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1 Introduction 

According to the United Nations1, in 2050 on planet Earth will be 9.5 billion people and 

in 2100 there can be almost 11 billion people. That is one of the reasons why there will 

be huge demand for water, food and basic human needs, which apparently cannot be 

fulfilled without clean and renewable energy sources.  

There are no doubts about negative effects of combustion of fossil fuels, currently still 

the main energy sources, on the environment and consequently on human health2. There 

are many possibilities how to get clean and environment-friendly energy. The well-known 

and already used ones are devices using nature renewable sources such as sun, water, 

wind, thermal drills or biomass. They all have their advantages and disadvantages. 

However, the storage and transport of these alternative sources of energy still represents 

the major challenges. The modern batteries are still too big and heavy and despite that 

their energy density continuously increases another ways how to make and store clean 

energy are still widely studied3,4,5.  

One of the most promising sources of such clean and renewable energy is hydrogen (H2).  

Hydrogen can be converted into energy through fuel cell. This device need only oxygen 

and hydrogen to make electric energy. Oxygen is everywhere around us and there is no 

problem with its gathering, but hydrogen is difficult to produce. We can obtain the purest 

hydrogen by the electrolysis of water, but this process is energetically more demanding 

than the energy output achieved by its subsequent exploiting, which is obviously 

economically ineffective. Another nowadays hydrogen technology is steam reforming 

from hydrocarbons. This process is the most used one. But it still needs hydrocarbons like 

methane which can be used also as fuel and, moreover, it is another considerably source 

of CO2, which causes greenhouse effect. 

CH4 + H2O → 3H2 + CO2 

With respect to all aforementioned arguments, there is desperate need of cheap, clean and 

no-waste hydrogen production process. In this work I focus on the preparation of 

nanostructured photoanodes, which are used in photoelectrochemical cells (PEC). The 

PEC cells currently represent one of the most promising devices for producing hydrogen 

in economically viable manner using the process known as photoelectrochemical water 
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splitting. This process needs only small amount of applied voltage, sun light and water. 

The details of this process will be described and discussed on next pages of this work. 
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2 Photoelectrochemistry 

For direct water splitting process is required 237.2 kJ/ mol. Under standard condition, this 

energy can split H2O into H2 and ½ O2. With respect to Nernst equation (equation 1.1), 

one can calculate required potential of water splitting reaction.  

 𝐸𝑟𝑒𝑑 =  𝐸𝑟𝑒𝑑
0 − 

𝑅𝑇

𝑧𝐹
 𝑙𝑛 

𝑎𝑟𝑒𝑑

𝑎𝑜𝑥
 (1.1)  

Where 𝐸𝑟𝑒𝑑 is the half-cell reduction potential, 𝐸𝑟𝑒𝑑
0  is the standard half-cell reduction 

potential, R is the universal gas constant (R= 8.314 J∙K-1), T is the thermodynamic 

temperature in kelvins, F is the Faraday constant (F = 96 485 C∙mol-1), z is the number 

of transferred electrons and a is the chemical activity. So, the energy 237.2 kJ/ mol 

corresponds to E0= 1.23 V per electron. In our case, we want to use solar energy and the 

value of 1.23 eV leads us to the wavelengths of radiant light, which our semiconductor 

must absorb. Equation which connects energy, wavelength and frequency of photon is 

called Planck´s equation (equitation 1.2). 

 𝐸 = ℎ𝜈 =  
ℎ𝑐 

𝜆
 (1.2)  

Where h is Planck´s constant (h = 6.626 ∙ 10-34 J∙ s), c is speed of light  

(c= 3.00 ∙ 108 m∙s-1), ν represents frequency and λ is wavelength. Wavelength of photons 

absorbed in water splitting material must be equal or shorter than 1000 nm.  

