the crystallite size of all samples [119]. 
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                                 D = 
𝐾𝜆

𝛽cos𝜃
                                                            (3.1)   

Where D is the crystallite size in nanometers, λ is the x-ray wavelength (0.15418 nm), K and β are 

represent the shape factor and the peak width at half of the maximum. The crystallite size was also 

calculated for each sample using the highest peak (121) in the XRD data as shown in Table 3.1 

which increased for W-doped BiVO4. The crystallinity of the W-doped samples was also 

calculated which was determined from XRD scans primarily by forming an amorphous halo to 

separate the crystalline peaks from amorphous scattering, and calculating the ratio of the 

crystalline peak areas to the total area [120]. The improved crystallinity (Table 3.1) was observed 

for W-doped BiVO4 when compared to pure BiVO4. 

Table 3.1 Crystalline (based on XRD analyses) and morphological (based on SEM images) 

properties of pure BiVO4 and W-doped BiVO4.  

 

S.NO Sample Crystallite 

size (nm) 

Crystallinity 

(100%) 

Particle size  

length (nm) 

Particle size  

width (nm) 

1 BVO  27.0 65 620 ± 15 300 ± 08 

2 1%W: BVO 28.9 68 625 ± 13 300 ±09 

3 2%W: BVO 29.2 79 500 ± 16 278 ± 10 

4 3%W: BVO 30.9 76 295 ± 10 295 ± 09 

 

3.1.2 X-ray diffraction (XRD) pattern of pure BiVO4 loaded with FeMnOx and FeNiOx 

cocatalysts 

 

         The x-ray diffraction spectra of pure BiVO4 loaded with FeMnOx and FeNiOx cocatalysts are 

shown in Figure 3.3, which were measured at the same conditions used for W-doped BiVO4. All 

the samples represented the characteristic peaks of the monoclinic scheelite BiVO4.  The XRD 

peaks for samples loaded with FeMnOx and FeNiOx cocatalysts were found similar to the pure 

BiVO4. The similar XRD peaks for these samples were because of the lower contents of the 

FeMnOx and FeNiOx cocatalysts at the surface of BiVO4. 
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Figure 3. 3. XRD pattern of BiVO4 loaded with cocatalysts i.e. (a) FeMnOx and (b) FeNiOx via 

RF magnetron sputtering deposition for 5,10, and 20 min. 

3.1.3 X-ray diffraction (XRD) pattern of 2% tungsten (W) BiVO4 loaded with FeMnOx 

and FeNiOx cocatalysts 

 

         X-ray diffraction pattern of 2% tungsten (W) doped BiVO4 sample loaded with FeMnOx and 

FeNiOx cocatalysts were also analyzed using the above conditions. The RF magnetron sputtering 

deposition time for the cocatalysts was set to 10 min which is based on the oxygen evolution test 

(Figure 3.18c). It was found that all the W-doped BiVO4 samples loaded with FeMnOx and FeNiOx 

cocatalysts have monoclinic phases and there were no extra peaks that appeared in the XRD 

pattern. The similar XRD spectra of these samples were because of the lower contents of FeMnOx 

and FeNiOx cocatalysts at the surface of W-doped BiVO4. In short, the XRD pattern was not 

changed after loading a small amount of FeMnOx and FeNiOx cocatalysts and was found similar 

to 2%W-doped BiVO4. The XRD pattern of W-doped BiVO4 loaded with FeMnOx and FeNiOx 

cocatalysts is shown in Figure 3.4 and the corresponding crystallinity and crystallite size are shown 

in Table 3.2. 
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Figure 3. 4 XRD pattern of 2% tungsten (W) doped BiVO4 loaded with FeMnOx and FeNiOx 

cocatalysts via RF magnetron sputtering deposition for 10 min. 

Table 3.2 Crystalline (based on XRD analysis) and morphological (based on SEM images) 

properties of 2%W-doped BiVO4 loaded with FeMnOx and FeNiOx cocatalysts. 

S.NO Sample Crystallite size 

(nm) 

Crystallinity 

(100%) 

Particle size 

(nm) 

1 W:BVO  29.3 79 293 

2 W:BVO/FeNiOx 29.0 79 296 

3 W:BVO/FeMnOx 29.2 79 293 

 

3.2 Raman spectroscopy  

 

         Raman spectroscopy is an effective and easy tool to elucidate the bonding state and the local 

structure of the semiconductor. Herein it was performed to further confirm the tungsten (W) dopant 

sites and the FeMnOx and FeNiOx deposition on pure and W-doped BVO. The vibrational bands 

at ∼330, 373, and 826 cm-1 were observed in all samples. The bands at 330 and 373 cm−1 were 
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assigned to the asymmetric and bending vibration of VO4 
-3 units, and the band around 826 cm−1   

was assigned to the V-O bond length [92].  

 

Figure 3. 5. Raman spectra of all BiVO4 powder samples doped with 1%, 2%, and 3% tungsten 

(W). 

 

3.2.1 Raman spectroscopy of W-doped BiVO4. 

 

         Raman spectra of all tungsten (W) doped samples are shown in Figure 3.5, where the major 

peak in Raman spectra was shifted to the lower wave number as compared to BVO. The Raman 

spectra were shifted to a lower wave number according to the percentage of W dopants in BiVO4.  

This shift in Raman spectra is related to the V-O bond length, which was calculated using equation 

3.2. The wavenumber for the pure BVO (830 cm−1) corresponded to the bond lengths of 1.6939 Å 

which were increased for the W-doped BiVO4 samples as shown in Table 3.3. The increase in V-

O bond length values for the W-doped BiVO4 samples can be related to the crystallinity which 

was higher for the W-doped BiVO4 than BVO.  

 

                                ʋ (cm-1) = 21349 exp ( -1.9176 R(Å))                         (3.2) 
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Table 3.3 Raman shift, bond length, and bandgap based on Raman and UV-vis analysis. 

 

S.No Samples Raman shift 

(cm-1) 

Bond length 

(Å) 

Bandgap 

(eV) 

1 BVO 830 1.6939 2.41 

2 1%W: BVO 828 1.6952 2.38 

3 2%W: BVO 826 1.6964 2.36 

4 3%W: BVO 824 1.6977 2.35 

 

3.2.2 Raman spectroscopy of pure BiVO4 loaded with FeMnOx and FeNiOx cocatalysts 

 

         The Raman spectra of the pure BiVO4 loaded with bimetallic cocatalysts (FeMnOx and 

FeNiOx) were also obtained as shown in Figure 3.6. The vibrational bands at ∼330, 373, and 826 

cm−1were observed in all samples but no obvious shifts were observed for the pure BiVO4 loaded 

FeMnOx and FeNiOx. The wave numbers for the samples with cocatalysts were found similar to 

that of pure BiVO4.  The similar Raman spectra value is probably due to the lower amount of 

cocatalysts at the surface of the BiVO4.  

 

Figure 3. 6. Raman spectra of all BiVO4 powder samples loaded with FeMnOx and FeNiOx. 
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3.2.3 Raman spectroscopy of 2%W-doped BiVO4 loaded with FeMnOx and FeNiOx 

cocatalysts 

 

          The Raman spectra of 2% W-doped BiVO4 samples were analyzed using the same 

parameters as shown in Figure 3.7. The specific vibrational bands at ∼330, 373, and 826 cm−1 were 

observed. The Raman spectra of all 2% W-doped BiVO4 loaded with FeMnOx and FeNiOx 

cocatalysts are similar to that of 2% W-doped BiVO4 (W:BVO). The major peak in the Raman 

spectra corresponds to the wave number of 826 cm-1, which corresponds to a V-O bond length of 

1.6964 Å. The reason for the similar spectra of W:BVO/ FeMnOx and W:BVO/ FeNiOx samples 

to W:BVO is due to the lower content of  FeMnOx and FeNiOx at the surface of W-doped BiVO4. 

Our results are consistent with the previous research work, where they have deposited Ni 

nanoparticles over NaTaO3 semiconductor using different deposition times i.e. 5, 10, and 20 min. 

They have found that Raman spectra remain the same after the deposition of nanoparticles [121].  

 

 

Figure 3. 7. Raman spectra of W-doped BiVO4 powder samples loaded with FeMnOx and FeNiOx. 
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3.3 Scanning electron microscopy (SEM) of pure and W-doped BiVO4 

 

         The morphology of all samples was confirmed using scanning electron microscopy (SEM) 

as shown in Figure 3.8 and the concern particle sizes are shown in Table 3.1. The pure BVO shows 

a group of particles joined together having rod-like morphology. The rod-like particle has an 

average length and width of 620 and 300 nm respectively. The morphology of the pure BiVO4 

changed with increasing concentrations of W dopants. The 1%W:BVO shows a similar particle 

size ( length 625 and width 300) to that of pure BVO but particles are more bounded together. 

Similarly, 2% W doped BiVO4 shows a different morphology than the pure with a reduced particle 

size (length 500, and width 278 nm), and also particles are attached in branches making a leaf-like 

morphology. The leaf-like morphology was found more visible in the 3 % W doped BiVO4. The 

3% W doping in BiVO4 changed the morphology to leaf-like morphology,  where the length and 

width of each particle is about 295 nm [115,122,123].  

 

Figure 3. 8. Scanning electron microscopy images of (a) pure (b) 1%W (c) 2%W, and (d) 3%W 

doped BiVO4, representing different morphology with reduced particle sizes. The inset in Figures 

1a and 1b displays the high-resolution SEM images of BVO and W:BVO, respectively. 
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        The elements mapping and the elemental compositions were also obtained from the EDX 

(Figure 3.9 and Figure 3.10). The elemental mapping result has shown the uniform distribution of 

Bi, V, and O, and also the uniform distribution of tungsten (W) elements on BiVO4.  

 

Figure 3. 9. Elemental mapping of W-doped BiVO4, showing the uniform distribution of Bi, V, 

O, and tungsten (W). 

 

Figure 3. 10. EDS of 2% W doped BiVO4 showing Bi, V, and W peaks. 
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3.3.1 Scanning electron microscopy (SEM) of pure and 2% W-doped BiVO4 loaded with 

FeMnOx and FeNiOx cocatalysts. 

 

     The morphology of the samples loaded with FeMnOx and FeNiOx cocatalysts was also analyzed 

as shown in Figure 3.11. The morphologies of the samples loaded with cocatalysts were found 

similar to those of pure BVO and W:BVO. The similar morphologies of these samples were 

obtained because of the lower contents of the FeMnOx and FeNiOx cocatalysts. The small amount 

of FeMnOx and FeNiOx does not lead to a clear change in the morphology of the pure and W-

doped BiVO4, therefore revealing the same morphological properties.  

 

 

Figure 3. 11. Scanning electron microscopy images of the (a) pure BVO loaded with FeMnOx (b) 

2%W doped BVO loaded with FeMnOx, (c) pure loaded with FeNiOx, and (d) 2%W doped BVO 

loaded with FeNiOx cocatalysts. 
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3.4 UV-vis diffuse reflectance spectra  

 

3.4.1 UV-vis diffuse reflectance spectra of W-doped BiVO4 

 

         The optical properties of pure and W-doped BiVO4 powder samples were determined from 

UV-vis diffuse reflectance spectra where the band energies were calculated from the Tauc plots 

(Figure 3.12). The UV-vis diffuse reflectance spectra of pure and W-doped BiVO4 exhibit strong 

absorption in the visible region, which further clarifies that all the photocatalytic samples are 

operational upon visible light irradiations. The corresponding band energies of 1% W:BVO, 2% 

W:BVO, and 3%W:BVO were calculated from the Tauc plots which are shown in Table 3.2. The 

band gap energies of the W doping in BiVO4 samples were red-shifted as compared to the as-

prepared BiVO4. The band gap energies decreased from 2.41 eV to 2.35 eV in the case of pure 

BVO and 3%W:BVO.  

 

Figure 3. 12. (a) UV-vis diffuse reflectance spectra and (b) Bandgap energies of 1%W, 2%W, and 

3%W doped BiVO4 powder sample are compared to pure BiVO4, which were obtained using the 

Kubelka-Munk transformation of defused reflectance spectra of the samples. The reflectance 

spectra of the W-doped BiVO4 samples correspond to higher wavelengths which leads to the 

redshift in the band gap energies. 

         This red shift in the band gap of W-doped BiVO4 is due to the formation of intraband states 

and the photon absorbance increased due to the formation of an intraband [92]. There are other 
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several reasons for the redshift in binding energies: (1) the first reason, charge transfer transition 

can be in between the metallic ions and valence/conduction band, (2) the second reason for the 

redshift is the addition of impurities to the band gap after doping. Moreover, doping in BiVO4, 

distorted the lattice which resulted in rising defects, and led to breaks in the periodicity; thus, 

decreasing the band gap energy [124]. 

3.4.2 UV-vis diffuse reflectance spectra of pure and W-doped BiVO4 loaded with FeMnOx 

and FeNiOx cocatalysts 

 

         The UV-vis diffuse reflectance spectra of the pure and W-doped BiVO4 loaded with FeMnOx 

and FeNiOx co-catalysts are shown in Figure 3.13. The band gap energies of the pure and W-doped 

BiVO4 remain the same after the deposition of FeMnOx and FeNiOx cocatalysts.  

 

Figure 3. 13. UV-vis diffuse reflectance spectra of pure and W-doped BiVO4 loaded with FeMnOx 

and FeNiOx cocatalysts via sputtering deposition for 10 min, where cocatalysts deposit on pure 

BiVO4 shows no change in the reflectance spectra and for the W doped BiVO4 reflectance 

correspond to higher wavelengths which is because of the W dopants. 

Shortly, the deposition of cocatalysts at the surface of pure and W-doped BiVO4 does not explicitly 

change the reflectance spectra; therefore leads to the same bandgap energies (Figure 3.13A). The 
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reason for no change in the band energies is because of the lower contents of the FeMnOx and 

FeNiOx at the surface of BiVO4. Previously, FeNiOx and FeCoOx were used as cocatalysts on 

semiconductors via magnetron sputtering for a shorter time, which did not change the band 

energies of the semiconductor [125].  Thus, FeMnOx and FeNiOx co-catalyst deposition does not 

change the reflectance spectra of the pure and W-doped BiVO4. 

 

 

  Figure 3.13A. Plots of transformed Kubelka–Munk function versus photon energy for BVO 

coated with FeMnOx, and FeNiOx (a-c), and W:BVO coated with FeMnOx, and FeNiOx cocatalysts 

(d-e). 

3.5 X-ray photoelectron spectroscopy (XPS) of pure and W-doped BiVO4 

 

         Surface chemical composition and binding energy (B.E) shifts were analyzed using X-ray 

photoelectron spectroscopy (XPS).  XPS survey spectra of 1%, 2%, 3% W doped BiVO4 and 2%W 
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doped BiVO4 loaded with FeMnOx and FeNiOx cocatalysts are compared in Figure 3.14 and their 

high-resolution spectra of Bi4f, V2p, O1s, and tungsten (W) are compared in Figure 3.15.  

 

Figure 3. 14. XPS survey spectra of 1%, 2 %, and 3% W doped BiVO4 and 2% W doped BiVO4 

loaded with FeMnOx and FeNiOx cocatalysts. 

         For pure BVO, two symmetric peaks named Bi 4f 7/2 and Bi 4f 5/2 appeared at B.Es of 164.5 

and 159.2 eV corresponding to the Bi3+ oxidation state, respectively [126]. The two split peaks of 

V appeared at binding energies of 524.5 and 516.9 eV corresponding to V 2p1/2 and V 2p3/2, 

respectively, which were attributed to the V5+ oxidation state. B.Es for the Bi 4f and V 2p split 

peaks correspond to the formation of bismuth vanadate (BiVO4) [127]. The XPS spectra of O1s 

were further fitted to three distinct peaks named Oc, Ov, and OL.  The O1s peaks appeared at 

binding energies of 529.8, 531.7, and 533.1 eV and were assigned to oxygen in the BiVO4 lattice, 

oxygen defects in the semiconductor, and the C-O group [84]. The oxygen vacancies (OV) are 

responsible for the electronic structure of BiVO4, as found by many studies OV-induced charge 

transition levels further help to reduce recombination sites and increase the conductivity of BiVO4 

[128]. It can be created when dopant atoms occupy the V site in the BiVO4 structure, further 

extending the V-O bond on the BiVO4 surface, thereby displacing the original coordinated O atom 
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to the doping site [129]. Therefore, the doping process is favorable for their formation, W dopant 

in the BiVO4 promotes the OV, which eventually enhances the electron density near the bottom of 

the conduction band [92]. Increased concentration of W in BiVO4 leads to increased oxygen 

vacancies due to greater migration of the original coordinated O atom to the doping site than in 

pure BiVO4 (Figure 3.15c). Tungsten (W) peaks were also observed in the XPS spectra of the W-

doped specimens; for the tungsten (W) doped BiVO4 the two partially split peaks i.e. W 4f7/2 and 

W 4f5/2 correspond to B.Es of 35.4 and 37.5 eV confirming W+6 (Figure 3.15d). The W peak 

intensity was increased due to an increase in W concentration in BiVO4, which represents the 

percentage of W dopant in BiVO4.  Moreover, the B.Es of Bi 4f, V2p, and O1s shifted to higher 

values concerning W dopant in BiVO4 as compared to the pure BVO. The shift in the B.Es can be 

elucidated by the closer interaction of the dopant hexavalent element (W) with Bi 4f, V2p, and 

O1s, which can be expected due to the interaction of high electronegativity of the dopant (W6+ > 

V5+) [123]. As the W6+ > V5+, replacing the V5+ site with W6+ dopants can gather more electrons 

around W, thus binding energies shifted [130]. Furthermore, W incorporation to the V site in 

BiVO4 act as n type dopant which could rise the Fermi level towards the conduction band. Under 

light illumination W incorporation increase the carrier charge densities as well as separation of 

photogenerated electron-hole pairs due to band bending at the semiconductor/electrolyte interface 

[131].  
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Figure 3. 15. XPS spectra of tungsten 1%W,2%W, and 3%W doped BVO samples compared to 

pure BVO, representing a shift towards higher binding energies (a) Bi4f (b) V2p, (c) O1s, and (d) 

tungsten (W) peaks intensity increased with concentration. 
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3.5.1 X-ray photoelectron spectroscopy of 2 %W-doped BiVO4 loaded with FeMnOx and 

FeNiOx cocatalysts. 