2.1 Photoelectrochemical cells  

Photoelectrochemical (PEC) cells are devices used for sunlight to electricity conversion 

or sunlight to chemical fuel conversion. Therefore, we distinguish two types of cells. First 

type is a regenerative cell (Figure 1 a), which converts sunlight to electric energy and 

leaves no chemical changes. Photons must provide sufficient amount of energy that will 

generate electron-hole pairs, which are then separate by an electric field. Negative charges 

move through the material and are collected into external circuit. On the other hand, holes 

carry positive charge and they are absorbed on the surface of material by reduced form of 
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molecule, which is then transformed into oxidized form and finally is reduced by 

electrons that comes back to cell from external circuit.  

Second type of PEC cell is the photosynthetic cell (Figure 1 b). There are few differences 

compare to regenerative cell. Electron and holes react with two redox systems. Electrons 

react with one system at the counter electrode and holes react with the second system at 

the surface of bulk material. For example, water splitting is realized by electrons which 

reduce hydrogen at cathode and by holes which oxidize oxygen at anode6.  

 

Mostly used materials as photoelectrode are n-type (photoanode) and  

p-type(photocathode) semiconductors7,8.  

2.2 Semiconductors 

One of the most important attribute of semiconductor is the band gap energy Eg. This 

energy represents difference between top of valence band and bottom of conductive band 

in semiconductors electronic band structure. Generally, according to band gap energy we 

can distinguish semiconductors, insulators and conductors. In conductor´s electronic band 

structure, there is no band gap and the valence and conductive bands are overlapped. On 

the other hand, insulators have the band gap energy larger than 9 eV, because for such 

energy, the ambient temperature 300K do not provides enough thermal energy for 

Figure 1- Principle of photoelectrochemical cells a) regenerative cell b) photosynthetic 

cell (Grätzel, M. Photoelectrochemical cells. Nature 414, 338–344 (2001)) 

 



15 

 

electron transfer from valence band to conductive band. Between insulators and 

conductors lie semiconductors, which have got their bang gap smaller than insulators. It 

means that electrons in valence band can be promoted to conduction band. Comparison 

of insulators, semiconductors and conductors is shown in Figure 2. 

 

Figure 2 – Diagram of electronic structure of insulators, semiconductors and 

conductors 

 

The occupation of each band can be approximated by the Boltzmann function  

(equation 1.3). 

 𝑛 ≈ 𝑁0 exp (−
𝐸0 −  𝐸𝐹

𝑘𝑇
) (1.3)  

Where n is electron occupancy, N0 is number of particles at ground state at absolute zero, 

E0 is ground state energy, EF is Fermi level and k is Boltzmann constant (k = 1.38∙10-23 

m2∙ kg∙ s-2∙K-1). Fermi level is defined at absolute zero as the energy of the topmost filled 

orbital or as an energy at which probability of finding electron is ½ 9,10.  

2.2.1 Types of semiconductors 

Semiconductors properties can be modified by doping techniques. These operations insert 

into crystalline structure impurities which generate more conductive electrons or holes. 

Addition of impurities such as phosphorus or aluminium into the silicon structure shifts 

Fermi level further or closer to the valence band. Based on this knowledge we distinguish 
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three basic types of semiconductors: undoped, n-type and p-type (Figure 3). In undoped, 

i.e. the intrinsic semiconductor the Fermi level is in the middle of band gap. N-type 

semiconductors produces more negative charges (electrons) by adding element with more 

valence electrons than semiconductor structure contains. In this case, Fermi level is 

shifted closer to conductive band. On the other hand, p-type semiconductors have got in 

their structure elements with less valence electrons than theirs lattice contains and that is 

why p-type semiconductors produce positive charges (holes). So, Fermi level is shifted 

closer to the valence band.  