 

     The surface chemical compositions and shift in binding energies were also analyzed from the 

XPS spectra for the samples loaded with FeMnOx and FeNiOx cocatalysts (Figure 3.16). The 

deposition of FeMnOx and FeNiOx cocatalysts on W:BVO shifts binding energies of Bi, V, and O. 

The Bi split peaks i.e. Bi 4f3/2 and Bi 4f1/2 in the W:BVO sample corresponds to the binding 

energies of 159.78 and 165.16 eV respectively. These B.Es were shifted to 159.67 and 164.98 eV 

for W:BVO/FeMnOx and 159.38 and 164.69 eV for W:BVO/FeNiOx (3.16a). Similarly, the V2p 

and O1s peaks for the samples loaded with cocatalysts shifted also to the lower binding energies 

(Figure 3.16b & 3.16c). FeMnOx and FeNiOx cocatalysts act as p-type semiconductors and BiVO4 

as n-type semiconductors. The Fermi level of the n-type semiconductor is near the conduction 

band while the Fermi level of the p-type is near the valence band. Both types of semiconductors 

are combined to form a p-n junction, thus causing band bending [132]. The shift in binding energies 

towards lower values is probably due to the upward band bending effect as FeMnOx and FeNiOx 

cocatalysts have different Fermi levels than BiVO4; thus, combing materials with different Fermi 

levels causes band bending and induces an electric field [105]. Band bending provides beneficial 

energetics for the migration and separation of photogenerated charge carriers [133,134].  The 

FeMnOx and FeNiOx were deposited on W:BVO but there were no Fe, Mn, and Ni peaks detected 

in the XPS spectra, probably due to the lower content of cocatalysts at the surface of the BiVO4 

particles. The BiVO4 particles were continuously moving by the use of agitating resonant 

mechanical apparatus; therefore, the deposited cocatalysts were homogeneously dispersed on 

BiVO4, providing a very small amount of content for the XPS detection [125].  
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Figure 3. 16. XPS spectra of W:BVO loaded with FeMnOx and FeNiOx cocatalysts, representing 

a shift in B.E towards lower values for (a) Bi4f, (b) O1s, and (c) V2p. 

 

Furthermore, to clarify the Fe, Mn, and Ni peaks, an extra deposition of FeMnOx and FeNiOx 

cocatalysts was made on the Si substrate using the same deposition time, keeping the substrate at 

a fixed position to ensure the deposition of the contents at the same place (Figure 3.17). The spin-

orbit doublets of Fe2p in all samples located around 711.2 eV and 724.9 eV, which corresponds to 

the spin-orbital splitting of 2p3/2 and 2p1/2 of Fe3+ ions in the FeNiOx and FeMnOx structures 

[135,136]. The Ni 2p characteristic split peaks at 855.9 and 873.2 eV, corresponding to the Ni3+ 

oxidation state. Additionally, the presence of two more peaks around 854.5 and 872.2 eV may also 

indicate the presence of Ni2+ in the FeNiOx structure, and the peak around 855.9 and 873.7 eV 

indicates the presence of Ni3+. The Mn 2p peaks located at 653.4 and 641.9 eV can be attributed 
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to the Mn3+ species in the FeMnOx sample, and also the peaks located around 654.4 and 643.2 eV 

correspond to the binding energy of Mn4+
 [137].   

 

Figure 3. 17. XPS plots represent different Fe, Mn, and Ni peaks for the deposition of FeMnOx 

and FeNiOx cocatalysts on Si substrate. 

 

3.6 High resolution transmission electron microscopy (HRTEM) of the W-doped BiVO4 

loaded with FeMnOx 

 

         Figure 3.18 summarizes the high-resolution transmission electron microscopy (HRTEM) 

images combined with spectroscopy Energy Electron Loss Spectroscopy (EELS) and Energy 

Dispersive Spectroscopy (EDS) analyses that confirm the presence of FeMnOx nanoparticles over 

the W:BVO surface. HRTEM and the correspondent FFT image of the edge of W:BVO 

nanoparticle exhibited in Figure 3.18a, shows the high crystallinity of the sample. The crystallinity 

can be explained from the brighter spots in the FFT image which are related to the fringe strips. 

The brighter spots or fringe strips show periodicity (equally spaced) which can be related to the 

crystallinity [87].  Additionally, the contrast variation (dark region) at the edge of the HRTEM 
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image can be associated with the presence of FeMnOx, two of them are shown by yellow arrows 

with a size close to 5 nm. Figure 3.18b shows a HAADF (high angle annular dark field) image of 

the edges of three W:BVO nanoparticles, the areas used for drift correction (yellow box), and 

spectral image acquisition (green box). The Bi and W elements maps correspond to EDS 

measurement and V, O, Mn, and Fe element maps correspond to the average between EELS and 

EDS measurements. The EDS (Figure 3.18c) shows a uniform distribution of the Bi, V, O, and W, 

and despite the high damage caused by the electron beam, the presence of two FeMnOx 

nanoparticles on the surface of W:BVO with the sizes close to 5 nm again (see the coincidence 

position of Fe and Mn in the corresponding maps). Finally, the W intensity changes following the 

thickness of the sample, corroborating the uniform distribution observed by SEM results.  

 

Figure 3. 18. (a) HRTEM image of the edge of W:BVO nanoparticle with the corresponding FFT 

inset, (b) HAADF (high angle annular dark field) image of the edges of three W:BVO 

nanoparticles and correspondent, and (c) EDS map, representing Bi, V, O, W, Fe, Mn, where Fe 

and Mn have a particle size of 5 nm.  
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3.7 Atomic Absorption Spectrometry (FAAS) and Graphite Furnace Atomic Absorption 

Spectrometry (GFAAS) 

 

     The contents of loaded cocatalysts were further identified by flame atomic absorption 

spectrometry (FAAS) and graphite furnace atomic absorption spectrometry (GFAAS) [138]. The 

FAAS and GFAAS were used to analyze Fe, Ni, and Mn contents in the W:BVO/FeNiOx and 

W:BVO/FeMnOx samples, where Ni content was detected by the FAAS and Fe and Mn contents 

detected by the GFAAS. The numerical values of the Fe, Ni, and Mn with standard deviation (SD) 

are given in Table 3.3. The different numerical values of these materials are due to the sensitivity 

of the system used to detect them. 

 

Table 3.3. Representing the amount of Fe, Ni, and Mn contents detected by FAAS and GFAAS. 

 

Fe Ni Mn 

μg/g   SD 

36.14 2.53 

 

mg/g   SD 

0.75 0.0002 

 

μg/g   SD 

1.59 0.064 

 

 

3.8 Photocatalytic oxygen evolution  

     The photocatalytic activity of BiVO4 powders was tested for oxygen evolution in the presence 

of Fe(NO3)3.9H2O (50 mM) as a sacrificial agent. The O2 evolution for all W-doped BiVO4 

samples is shown in Figure 3.19a, where the oxygen evolution of the as-prepared sample (BVO) 

is 93 μmol over 3 h illumination to the light source. The oxygen evolution was increased to 129 

μmol for the 1% W-doped BiVO4 (1%W:BVO), 160 μmol for 2% W-doped BiVO4 (2%W:BVO), 

and 109 μmol for 3% W-doped BiVO4 (3%W:BVO),  which was attributed to the high exposure 

of the (040) facet and high charge transport efficiency in the bulk of the tungsten-doped BiVO4. 

The growth of the (040) facet can be confirmed from the ratio (040/110) facets, which increased 
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for the 1%W, 2%W, and 3%W doped BiVO4 sample as compared to the as-prepared BVO (Figure 

3.1) [115]. Furthermore,  BiVO4 has two doping sites i.e. the Bi+3 site and V+5 site, doping of a 

hexavalent impurity (W+6) to the V site donates more electrons thus increasing n-type conductivity 

which improves photo response [139]. W dopant in the BiVO4 promotes the OV, and these 

vacancies enhanced the electron density near the bottom of the conduction band [92]. The oxygen 

vacancies (OV) are responsible for the electronic structure of BiVO4, as found by many studies that 

OV induced charge transition levels further help to reduce recombination sites and increase the 

conductivity of BiVO4, thus improving photocatalytic activity [128]. Density-functional theory 

calculations (DFT) have also predicted that the W dopant is a shallow electron donor which 

increases the carrier charge density of the BiVO4 [123,140].  