 

Figure 3 – Three basic types of semiconductors 

 

2.3 Semiconductor – electrolyte interface 

If semiconductor is placed into an electrolyte, which contains redox couple bearing 

chemical potential, electrons start moving across electrode and electrolyte junction until 

an equilibrium is reached. As the equilibrium, in this case, is meant equalization of Fermi 

level and electrochemical potential (Nernst potential). The flow of electron produces on 

both sides of equilibrium regions a different charge distribution which depend on bulk 

material. This phenomenon is known as the space – charge layer. At electrolyte region, 

this corresponds to the Helmholtz and Gouy – Chapman layer, well-known as the 

electrolytic double layer (compact and diffuse layer). On the semiconductor side of the 

equilibrium, the band banding is formed due to contact with electrolyte. The band bending 

depends on the Fermi level of bulk material. If the Fermi level and flat band potential are 

equals, there is no charge transfer on both sides of equilibrium and bands are flat. When 

semiconductor side obtains more electrons, one creates an accumulation layer. On the 

other hand, if electrons move from solid phase into liquid phase, a depletion layer is 

formed and consequently the positive excess holes are created. However, in some cases, 
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depletion of electron can reach intrinsic level and then we can observe p-type 

semiconductor at the surface and n-type in the bulk. This phenomenon is known as an 

inversion layer11,6,12,13. Figure 4 further describes behaviour of electronic energy levels at 

the semiconductor/ liquid interface. 

 

Figure 4 - Electronic energy levels at the interface semiconductor/ liquid. a) flat band 

potential and Fermi level are equal with no space – charge layer b) accumulation layer, 

where is more electrons in solid phase producing band bending towards the interface c) 

depletion layer, where is more electrons in liquid phase and as consequence is upward 

band bending d) inversion layer, semiconductor is p-type on the surface and n-type at 

the bulk. (Grätzel, M. Photoelectrochemical cells. Nature 414, 338–344 (2001)) 

 

2.3.1 Flat band potential   

Very important property of every semiconductor material in photoelectrochemistry is the 

flat band potential. The flat band potential is used as a tool for determining of energetic 

levels of valence and conductive band edges of semiconductors when they are in the 

contact with electrolyte and under certain applied voltage. It can be obtained by 



18 

 

measuring the capacity of semiconductor – electrolyte junction. The semiconductor is 

exposed to the voltage, which increases the potential step across the junction and the 

differential capacity is calculated as a function of the applied potential. In a depletion 

space only, the charge capacity state can be measured, because the Helmholtz layer 

capacity is bigger than the space charge capacity.  This condition is followed by the 

applied bias voltage according to the Mott – Schottky equation (equation 1.4):  

 1

𝐶𝑆𝐶
2 =  

2 (
𝛥𝛷𝑆𝐶𝑅𝑇

𝐹 )

𝜀0𝜀𝑁
 

(1.4)  

Where ΔΦSC = V – VFB represents the voltage drop in the space - charge layer, ε is 

dielectric constant of semiconductor, ε0 is permittivity of vacuum (ε0= 8.854 ∙ 10-12 F/m) 

and N represents ionized donor dopant concentration. The plot of square reciprocal 

capacity against the applied voltage gives a straight line and this is extrapolated to 

1/(CSC)2 = 0 to derive the flat band potential14,6.  

2.4 Solar - to - chemical energy conversion efficiency 

Most of the energy sources on the Earth originally comes from the Sun. In nature, the 

sun-to-chemical energy conversion is well known. Living organisms are not able to 

convert directly light in-to energy and that is why they developed the process called 

photosynthesis producing glucose. This process achieves efficiency around 25% under 

full irradiation15. In our case, the direct water splitting provides a hydrogen as the energy 

source. The most important properties of semiconductors that determine the overall 

efficiency of the water splitting are wide sun light absorption, high charge separation 

efficiency and high driving forces for the redox electrochemical reactions resulting from 

appropriate band energy levels. The theoretical maximum conversion efficiency is 83% 

which is much more than a steam engine or combustion engine16. To gain a real process 

efficiency, these measurements can be done in two – electrode configuration experiment. 

Efficiency calculations can be done based on photocurrent density (J) – applied voltage 

(V) measurements with respect to equation 1.5.  