         P-type bimetallic FeMnOx and FeNiOx cocatalysts were also deposited on n-type pure BiVO4 

[17]. The photocatalytic activity of the BVO loaded with FeNiOx and FeMnOx cocatalysts was 

increased to 127 and 143 μmol (Figure 3.19b-c) for the best sample (deposition of 10 min) as 

compared to pure BVO (93 μmol). Similarly, the FeNiOx and FeMnOx cocatalysts were deposited 

on W-doped BVO as surface cocatalysts to further increase the photocatalytic activity. The 

photocatalytic oxygen evolution was further increased to 175 and 181 μmol after depositing 

FeNiOx and FeMnOx (Figure 3.19d). The increment in photocatalytic O2 evolution is because of 

the deposition of p-type FeMnOx and FeNiOx bimetallic cocatalysts. The combination of p-type 

FeMnOx and FeNiOx cocatalysts with n-type BiVO4 may create an extra built-in electric field to 

increase charge transfer and decrease charge recombination to further improve photocatalytic 

activity. The combination of p-type FeMnOx and FeNiOx cocatalysts with n-type BiVO4 makes 

type II heterojunction (p-n junction) which provides potential barriers to inhibit the electron flow 

from the BiVO4 to FeNiOx and FeMnOx layers [17]. Furthermore, p-type cocatalysts (oxidation 

cocatalysts) can facilitate the transfer and separation of photogenerated electron-hole, which 

further enhances photocatalytic activity [125,141]. The photocatalytic oxygen evolution for 

different samples, irradiated with visible light for 3 hours is shown in Table 3.4. 
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Figure 3. 19. Photocatalytic O2 evolution test of (a) Pure and W (1%, 2%, and 3%)  doped BiVO4 

(b) FeNiOx cocatalysts loaded on pure BVO, (c) FeMnOx cocatalysts loaded on pure BVO, (d) 

FeMnOx, and FeNiOx cocatalysts loaded on tungsten doped BVO (W:BVO), over 3 h exposure to 

300 W Xe lamp with an AM 1.5 G filter. 

         Photocatalyst stability and reusability are also important factors for the commercial use of 

photocatalysts. A recycling test was performed to further investigate the reusability of the 

photocatalysts, by illuminating the W:BVO/FeMnOx powder sample through a Xe lamp with an 

AM 1.5 G filter for four different cycles (each cycle of 3 h) (Figure 3.20). The reusability of a 

photocatalyst was tested for oxygen evolution using the previous setup. Photocatalytic O2 

evolution was measured every 30 min. The W:BVO/FeMnOx photocatalyst remained stable after 

four cycles, and only the oxygen activity decreased slightly. The slight decrease in the 

photocatalytic oxygenation of the photocatalyst is due to the losing of sample during recycling 

process. The results suggested that W:BVO/FeMnOx not only presents good stability but also has 

continuous photocatalytic activity. Therefore, W:BVO/FeMnOx can be used as a stable 

photocatalyst for the production of O2. 
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Figure 3. 20. Recycling test of the W:BVO/FeMnOx over four cycles (each cycle 3 h) exposure to 

300 W Xe lamp with an AM 1.5 G filter for four cycles. 

 

Table 3.4. Photocatalytic oxygen evolution, irradiated with 300 W Xe lamp with an AM 1.5 G 

filter for 3 hours. 

 

S.NO Sample Description Sample ID Oxygen Evolution 

(μmol ) 

1 BiVO4 BVO 1240 μmol g-1h-1 

2 1% W doped BiVO4 1%W:BVO 1720 μmol g-1h-1 

3 2% W doped BiVO4 2%W:BVO 2133 μmol g-1h-1 

4 3% W doped BiVO4 3%W:BVO 1453 μmol g-1h-1 

5 BiVO4 loaded with FeNiOx for 5 

min 

5-BVO/ FeNiOx 1333 μmol g-1h-1 

6 BiVO4 loaded with FeNiOx for 10 

min 

10-BVO/ FeNiOx 1693 μmol g-1h-1 

7 BiVO4 loaded with FeNiOx for 20 

min 

20-BVO/ FeNiOx 1267 μmol g-1h-1 

8 BiVO4 loaded with FeMnOx for 5 

min 

5-BVO/ FeMnOx 1347 μmol g-1h-1 
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9 BiVO4 loaded with FeMnOx for 10 

min 

10-BVO/ FeMnOx 1907 μmol g-1h-1 

10 BiVO4 loaded with FeMnOx for 20 

min 

20-BVO/ FeMnOx 1587 μmol g-1h-1 

11 2% W doped BiVO4 loaded with 

FeNiOx for 10 min 

W:BVO/ FeNiOx 2233 μmol g-1h-1 

12 2% W doped BiVO4 loaded with 

FeMnOx for 10 min 

W:BVO/ FeMnOx 2413 μmol g-1h-1 

 

 

3.9 Band alignment and charge transport properties.  

 

To investigate the interfacial band alignment and photoinduced charge pathways on the 

W:BVO/FeNiOx and W:BVO/FeMnOx heterojunctions, we first constructed their energy band 

diagrams under equilibrium (i.e., dark) conditions. To this end, the Fermi level position, impurity 

concentrations, and bandgaps of the isolated (pure) semiconductors (in the form of films) were 

estimated using Mott-Schottky (MS) analysis and UV-Vis spectroscopy. Specifically, pure FeNiOx 

and FeMnOx films were deposited by magnetron sputtering, whereas spin-coating was employed 

to produce the pure W:BVO film. All MS curves were measured in 0.1 M potassium phosphate 

electrolyte (pH 7), typical for BVO-based photoanodes [105,132]. Figure 3.21a shows the MS 

curve for the pure W:BVO film, clearly showing a straight line with a positive slope, characteristic 

of n-type semiconductors. According to equation 3.3, the donor concentration (𝑁𝐷) and flat band 

potential (𝐸𝐹𝐵) for the pure W:BVO, calculated from the angular coefficient and intercept of the 

straight line, are 𝑁𝑑 = 1.30 × 1018 𝑐𝑚−3 and 𝐸𝐹𝐵 = 0.12 V vs. RHE, respectively. Importantly, 

these estimated values are similar to that reported in the literature. [140,142]. In contrast, Figure 

3.21b shows the MS curve for the pure FeNiOx film, exhibiting a straight line with a negative 

slope, which is a p-type semiconductor signature. From equation 3.4, the concentration of 

acceptors and flat potential for FeNiOx is 1.22 × 1019 𝑐𝑚−3 and 1.22 𝑉 vs. RHE, respectively. A 

similar analysis for pure FeMnOx film reveals that 𝑁𝐴 = 5.15 × 1019 𝑐𝑚−3 and 𝐸𝐹𝐵 = 1.29 V vs. 

RHE (Figure 3.21c). Furthermore, the bandgap energies estimated with Tauc plots for the FeNiOx 

and FeMnOx films are 2.32 and 2.15 eV, respectively (Figure 3.22). 
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Figure 3. 21 Mott-Schottky curves for (a) n-type W:BVO film, (b) p-type FeNiOx film, and (c) p-

type FeMnOx film; (d) energy band diagrams for pure W:BVO, FeNiOx, and FeMnOx 

semiconductors; and (e) Mott-Schottky curves for the W:BVO/FeNiOx and W:BVO/FeMnOx 
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Figure 3.21d shows the band diagrams of pure W:BVO, FeNiOx, and FeMnOx 

semiconductors, constructed under the assumptions that (𝑖) the Fermi energy is approximately 

equal to the flat potential for the isolated semiconductors immersed in aqueous solutions [143], 
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(𝑖𝑖) the V.B of the p-type semiconductor is ~0.2 𝑉 above the top of V.B, and (𝑖𝑖𝑖) the C.B of the 

n-type semiconductor is ~0.2 𝑉 below the top of C.B [144]. Therefore, based on the alignment of 

flat bands of individual semiconductors before contact, we can infer the formation of desirable 

type II heterojunctions at the W:BVO/FeNiOx and W:BVO/FeMnOx interfaces. However, in 

addition to this type II alignment, local p-n heterojunctions between the n-type W:BVO and p-type 

bimetallic oxides are expected to occur. To verify the possible development of p-n heterojunctions, 

we further measured the MS curves of the W:BVO/FeNiOx and W:BVO/FeMnOx films. According 

to Figure 3.21e, the flat band potential of the heterojunctions exhibits a positive shift compared to 

that of W:BVO. As discussed below, to achieve electronic equilibrium (net zero current flow) 

under dark conditions, the Fermi energy of the n-type layer tends to increase in energy (moving 

towards the 𝐸𝐹 of the p-type semiconductor) when the p-n heterojunction forms. Therefore, these 

characteristic positive shifts of the flat band potential unambiguously indicate the electrochemical 

(Fermi energy) potential alignment between the W:BVO and the bimetallic oxides, evidencing the 

formation of a p-n heterojunction [105,145]. Note that this result corroborates with our XPS 

analyses, where the Bi 4f and  V 2p core levels of W:BVO shifts to lower binding energies after 

contact with the FeMOx (M = Ni, Mn) layers (Figure 3.16), suggesting the upward band bending 

by transferring electrons from the W:BVO to the p-type layer, which is typical for a p-n type-II 

heterojunction.[146] Interestingly, the measured 𝑁𝐷 values for the heterojunctions and pure 

W:BVO film are very similar (~1018 cm−3), indicating that the charge carrier density in the 

W:BVO film was not affected by the deposition of FeNiOx and FeMnOx bimetallic oxides due to 

their ultrathin thickness. 
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Figure 3. 22. (Direct) optical bandgap energy for pure (a) FeNiOx and (b) FeMnOx films. 