19 

 

 𝜂 =  
𝐽𝑚𝑝(1.23𝑉 − 𝑉𝑎𝑝𝑝) 

𝑃𝑖𝑛
 (1.5)  

Where Jmp is externally measured photocurrent density, Vapp is applied voltage measured 

between the photoanode and photocathode and Pin is power density of illumination.  

Calculations of solar conversion efficiency for photoanode or photocathode separately 

can be done by using data from three-electrode cell measurements during illumination. It 

is important to know efficiency of photoelectrodes at both sides of reactions separately, 

because of improving their properties. Equation 1.6 describes how to calculate 

photoelectrode efficiency. 

 𝜂 =  
𝐽𝑚𝑝 𝑉𝑚𝑝

𝑃𝑖𝑛
 (1.6)  

Where Jmp is current density at maximum power point, Vmp is the voltage at the maximum 

power point. These two quantities are connected by the relation 𝑃𝑃𝐴  =  J𝑚𝑝 ∙ 𝑉𝑚𝑝. This 

calculation is identical to a photovoltaic cell efficiency calculation. Nevertheless, when 

the potentiostat works with three electrodes arrangement, polarization losses associated 

with driving the reaction at the counter electrode is not taken in overall result of water 

splitting reaction10. 

3  Materials used for direct water splitting 

As was mentioned before, there are two types of photoelectrodes used for direct  

sun-driven water splitting – photoanodes and photocathodes. In this work the photoanode 

materials will be exclusively subscribed. Photoanodes evolving oxygen can only be an  

n-type semiconductor, so the electric field generated by band bending will attract holes 

to the surface, which then oxidize water. Band gap have to be relatively small for visible 

light absorption and edges of valence and conductive bands must correspond to oxygen 

evolution reaction (OER) potential. Additionally, photoanode have to be stable in harsh 

electrolytes (usually highly acidic or basic solutions) and under irradiation (i.e. stable 

against photocorrosion). There are many suitable materials and few of them will be 

described in more details17.  
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3.1 Titanium dioxide 

One of the most explored materials used for sun-to-energy conversion is titanium dioxide 

(TiO2). Its suitability for water photolysis was discovered by Akira Fujishima and Kenichi 

Honda at 197218. Since the release of this paper, TiO2 was  widely used for photocatalysis 

of pollutants19,20, photocatalytic carbon dioxide reduction into the energy fuels21,22 , solar 

cells23,24, supercapacitors25 or Li – ion batteries26.  

TiO2 naturally exists in three crystalline structures such as anatase, rutile and brookite 

(Figure 5). All three polymorphs contain titanium cations which are six-fold coordinated 

to oxygen anions. Titanium and oxygen atoms create together distorted TiO6 octahedra. 

These octahedrons are arranged in different crystal lattices such as tetragonal for anatase 

and rutile and orthorhombic for brookite27. Among polymorphs, rutile is considered as 

the most stable bulk phase, but at the nanoscale anatase and brookite are more stable than 

rutile, because of lower surface energy28.  

 

Figure 5 - Three natural crystalline phases of TiO2. (Haggerty, J.E.S.  High-fraction 

brookite films from amorphous precursors. Scientific reports 7, 15232 (2017)) 

 

The growth of TiO2 crystal structures is affected by many factors such as pH, annealing 

temperature or synthesis method. For example, TiO2 nanorods, prepared by hydrothermal 

method using peroxide titanic acid solutions with different pH values, were composed 

only of rutile phase, when pH was lower than 8. At pH 8 – 10, rutile and brookite phases 

were present in the samples. However, when pH increased up to 10, only anatase phase 

was found29.  