Beyond the analysis of flat band diagrams, it is well known that p-n heterojunctions exhibit 

an interfacial space charge layer (SCR) characterized by the formation of band bending and built-

in electric fields [107]. Precisely, under dark conditions, the Fermi energies (electrochemical 

potentials) of the n-type W:BVO and p-type FeMOx (M = Ni, Mn) semiconductors must align to 

ensure electronic equilibrium (net zero current flow) in the heterojunction. To this end, electrons 

in the W:BVO tend to diffuse into the p-type layer, while the holes in the p-type semiconductor 

follow the inverse pathway. These diffusions occur until the Fermi energy is constant throughout 

the entire heterojunction, producing an SCR characterized by band bending and a built-in electric 

field (�⃗� 𝑏𝑖) that points from the n-type to the p-type semiconductor[107]. It is crucial to emphasize 

that band bending occurs due to the pinning of the semiconductor energy bands at the p-n interface, 

while the energy bands located in bulk move together with 𝐸𝐹. Furthermore, the SCR has energetic 

extension defined by the built-in potential 𝜓𝑏𝑖 (calculated by the difference between the Fermi 

energies, i.e., work functions, of the semiconductors), which is distributed over the energy drops 

in the 𝑛 and 𝑝-type layers (Ψ𝑛 and Ψ𝑝, where 𝑞𝜓𝑏𝑖 = |Ψ𝑛| + |Ψ𝑝|), and spatial extension defined 

by the depletion widths in the 𝑛-type (𝑊𝑛) and 𝑝-type (𝑊𝑝)  layers.  

To understand the influence of these interfacial effects on the catalytic performance of the 

W:BVO/FeNiOx and W:BVO/FeMnOx heterojunctions, we constructed their interfacial band 

alignments using the classical band bending model under equilibrium (dark) conditions (see 
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appendix 1 for further details concerning theory, assumptions, and limitations of this model). As 

shown in Figure 3.23a, the W:BVO/FeNiOx heterojunction under dark shows (𝑖) a constant Fermi 

energy throughout the entire material (indicating an equilibrium state); (𝑖𝑖) a space charge layer 

characterized by band bending with potential drops Ψn
1 = 85 meV and Ψp

1 = 25 meV, and 

depletion lengths of Wn
1 = 70 nm and Wp

1 = 4 nm; (𝑖𝑖𝑖) and a built-in electric field that points 

from the n-type to the p-type layer. A similar analysis for the W:BVO/FeMnOx heterojunction 

(Figure 3.23b) reveals potential drops Ψn
2 = 107 meV and Ψp

2 = 10 meV, and depletion lengths 

of Wn
2 = 79 nm and Wp

2 = 2 nm. The asymmetric band bending for both heterojunctions results 

from the significant difference between the impurity concentrations in the n and p layers (𝑁𝐷 ≪

𝑁𝐴), corroborating with previous publications [105,106]. Importantly, during the electrochemical 

alignment, the Fermi energy of the W:BVO layer tends to increase (in energy) significantly, while 

the Fermi energy of the p-type layer increases only marginally (due to the higher concentration of 

acceptors, 𝑁𝐴 ≫ 𝑁𝐷). Indeed, the calculated Fermi energies after equilibrium are 0.97 and 1.18 eV 

vs. RHE for the W:BVO/FeNiOx and W:BVO/FeMnOx heterojunctions, respectively, which are 

values close to the Fermi energy of the p-type layer.  

According to the above analysis, the built-in electric field is the key element for 

photocatalytic applications, as it may efficiently accelerate the photogenerated charges of the 

W:BVO to the electrolyte, significantly suppressing their recombination. Precisely, applying 

electromagnetic radiation (photons with energy greater than 𝐸𝐺) to p-n heterojunctions has some 

consequences on their interfacial band alignment, including (𝑖) the band flattening effect, acting 

as a slight forward bias that tends to reduce band bending due to the presence of photogenerated 

charges within the SCR [147], (𝑖𝑖) the preferential flow of photogenerated charges due to the 

presence of the built-in electric field, and (𝑖𝑖𝑖) the splitting of the dark Fermi level into quasi-

Fermi levels to describe the non-equilibrium population of photogenerated electrons and holes. 

[148,149] According to these consequences, the photogenerated holes in the W:BVO layer are 

accelerated towards the p-type layer, which then carries out the water oxidation reactions at the 

sites of the FeNiOx and FeMnOx cocatalysts. In contrast, the photogenerated electrons in the 

W:BVO layer are efficiently accelerated by the built-in electric field towards the electrolyte, 

conducting the reduction of Fe3+ ions to Fe2+ at the W:BVO/electrolyte interface. It is essential to 

note that the potential barriers 𝛥𝐸𝑉 and 𝛥𝐸𝐶  (typical for type II heterojunctions) also assist in 

suppressing the recombination of electron-hole pairs by inhibiting the flow of photogenerated 
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electrons on the W:BVO to the bimetallic oxide layers and facilitating the transfer of 

photogenerated holes towards the FeMOx sites. Crucially, the built-in electric field intensity is 

associated with potential drops and depletion lengths: higher values of 𝑊𝑛
1 and Ψ𝑛

1, for instance, 

produce more intense built-in electric fields. In conclusion, the superior photocatalytic 

performance of the W:BVO/FeMnOx heterojunction, when compared to the W:BVO/FeNiOx 

heterojunction, can be attributed to the development of a relatively more intense built-in electric 

field, as indicated by the slightly higher values of depletion length and potential drops in n-type 

W:BVO layer. 

 

Figure 3. 23. Interfacial band alignment for the (a) W:BVO/FeNiOx and (b) W:BVO/FeMnOx 

heterojunctions. 
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Chapter 4 

4. Zinc (Zn) doped BiVO4: Result and discussion 

4.1 X-ray diffraction pattern of pure and Zn-doped BiVO4 

 

         The structural properties of all doped and un-doped powder samples were studied using X-

ray diffraction (XRD). All the XRD peaks for doped and un-doped samples are the characteristic 

peaks of the monoclinic scheelite (m-s) phase of BiVO4 which are in agreement with standard 

Joint Committee on Powder Diffractions Standards (JCPDS) with Card No. 14-0688 [114]. It was 

also confirmed from the XRD data that adding (doping) of Zn to BiVO4 does not lead to the 

formation of extra peaks; however, the intensities of peaks at position 2θ ̴ 18.7 o, 28.8 o, and 30.55 

o  in all dopant samples was found affected due to increasing concentration of Zn. This specific 

position of intensities at 2θ ̴ 18.7 o, 28.8 o, and 30.55 o represent different facets i.e. (110), (121), 

and (040) in which (121) corresponds to the characteristic peak of BiVO4.  

 

Figure 4. 1. XRD pattern of (a) pure BVO and Zn doped (1%, 2%, and 3%) BVO and (b) Zn 

doped BVO loaded with FeMnOx and FeNiOx cocatalysts. 

It is clear from all XRD peaks of the dopant samples that the intensity at 2θ ̴ 18.7o decreased and 

the intensity at 2θ  ̴ 30.55 o increased with increasing concentration of Zn (Figure 4.1a). The 

increase in intensity at 2θ ̴ 30.55 o is showing a crystal growth toward the (040) facet [123].  It was 

also confirmed that XRD peaks were shifted to lower 2θ at lower concentrations of Zn (1% and 

2%) but at higher concentrations of (3%) shifted the XRD to a higher angle which is consistent 
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with the unit cell shrinkage according to Bragg’s law [8,150,151]. Zn was also incorporated into 

Bi site using the same synthesis procedure, adding Zn precursors to Bi site instead of the V site. It 

was confirmed that anchoring Zn on the V side improves the crystallinity compared to anchoring 

on the Bi and results in crystal growth towards the (040) facet as shown in Fig 4.2. Therefore, Zn 

was incorporated into the V site instead of the Bi site for the synthesis of all Zn doped BiVO4 

samples. The crystallinity of Zn doping to the V side ( ̴ 77%) is higher than the crystallinity of Zn 

doping to Bi side (  ̴66%). The crystallinity is related to the crystallite size, for the Zn doped to V 

site the crystallite size was measured 29.2 nm and for Zn doping to Bi side reduced to 26.2 nm 

[152]. The crystallinity further improves the photocatalytic activity of semiconductors, as 

structural defects in semiconductors lead to increased charge recombination, which can be 

overcome by producing semiconductors with higher crystallinity [35,153].  

 

 

 

Figure 4. 2. XRD pattern of 2% Zn doping to V and Bi sites respectively; resulting in improved 

crystallinity. 
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Table 4.1. Crystalline (based on XRD analyses) and morphological (based on SEM images) 

properties of pure BiVO4 and Zn-doped BiVO4.  

 

S.NO Sample Crystallite 

size (nm) 

Crystallinity 

(100%) 

Particle size 

length (nm) 

Particle 

size width 

(nm) 

1 BVO  27.0 65 620 ± 15 300 ± 10 

2 BVO:Zn1% 28.2 70 417 ± 11 279 ± 12 

3 BVO:Zn2% 29.2 77 370 ± 12 370 ± 13 

4 BVO:Zn3% 24.8 69 535 ± 14 317 ± 11 

 

4.1.1 X-ray diffraction pattern of Zn-doped BiVO4 loaded with FeMnOx and FeNiOx 

cocatalysts 

 

         XRD was also performed to further study the structural properties of Zn-doped BVO loaded 

with FeMnOx and FeNiOx cocatalysts using the same parameters discussed above. It was found 

that the XRD pattern of Zn-doped BVO loaded with FeMnOx and FeNiOx was similar to Zn-doped 

BVO (Zn:BVO). The same XRD spectra of these samples are probably due to the lower contents 

of the cocatalysts at the surface of the 2%Zn-doped BVO. Furthermore, the lower contents of 

FeMnOx and FeNiOx on the surface of 2%Zn-doped BVO do not change the crystallographic 

planes; therefore, resulting in the same structure (Figure 4.1b). 

4.2 Raman spectroscopy of pure, 1%, 2%, and 3%Zn doped BiVO4, and 2%Zn doped 

BiVO4 loaded with FeMnOx and FeNiOx 

 

          Raman spectra were performed to further clarify the bonding state and the local structure of 

all zinc (Zn) doped BiVO4 samples. The vibrational bands of as-prepared samples were observed 

at 327, 373, and 830 cm-1, where the bands at 830, 327, and 373 cm-1 related to symmetric 

stretching mode, symmetric and asymmetric bending mode of V-O in VO4 
-3 units [154]. The 

highly intense vibrational band at 830 cm-1 was assigned to the V-O bond length [151]. The major 

vibrational band in the pure BiVO4 was observed at 830 cm-1, which was changed to the lower 

wave numbers for the Zn-doped BiVO4. The corresponding shift in the Raman spectra for the Zn 
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doped BiVO4 samples is shown in Figure 4.3, where the major peaks shifted to lower wavenumbers 

concerning 1%, 2%, and 3%  Zn dopants. The lowest shift of 827 cm-1 was observed for the sample 

doped with 2% and 3% of Zn.  

 

Figure 4. 3. (a) Raman spectra of pure and Zn (1%, 2%, & 3%) doped BiVO4, (b) corresponding 

Raman shift, and (c) Raman spectra of Zn doped BVO with cocatalysts. 

 

The shift in the Raman spectra was related to V-O bond length using equation 3.2 [155]. The 

Raman shifts and corresponding bond lengths are shown in Table 4.2, where the as-prepared and 

BVO:Zn2% have bond lengths of 1.6939 Å and 1.6958 Å respectively. The increase in the bond 

length is because of the different ionic radii of Zn than vanadium which can also be related to the 
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high crystallinity of Zn-doped BVO (Figure 4.1) compared to as prepared BVO [89,92]. The 

Raman spectra were also obtained for the Zn-doped BVO loaded with cocatalysts using the same 

conditions and found that the Raman spectra remain unaffected due to loading with FeMnOx and 

FeNiOx cocatalysts. The similar Raman spectra of the Zn:BVO/FeMnOx and Zn:BVO/FeNiOx 

samples are because of the lower contents of cocatalysts on Zn-doped BiVO4. 

 

                                ʋ (cm-1) = 21349 exp( -1.9176 R(Å))                         (3.2) 

 

Table 4.2. Raman shift, bond length, and bandgap based on Raman and UV-vis analysis. 

 

S.No Samples Raman shift 

(cm-1) 

Bond length 

(Å) 

Bandgap 

(eV) 

1 BVO 830   1.6939 2.42 

2 BVO: Zn1% 828 1.6952 2.40 

3 BVO: Zn2% 827 1.6958 2.37 

4 BVO: Zn3% 828 1.6952 2.38 

 

4.3 Ultraviolet-visible (UV-vis) spectroscopy  

 

         UV-vis spectroscopy was used to investigate the optical properties of all BiVO4 powder 

samples.  All the pure and Zinc (Zn) doped BiVO4 samples reveal a strong absorption in the visible 

region. The band gap energies were calculated using the Tauc plot, it was observed that band 

energies red shifted due to an increase in the concentration of the Zn dopant in the BiVO4. The 

band energy for the as-prepared samples corresponded to 2.42 eV, which was reduced to 2.37 eV 

upon doping with Zn. The band energy plots are shown in Figure 4.4, representing a redshift. The 

reason for the redshift in band gap energies is the formation of extra states by Zn dopants between 

valence and conduction bands of the BiVO4 [97,156,157]. Some authors have also proposed that 

the narrowing of the band gap is due to the mixing of the B 1s and O 2p orbitals [158]. Zn dopants 

have larger radii of 0.083 nm than V (0.035 nm), introducing Zn to the BiVO4 structure produces 

lattice deformation and induced oxygen vacancies which could be the reason for the impurity states 
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in the bandgap of BiVO4. The availability of impurity states further improves the absorption and 

reduces the band gap [158,159].  Zn incorporation to the V site in BiVO4 acts as n-type dopant 

which could rise the Fermi level of pristine BiVO4 towards the conduction band. The redshift may 

be due to the charge transfer transition between the metallic ions and the valence/conduction band. 

Beside that dopants cause defects, leading to breaks in the periodicity; thus, decreasing the band 

gap energy [124]. There was no obvious change observed in the reflectance spectra of the samples 

loaded with bimetallic FeMnOx and FeNiOx cocatalysts, therefore corresponding to similar bang 

gap energies. The FeMnOx and FeNiOx cocatalysts have no obvious impact on the optical 

properties of the semiconductor which is probably due to the lower amount of cocatalysts on the 

surface of BiVO4.  

 

Figure 4. 4. UV-vis diffuse reflectance spectra of (a) Zn-doped BiVO4, and (b) Zn-doped BiVO4 

loaded with FeMnOx and FeNiOx cocatalysts. 

 

4.4 Brunauer, Emmett and Teller (BET) Analysis  

        The BET Surface area for the pure and Zn doped BiVO4 sample is compared in Figure 

4.5, where the Zn doped BiVO4, exhibits a high surface area of  1.92 m²/g as compared to 

pristine BiVO4  (1.62 m²/g). The increase in the BET surface area can be attributed to the Zn 

doping in BiVO4, which may change the cell parameters of the BiVO4. The larger BET area of 
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the Zn doped BiVO4 can provide more active sites for the photocatalytic process and thus 

contribute significantly in the photocatalytic reaction [160]. 

 

Figure 4. 5.  BET surface area of the pristine compared to 2% Zn doped BiVO4, where the Zn-

doped displays a higher surface area than pristine.  

 

4.5  Scanning electron microscopy (SEM) 

 

         The morphology and sizes of the samples were examined by using scanning electron 

microscopy (SEM). The SEM images of as prepared and Zn doped BiVO4 are shown in Figure 4.6, 

where the pure shows agglomeration of particles. The pure BVO shows a group of particles joined 

together having rod-like morphology. The rod-like particle has an average length and width of 620 

and 300 nm respectively. The agglomeration of BiVO4 particles remained the same after 1% Zn 

doping but the morphology of particles slightly changed, where the average length and width of 

the nanorods decreased to 417 and 279 nm respectively [115].  After adding 2% Zn dopants to the 

BiVO4, agglomeration of the particles slightly decreased and the morphology further changed to 

circular-shaped particles with an average length and width size of 370 nm. Finally, after adding 

3% Zn dopants to the BiVO4 structure the length increased to 535 nm, and the width of the particles 

reduced to, 317 nm. The particle sizes of all the samples are shown in Table 4.1.  
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Figure 4. 6. SEM images of (a) pure, (b) 1% Zn-doped BiVO4, (c) 2% Zn-doped BiVO4, and (d) 

3% Zn-doped BiVO4. 

 

4.6 X-ray photoelectron spectroscopy (XPS) of Zn-doped BiVO4 

 

         The chemical states of the Zn-doped BVO were determined using X-ray photoelectron 

spectroscopy (XPS).  Figure 4.7 displays XPS survey spectra of pristine, 1%, 2%, and 3% Zn 

doped BiVO4, indicating that all doped samples contained Bi, V, O, C, and Zn elements. Also, 

high-resolution XPS spectra of Bi4f, V2p, O1s, and Zn2p for all doped samples are shown in 

Figure 4.8. For the pure BVO, two split peaks i.e. Bi 4f 5/2 and Bi 4f 7/2 were observed at binding 

energies (B.Es) of 164.5 and 159.2 eV which were assigned to the Bi3+ oxidation state. The V 2p 

1/2 and V 2p 3/2 split peaks for the pure BVO observed at B.Es of 524.6 eV and 516.8 eV attributed 

to V5+. The given B.Es of  Bi 4f and V 2p split peaks correspond to the formation of bismuth 

vanadate (BiVO4) [127]. The three fitted O1s peaks that appeared at B.Es of 532.7, 531.3, and 
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529.9 eV were assigned to oxygen in the BiVO4 lattice, oxygen defects in the semiconductor, and 

chemisorbed oxygen respectively [84]. 

 

Figure 4. 7. XPS survey spectra of 1%, 2%, and 3% Zn doped BiVO4  

 

The Zn doping in BiVO4 induced oxygen vacancies (OV) as shown in Figure 4.8c where the OV 

increased with increasing concentration of Zn. The OV has an impact on the electronic structure of 

BiVO4, inducing charge transition levels. The charge transition level further helps in reducing 

recombination sites and increases the conductivity of BiVO4 which further enhances photocatalytic 

activity [128,151]. Additionally, the B.Es for Bi 4f, V2p, and O1s were shifted to lower values for 

the Zn-doped BiVO4. The shift in the B.Es can be related to the closer interaction of Bi+3  

(0.111nm), V+5 (0. 035 nm), and Zn+2 (0.083 nm) atoms because of different ionic radii sizes [151]. 