Annealing temperature is very important factor in the preparation process of all 

photoactive semiconductors in general. In case of TiO2 some important findings regarding 
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the thermal treatment have been reported. Alsawat et al. performed experiments with TiO2 

nanotubes which were annealed at 250 °C, 450 °C,  

650 °C and 850 °C. Before annealing, only amorphous phase was observed. Anatase 

phase appeared around 250 °C and relative intensity of anatase XRD pattern increased 

till 650 °C. At this point, a mixture of rutile and anatase (13.5 % and 86.5%) was 

observed, which showed the best PEC properties. Up to 650 °C, PEC properties declined 

due to anatase phase decreasing while rutile peak increased30. Annealing above 700 °C 

transformed all polymorphs to rutile31. Among other polymorphs, anatase provides the 

best photocatalytic performance, but the mixture of anatase and rutile shows better 

activity than a pure anatase crystal32. This fact is cause by synergistic effect of smaller 

band gap energy of rutile (3.0 eV) and due to more negative position of conduction band 

of anatase compared to rutile conduction band33,34.  

Apparently, the synthesis methods also play significant role for TiO2 final structure. As 

was mentioned before, hydrothermal method is a very common way how to prepare TiO2 

nanorods (one dimensional structures). It requires stainless steel vessel due to high 

pressure and temperature during preparation35,36. Solvothermal method is very similar to 

the hydrothermal. However, solvothermal method mostly uses organic solvents while 

hydrothermal method uses water 37,38. Both methods include TiO2 nanoparticles, TiCl4 or 

tetrabutyl titanate as precursors. Besides these methods, there are many others such as 

electrochemical anodization39, chemical vapour deposition40, electrospinning41 or 

magnetron sputtering42.  

Despite of all advantages of TiO2 such as simple preparation and high stability, TiO2 

suffers from wide band gap and fast recombination of hole – electrons pairs. Wide band 

gap causes absorption merely in UV region and UV rays account only 6% of Earths 

sunlight43. These disadvantages could be improved via doping techniques44, 

heterojunction with other phases45, enlargement of specific surface area46 or connection 

with nanoparticles47. 
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3.2 Tungsten trioxide 

Tungsten trioxide (WO3) is another multifunctional photosensitive material. Butler et al. 

published water splitting properties of WO3 at 197648. Besides water splitting, WO3 found 

applications in dye-sensitized solar cells49, heterogenous catalysis50 or 

superconductivity51.  

Several crystal phases of WO3 are known (triclinic, monoclinic, orthorhombic, tetragonal, 

hexagonal, cubic). The group of triclinic, tetragonal, monoclinic, orthorhombic phases 

create almost same chessboard-like structure made of WO6 octahedrons and they can 

transform into each other. Thus, WO3 have only three different structures – chessboard-

like, hexagonal and cubic. Chessboard-like (mostly called γ-WO3 or just monoclinic) was 

reported as the photoactive one52.  

There are several factors that affect structural properties of WO3. Annealing temperature 

is one of them. According to the XRD studies, orthorhombic WO3 ∙ 0.33 H2O nanorods 

are transformed to the hexagonal structures by annealing at 400 °C and above 500 °C are 

converted to the monoclinic form53. Dimensional structure can be also controlled. For 

example, one-dimensional structure is achieved by electro-spinning techniques. The 

fabrication of WO3 nanofibers are prepared by electro-spinning of polyvinyl pyrrolidone, 

citric acid and tungsten acid as precursors. These fibers display good mechanical 

properties with high surface-to-volume ratio54. Two-dimensional structures such as 

nanosheets are prepared for instance by a solid-liquid phase arc discharge route in 

aqueous environment. These nanosheets are used for photocatalytic reduction of carbon 

dioxide into hydrocarbon fuels55. And finally, three-dimensional structure is observed by 

using various template assisted methods. For example, this method can use colloidal 

crystals template of poly (methyl methacrylate) spheres and in their presence, WO3 grow 

in nanoparticles among the empty spaces of poly (methyl methacrylate) spheres. Final 

material shows porous structure and could be used in photocatalysis56. Besides these 

methods, there are more other ways how to prepare WO3 such as electrochemical 

anodization57, sol-gel method58 or hydrothermal method59.  