The shift in the B.Es and the Zn dopant sites can also be confirmed from Figure 4.8d, where the 

Zn peaks shifted to a lower value, and the visibility of peaks increased with increasing 

concentration of Zn in BiVO4. Figure 4.8a further shows that the oxidation state of Bi3+ changed 

because of the breaking of the B-O bond at the surface of BiVO4 particles, which results removal 

of oxygen atoms therefore forming oxygen vacancies (OV) [161]. Similarly, in V 2p spectra a 
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shoulder at lower binding energies is observed for the BVO:Zn1% and BVO:Zn2%  samples which 

should be attribution to the formation of V4+ species (Figure 4.8b) 

 

 

Figure 4. 8. XPS plot of (a) Bi, (b) V, (c) Zn, and (d) O1s for pure and 1%, 2%, and 3% Zn doped 

BiVO4, representing a shift towards lower binding energies. 

4.6.1 X-ray photoelectron spectroscopy (XPS) of Zn doped BiVO4 loaded with FeMnOx 

cocatalyst 

     X-ray diffraction spectra of Zn-doped BiVO4 loaded with the FeMnOx cocatalyst were also 

studied. For the Zn:BVO, two split peaks i.e. Bi 4f 5/2 and Bi 4f 7/2 were observed at binding 

energies (B.Es) of 164.0 and 158.6 eV which were assigned to the Bi3+ oxidation state. The V 2p 

1/2 and V 2p 3/2 split peaks for the Zn:BVO observed at B.Es of 524.0 eV and 516.3 eV attributed 

to V5+.The binding energies (B.Es) for Bi4f, V2P, and O1s were shifted to higher values for the 

Zn-doped BiVO4 loaded with FeMnOx cocatalyst (Figure 4.9).  
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Figure 4. 9.  XPS spectra of Zn doped BiVO4 loaded with FeMnOx (a) Bi, (b) V, and (c) O1s, 

showing a shift towards higher binding energies concerning 2 % Zn doped BiVO4. 

         The shift towards higher binding energies is due to the strong interaction of Zn-doped BiVO4 

and FeMnOx cocatalyst. The shift is probably due to the formation of p-n heterojunction by n-type 

BiVO4 with p-type FeMnOx cocatalysts. The FeMnOx cocatalysts serve as p-type semiconductors 

and Zn doped BiVO4 as n-type semiconductors; the Fermi level of the n-type semiconductor lies 

closer to the conduction band whereas the Fermi level of p-type closer to the valence band. 

Combining both types of semiconductors forms a p-n junction, thus causing band bending [132]. 

Band bending provides beneficial energetics for the migration and separation of photogenerated 

charge carriers [133,134]. Additionally, O1s fitted peaks appeared at B.Es of 532.1, 530.4, and 

529.4 eV were assigned to oxygen in BiVO4 lattice, oxygen defects in the semiconductor, and 

chemisorbed oxygen respectively [84]. The oxygen vacancies (Ov) were decreased after depositing 

FeMnOx cocatalyst on Zn-doped BiVO4 as compared to Zn-doped BiVO4, implying that Ov 

occupied by original O sites (Figure 4.9c) [162]. 

 

4.7 High Resolution Transmission Electron Microscopy (HRTEM) 

 

         The transmission electron microscopy (TEM) technique was used to further study the crystal 

structure and morphology of the photocatalyst shown in Figure 4.10a.  The samples were dispersed 

in isopropanol and the dispersion was dropped onto a lacey grid with an ultra-thin closed C-film 

on a copper grid.  It can be seen that the TEM image of the BiVO4 (Figure 4.10a) photocatalyst is 

consistent with the SEM characterization result. From the high-resolution TEM (HRTEM) analysis 

of pure BiVO4 and Zn:BiVO4 (Figures 4.10b and 4.10c, respectively) and the corresponding 
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selected area diffraction pattern (SAED), we obtained a very similar d-spacing value of 0.309 nm 

for the (112) plane, characteristic of single-crystalline monoclinic BiVO4. The HRTEM studies 

did not reveal any structural changes in the crystal structure between the BiVO4 and the Zn:BiVO4 

particles. In Figure 4.10d, the HRTEM image of Zn:BiVO4/FeMnOx (Figure 4.10d) shows a lattice 

structure consistent with the one for Zn:BiVO4. Furthermore, it reveals further crystallites, which 

are marked in the white frame in the image. The evaluation of the FFT pattern confirmed the 

existence of single-crystalline FeMnO3 with a d-spacing of 0.234 nm, which can be assigned to 

the (004) crystal plane. This demonstrates the effective deposition of FeMnOx onto the Zn-doped 

BiVO4 nanoparticles. The high angle annular dark field (HAADF) - scanning transmission electron 

microscopy (STEM) image in Figure 4.10e illustrates an Zn:BiVO4/FeMnOx agglomerate, and 

Figure 4.10f-h displays the corresponding elemental images of the sample. It can be seen that all 

the elements identified in the sample were homogeneously distributed. The uniform distribution 

of Fe and Mn on the Zn:BiVO4 particles suggests that the deposition of FeMnOx by magnetron 

sputtering produced a layer with nanoparticles in a fine structure over the powder substrates. 

Overall, the HRTEM, STEM, and EDS results corroborated with previous XRD and XPS analyses. 

 

Figure 4. 10. (a)   TEM image of pure BiVO4; (b) HRTEM image of BiVO4 and (c) Zn:BiVO4, 

whereas the inset corresponds to the SAED patterns of the characteristic monoclinic BiVO4 

structure of the (112) planes; (d) HRTEM image of Zn:BiVO4/FeMnOx, whereas the inset show 

the SAED patterns and the white frame consists of the area of the FFT pattern, indicating the (004) 

plane of FeMnO3; (e) HAADF-STEM image and (f-h) corresponding EDS mapping for 

Zn:BiVO4/FeMnOx.        
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4.8 Photocatalytic Oxygen (O2) Evolution  

 

        The photocatalytic response of the different photocatalysts was tested for oxygen (O2) 

evolution. The Fe(NO3)3.9H2O (50 mM) solution was used as a sacrificial agent during the 

photocatalytic O2 evolution. The oxygen evolution of 1%, 2%, and 3% Zn-doped BiVO4 samples 

is shown in Figure 4.11a, where all samples were irradiated with solar light for 3 h. The oxygen 

evolution was increased to 135 μmol for the Zn:BVO sample when compared to as prepared BVO 

(90 μmol). The higher oxygen evolution of the Zn:BVO was attributed to the doping of Zn in 

BiVO4 which helped to further increase the 040 facets, thus increasing photocatalytic activity. 

Furthermore, the crystallinity and V-O bond length of BiVO4 increases upon doping with Zn, 

which also boosts photocatalytic activity. The reduced band gap of the BiVO4 is also an important 

factor for the improved photocatalytic activity. The Zn dopants in the BiVO4 reduce the band gap 

energies; thus, improving photocatalytic activity [97,156,157]. The photocatalytic oxygen 

evolution was increased with the increasing concentrations of Zn in BiVO4; however, the higher 

concentrations of Zn reduced the photocatalytic activity. The decrease in photocatalytic activity is 

probably due to a large amount of Zn dopants in the BiVO4, leading to the unit cell shrinkage 

which further reduces the V-O bond length and crystallinity thus decreasing photocatalytic activity 

[163]. The bimetallic FeMnOx and FeNiOx cocatalysts were deposited on Zn:BVO which further 

helped in increasing photocatalytic activity. The FeMnOx further improved the photocatalytic O2 

to 154 μmol but for the FeNiOx cocatalysts, the photocatalytic oxygen evolution remains the same 

(134 μmol) as shown in Figure 4.11b.  The lower photocatalytic activity of the Zn:BVO loaded 

with FeNiOx sample is due to the lower space charge region (SCR), which is characterized by a 

lower built-in electric field than Zn:BVO loaded with FeMnOx [17]. The increase in the 

photocatalytic O2 was attributed to the p-n junction formed by p-type FeMnOx and n-type BiVO4 

which provide a built-in electric field to further increase the charge transfer and reduce charge 

recombination. Furthermore, the FeMnOx helps to take the holes from the surface of the BiVO4 to 

suppress charge recombination and improve the charge transfers [125,141]. The evolved oxygen 

for all 1%, 2%, and 3% Zn doped BiVO4, and 2 % Zn doped BiVO4 loaded with FeMnOx, and 

FeNiOx cocatalysts is shown in Table 4.3. 
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Figure 4. 11. Oxygen evolution of (a) pure Zn-doped BiVO4, and (b) the Zn-doped BiVO4 loaded 

with FeMnOx and FeNiOx cocatalysts. The 2%Zn doped BiVO4 loaded with FeMnOx 

(Zn:BVO/FeMnOx ) showed higher oxygen evolution than the rest of the samples. 

 

Table 4.3. Photocatalytic oxygen evolution of all sample exposure for 3 hours to 300 W Xe 

radiation filtered with AM 1.5G filter. 

S.NO Sample Description Sample ID Oxygen Evolution 

(μmol )  

1 BiVO4 BVO 1200 μmol g-1h-1 

2 1% Zn doped BiVO4 1%Zn:BVO 1600 μmol g-1h-1 

3 2% Zn doped BiVO4 2%Zn:BVO 1800 μmol g-1h-1 

4 3% Zn doped BiVO4 3%Zn:BVO 93 μmol g-1h-1 

5 2% Zn doped BiVO4 loaded 

with FeNiOx for 10 min 

Zn:BVO/ FeNiOx 1786 μmol g-1h-1 

6 2% Zn doped BiVO4 loaded 

with FeMnOx for 10 min 

Zn:BVO/ FeMnOx 2053μmol g-1h-

1 
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4.9 Density Functional Theory (DFT) Calculations Results   

         The electronic properties of monoclinic BiVO4 were calculated form the optimized structure 

geometry. Figure 4.12a reveals that the BiVO4 has an indirect band gap of 2.1 eV which is closely 

matched with previously reported works [110,164–166]. Similarly, Zn doped BiVO4 shows a 

direct band gap ̴ 1.1 eV (Figure 4.12b). The partial density of states (PDOS) results of the pure 

BiVO4 further elucidating that the O-2p and V-3d orbitals are more dominant in valence band 

(V.B) and conduction band (C.B).  Additionally, the PDOS for the pure BiVO4 also confirming 

that  the Bi 6s orbitals are present in  V.B and Bi 6p orbitals are present in C.B (Figure 11c) 

[110,166].  