The main obstacles in the use of WO3 as the photoanode are quick electron-hole 

recombination and the fact that conductive band level is relatively more negative than the 
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potential of oxygen reduction60. Also, there are known techniques that can improve 

photocatalytic properties. For example, graphene/WO3 composite shows two times higher 

photocurrent density than pure WO3 due to enhanced visible light absorption and reducing 

the charge carriers recombinations61. Another way how to improve photocatalytic 

properties is noble metal deposition62 or by alkali hydroxide loading63. 

3.3 Bismuth vanadate 

The attention has been paid to bismuth vanadate (BiVO4) since 1963, when was firstly 

prepared by Roth and Waring64. However, the photoactivity of BiVO4 was discovered 

after 35 years in 1998 by Kudo et al. For the first time, they observed oxygen evolution 

reaction under light irradiation by using a BiVO4 powder65.  It is highly promising 

material for direct water splitting applications due to relatively small band gap (2.4 eV) 

and because the conduction band edge energy of BiVO4 is almost same as the hydrogen 

evolution potential. This supports the desired cathodic photocurrent onset and higher 

photocurrent performance at lower potentials than other photoanodes66. The BiVO4 

theoretical solar-to-hydrogen efficiency reaches 9.2% with the highest photocurrent of 

7.5 mA/cm2 under AM 1.5 solar irradiation (100mW/cm2)67,68. Figure 6 shows the 

comparison of the theoretical maximum performance of the four the most widely 

investigated metal semiconductors acting as photoanodes including TiO2, WO3, Fe2O3 

and BiVO4. Last but not the least, BiVO4 is low a cost, stable and nontoxic material69.  
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Figure 6 - BiVO4 among the other materials used as a photoanodes showing maximum 

tandem cell conversion efficiency, maximum photocurrent density and comparison of 

their band gaps. (Prévot, M. S. & Sivula, K. Photoelectrochemical Tandem Cells for 

Solar Water Splitting. J. Phys. Chem. C 117, 17879–17893 (2013)) 

 

BiVO4 exists in three different structures - tetragonal dreyerite, monoclinic clinobisvanite 

and orthorhombic pucherite. Only monoclinic clinobisvanite form is suitable for the sun-

driven water splitting, due to 6s2 lone pair of Bi3+ that distort monoclinic BiVO4 

polyhedron more than in tetragonal BiVO4 polyhedron70. An irreversible conversion from 

tetragonal to monoclinic form is obtained when annealing temperature is about  

400-500 °C. In contrast a reversible transition between monoclinic and tetragonal 

structure occurs at annealing temperature of 255 °C71. In monoclinic scheelite-like 

structure (Figure 7), bismuth is coordinated to oxygen in distorted octahedron and in the 

centre of oxygen distorted tetrahedron is vanadium, which is in line with stoichiometry 

of  a Bi3+ (5d106s2), V5+ (3d10) and O2- (2p6) electronic system72.  
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Figure 7 – BiVO4 crystal structure with bismuth (blue), vanadium (green) and oxygen 

(red) atoms. Dotted black lines show monoclinic primitive cell. (Walsh, A., Yan, Y., 

Huda, M. N., Al-Jassim, M. M. & Wei, S.-H. Band Edge Electronic Structure of BiVO4: 

Elucidating the Role of the Bi s and V d Orbitals. Chem. Mater. 21, 547–551 (2009)) 

 

One of the most common method for the preparation of BiVO4 photoanode is a solution-

based metal organic decomposition. This method uses chemicals containing Bi3+ 

(bismuth nitrate, bismuth-2-ethyl-hexanote) and V3+ or V5+ (vanadium acetylacetonate, 

vanadium-tri-isopropoxy oxide, ammonium metavanadate, vanadium  chloride) ions 

which are dissolved in the solution and then are spread on the surface of a conductive 

substrate by spin coating73, drop-casting74 or spray pyrolysis75. Another approach for 

BiVO4 fabrication is the electrochemical deposition. This typically three electrodes 

system contains a counter electrode, working electrode and reference electrode. All three 

electrodes are submerged into a solution that contains Bi3+ and V4+ ions. The Bi3+ ions 

are attached to the surface of the working electrode on which a negative potential is 

applied. Then V4+ ions are oxidized to V5+ due to the applied potential. These ions 

immediately react with Bi3+ and an amorphous phase of BiVO4 precipitate. After this 

electrodeposition, samples are calcinated to give crystalline phase. Excess of V2O5 is then 

removed by washing in an alkaline solution. This procedure was described by Myung et 

al.76  

BiVO4 is very promising material for direct water splitting, but it also has its 

disadvantages. The well-known drawback is a poor charge transfer to the electrolyte and 

fast surface recombination of electrons and holes77. These limitations has been 

extensively addressed by various strategies including morphology control78, 
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heterojunction79 or loading of oxygen evolution catalysts75.  Very common approach to 

improve the performance is doping of BiVO4 lattice by various metals.  Even small 

amount of metal can greatly influence photoelectric properties of BiVO4 due to improving 

electrical conductivity and charge carrier density. Beside these effects, doping causes 

shifting of Fermi level towards to conductive band minimum and valence band 

maximum80. Most promising and most used metals are W, Mo81 or Nb82 because of 

similar ionic radius and higher valence83. 

4 Characterization techniques 

For better understanding of true nature of observed phenomena, we need techniques that 

will help us to explain how our system works and how can we improve its properties. 

Therefore, several characterization techniques will be described in this part of my diploma 

thesis.   

4.1 X-Ray Diffraction 

X-ray diffraction (XRD) is an analytical non-destructive method used to determine crystal 

structures. This method uses part of electromagnetic radiation that was discovered by 

Wilhelm Conrad Röntgen in 1895 and for which he achieved the Nobel Prize in 1901. 

Seventeen years after Röntgen´s discovery, Max von Laue suggest that X-rays passing 

through the crystal could diffract, because wavelength of X-ray radiation is comparable 

to the distances among the atoms in crystal lattice. Diffraction of certain wavelengths is 

determined by the Bragg´s condition (equation 1.7): 

  𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝛳 (1.7)  

Where 𝑛 is any integer, 𝜆 is wavelength, d is spacing between lattice planes and 𝛳 is 

diffraction angle84. Diffracted arrays are detected and counted. Output patterns are 

compared to standard reference patterns.  

Basically, the X-ray diffractometers are composed of three main parts such as source of 

radiation, sample holder/manipulator and detector. The cathode ray tube is widely used 

as the X-ray source, where the filament is heated, and the high voltage is applied. Due to 

these conditions, electrons begin to hit the target. If the energy of coming electrons is high 
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enough to dislodge inner electrons of target material, the X-ray radiation is produced. 

After irradiation of sample, X-rays are collected at detectors such as scintillation counter, 

CCD (charged -coupled device) detector or a X-ray film, which is still used in medicine 

applications85,86.  

Besides the XRD, there are other X-ray techniques. For example, X-ray photoelectron 

spectroscopy (XPS), which analyses kinetic or binding energies of electrons emitted after 

the X-ray irradiation. The XPS can determine oxidation state of elements or empiric 

formula87. Furthermore, other X-ray techniques are Auger electron spectroscopy88, which 

analyses double ionized electrons, or neutron diffraction, which is able of tracking 

magnetic properties of material89.  

4.2  Electron microscopy 

Optical microscopes allow us to see objects with resolution of only 200 nm due to 

diffraction limit, which is described by Abbe´s equation (1.8): 

 𝑑 =  
0.612 𝜆

𝑛 𝑠𝑖𝑛𝛼
 (1.8)  

Where d is resolution, 𝜆 is wavelength of imaging radiation, n is refraction index of 

medium between lens and source, 𝛼 represents half angle of the cone of light from sample 

accepted by objective90.  Diffraction limit of optical microscope is about half of 

wavelength of the visible light used. Electron microscopes use electrons instead of 

photons. Wavelength of electron beam is much lower (for common voltage 10kV is 

λ=0.012 nm). Accordingly, theoretical resolution of electron microscope is five orders of 

magnitude better compared to optical microscope. Unfortunately, real resolution of 

electron microscope is only 2 - 3 orders of magnitude better compared to optical 

microscope, but it still allows us to see atoms and nanostructures91.  