 

Figure 4. 12 (a) Band structure of pure BiVO4 showing indirect band gap at X and R high 

symmetry points (b) band structure of Zn doped BiVO4 reveals a direct band gap at X, (c) PDOS 

of pure BiVO4, (d) PDOS of Zn BiVO4. 

The PDOS results for the Zn doped BiVO4 show that the Zn atom contributes to both V.B and C.B 

by creating extra states close to the V.B (Figure 4.12d). The extra states contribute to reducing the 
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band gap energy and boosting the majority charge carries, thus improving the photocatalytic 

activity [167].  Furthermore, the extra states (sub-states) are formed by the major contribution of 

O orbitals above the V.B which is consistent with XPS results. The PDOS results indicate that the 

V.B and C.B orbitals distribution for the pure and Zn doped BiVO4 are similar. However, the 

Fermi level is near to the V.B for the Zn doped BiVO4, which is due to an extra electrons of the 

Zn atom. Furthermore, the closeness of the Fermi level to the V.B explains the p-type nature of 

the Zn doped BiVO4. WJ Yin et all have suggested that the p-type conductivity of the BiVO4 is 

due to doping under oxygen-rich conditions [168].   Figure 4.13 shows that the Zn dopants in the 

BiVO4 caused a shift in the Fermi level towards lower energy which is also consistent with the 

XPS results.  

The deposition of bimetallic iron-manganese (FeMnOx) atoms on the Zn doped BiVO4 was also 

confirmed by DFT calculation. The results represent that the FeMnOx cocatalysts oxidize after the 

adsorption on Zn doped BiVO4  which is due to its interaction with oxygen atoms in the Zn doped 

BiVO4 (Figure 4.14).  The adsorption of the FeMnOx cocatalysts on Zn doped BiVO4, caused a 

shift in the Fermi level toward higher energy which is also similar to the XPS results. 

 

Figure 4. 13. Total density of states (TDOS) of BVO, Zn:BVO, and Zn:BVO/FeMnOx. 
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Figure 4. 14.  (a) Before the adsorption of FeMnOx on Zn doped BiVO4, and (b) after the 

adsorption of FeMnOx on Zn doped BiVO4 

 

Importantly, the adsorption of bimetallic FeMnOx cocatalysts enhances the charge density 

distribution as compared to Zn:BVO, as it creates more defects close to the Fermi level. These 

defects are beneficial for the photocatalytic activity of photocatalysts, as they delay the charge 

recombination time, thus improving photocatalytic performance [169]. The electron localization 

function (ELF) was conducted to further see the local electron distribution and chemical bonding 

of the system.  ELF produces values in the range of 0 to 1, where 1 indicates higher localization 

of the electrons and 0 indicates complete delocalization of the electrons or no electrons present in 

the region.  Similarly, a 0.5 value represents the uniform distribution of the electrons. Figure 4.15 

displays the ELF for the pure, Zn:BVO, and  Zn:BVO/FeMnOx, where the Zn:BVO, and  

Zn:BVO/FeMnOx have red colored areas as compared to the pure BiVO4, which represents the 

higher probability of electrons localization [170].  
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Figure 4. 15. Electron localization function (ELF) for (a) pure, (b) Zn doped BiVO4, and (c) Zn 

doped BiVO4 loaded with FeMnOx cocatalysts. 
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Chapter 5 

5. Conclusion and Future Recommendations 

5.1 Conclusion  

 

            In summary, the RF-magnetron sputtering technique was used to deposit a different kind 

of bimetallic FeMnOx and FeNiOx cocatalysts on hydrothermally prepared pure and tungsten 

doped BiVO4 powder to enhance its photocatalytic activity. The photocatalytic activity of pure 

and W-doped BVO was tested for oxygen evolution which was improved to 160 μmol as compared 

to the pure BVO (93 μmol). The enhancement in oxygen evolution was attributed to the high 

exposure of the facet (040) of the tungsten-doped BiVO4. The growth of the (040) facet can be 

confirmed from the ratio (040/110) facets, which increased for the W-doped BiVO4 samples as 

compared to the as-prepared BVO. The rise in O2 evolution can also be related to the high charge 

transport efficiency in the bulk of BiVO4 because of W doping. BiVO4 has two doping sites i.e. 

the Bi+3 site and V+5 site, doping of a hexavalent impurity (W+6) to the V site donates more 

electrons thus increasing n-type conductivity which improves photo response. Additionally, W 

dopant in the BiVO4 promotes the OV, and these vacancies enhanced the electron density near the 

bottom of the conduction band. The oxygen vacancies (OV) are responsible for the electronic 

structure of BiVO4, by inducing charge transition levels which further help to reduce 

recombination sites and increase the conductivity of BiVO4, thus improving photocatalytic 

activity. The photocatalytic activity was further improved by loading FeMnOx and FeNiOx 

cocatalysts on pure and W-doped BVO (W:BVO). The loading of FeMnOx and FeNiOx cocatalysts 

on pure BVO further improved the photocatalytic O2 evolution to 146 and 130 μmol. Furthermore, 

when the FeMnOx and FeNiOx were deposited on W:BVO the photocatalytic oxygen was boosted 

to 181 and 175 μmol. The improvement in the photocatalytic oxygen evolution was related to the 

p-n junction made by the n-type BiVO4 and p-type FeMnOx and FeNiOx cocatalysts.  The p-type 

FeMnOx and FeNiOx cocatalysts have different Fermi levels than n-type BiVO4; thus, combing 

materials with different Fermi levels causes band bending and induces an electric field. The 

induced electric field improves charge transfer kinetics; thereby, improving photocatalytic oxygen 

evolution. 

Pure and zinc (Zn) doped BiVO4 were also synthesized using a hydrothermal route and then 

deposited FeMnOx cocatalysts on Zn doped BiVO4 using RF-magnetron sputtering to form a 
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heterojunction. The photocatalytic response of pure and Zn-doped BiVO4 was tested for oxygen 

evolution by directly exposing the BiVO4 solution to a 300 Xe lamp with an AM 1.5 G filter for 3 

h. The photocatalytic oxygen (O2) evolution was enhanced to 135 μmol as compared to the pure 

BiVO4 (90 μmol). The higher oxygen evolution of the Zn:BVO was attributed to the doping of Zn 

in BiVO4 which helped to further increase the 040 facets, thus increasing photocatalytic activity. 

Furthermore, the crystallinity and V-O bond length of BiVO4 increases upon doping with Zn, 

which also boosts the photocatalytic activity. The reduced band gap of the BiVO4 is also an 

important factor for the improved photocatalytic activity. The Zn dopants in the BiVO4 reduce the 

band gap energies; thus, improving photocatalytic activity. The loading of FeMnOx on Zn-doped 

BiVO4 (Zn:BVO) further improved photocatalytic  O2 evolution to 154 μmol. The increase in the 

photocatalytic O2 was attributed to the p-n junction formed by p-type FeMnOx and n-type Zn doped 

BiVO4 which provide a built-in electric field to further increase the charge transfer and reduce 

charge recombination. Additionally, FeMnOx cocatalysts on the BiVO4 surface can provide more 

active sites for water oxidation reactions. Therefore, it helps in suppressing charge recombination 

and improving charge transfer at the surface of BiVO4 photocatalysts leading to better 

photocatalytic oxygen evolution. DFT calculations have also shown that doping Zn in BiVO4 

reduced band gap and increased absorption of visible light, resulting increase in photocatalytic O2 

evolution. It was also confirmed from the DFT calculations that depositing FeMnOx on Zn doped 

BiVO4 shifted Fermi levels and induced more charges to boost the photocatalytic reaction. 

5.2 Future Recommendations  

 

         BiVO4 has shown stable and versatile morphologies with optimal electronic and optical 

properties for photocatalysis. The photocatalytic properties of the pristine BiVO4 were further 

improved by metallic doping as well as loading FeMnOx and FeNiOx cocatalysts. However, some 

experimental results need to be improved for better photocatalytic activity. 

1. Loading the same cocatalysts to the pristine and doped BiVO4 using other synthesis 

techniques. 

2. We used RF-magnetron sputtering to deposit FeMnOx and FeNiOx cocatalysts at pristine 

and doped BiVO4 interfaces. Therefore one should apply hydrothermal synthesis to deposit 

these cocatalysts, which may result in better photocatalytic activity.  
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3. The combination of these photocatalysts at pristine and doped BiVO4 may result in an 

excellent photocatalytic response. 

4. Depositing FeMnOx and FeNiOx cocatalysts on other metallic doped BiVO4 like Mo may 

improve the photocatalytic response. 
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