Electron microscopy is divided in two basic construction streams. Transmission electron 

microscopy (TEM) allows electrons to fly through the sample and the final image is 

proceed on fluorescent screen. This type of electron microscope allows to see structure 

of illuminated specimens. On the other hand, scanning electron microscope (SEM) is 

better for imaging surface of specimen due to electrons reacting with the surface of 
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specimen. Electrons are losing energy and are reflected to the detector. So, the secondary 

electrons create detailed image of specimen surface compared to the TEM. 

Both microscopes consist of similar parts such as an electron gun. Electron gun 

thermionically emits electron beam that is modified by electromagnetic coils. The most 

used electron guns are Schottky source, tungsten filament or lanthanum hexaborite tip. 

Electromagnetic coils serve mainly as a condenser lens. Different arrangement of optical 

microscope, SEM and TEM is described at Figure 8. 

 

Figure 8 - Comparison of optical microscope, SEM and TEM (Scanning Electron 

Microscopes (SEM) | Introduction to JEOL Products | JEOL Ltd.) 

 

Besides secondary electrons, also X-rays, cathodoluminescence or Auger electrons are 

emitted from the illuminated spot. These energies carry an information and can be 

analysed by energy dispersive spectrometer (EDS) or wavelength dispersive spectrometer 

(WDS). Both spectrometers use X-ray radiation for analysis, but EDS analyse energy of 

photons while WDS analyse photons wavelength. EDS is more common due to lower 

price and faster spectrum acquisition. All things considered, an output of EDS 

measurement is a spectrum, which is compared to standard reference spectrum, and can 

confirm presence of elements92,91. 
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4.3 UV-VIS spectroscopy 

While XRD and SEM analyse a high energy radiation, UV/VIS spectroscopy analyses 

ultraviolet (UV) and visible (VIS) radiation that are less energetic. UV and VIS radiations 

are part of electromagnetic spectrum with wavelength around 100 - 420 nm for UV and 

420 - 700 nm for VIS. Photons of these radiations have enough energy to excite electrons 

from their basic energy levels to higher energy levels. This phenomenon is called 

absorption or transmission (equation 1.9): 

 𝐴 = −log 𝑇 = −log
Ф

Ф0
 (1.9)  

Where A is an absorbance, T is a transmittance, Ф is radiant flux transmitted by material, 

Ф0 is radiant flux received by material. 

Absorbance can be used as a tool for determination of concentration by Lambert – Beer 

law (equation 1.10): 

 𝐴 =  𝜀𝐿𝑐 (1.10)  

Where 𝜀 is absorption coefficient, L is path length of the beam of light and c is 

concentration.  

UV/VIS spectrometers contain source of light, monochromator and detector. As a source 

of the visible light, tungsten filament or halogen lamp are used and for the ultra violet a 

deuterium arc lamp is typically used. A Xenon arc lamp, on the other side, can provide 

both types of radiation. Moreover, this lamp does not need a time to warm up, but it is 

more expensive. Monochromator is an optical device that separate particular part of 

radiation at the input and only select part of wavelengths that are released at the output. 

The monochromator is usually representing by a grid or prism. Detector collects light that 

remain after sample irradiation. The CCD, photomultiplier or photodiodes serve as a 

detectors of UV/VIS light93. 
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4.4 Raman spectroscopy 

Another type of interactions of light with matter can be a light scattering that can be 

divided into elastic (Rayleigh) and inelastic (Raman) scattering. During Rayleigh 

scattering, electrons are excited by incoming photons to the higher energy level and then 

return to the basic energy level. Thus, this type of scattering is not carrying any analytical 

information. On the other hand, Raman scattering, discovered by Chandrasekhara 

Venkata Raman in 192894, provides analytical information due to Raman shift. 

Consequently, excited electrons can return to the higher or lower energy level than the 

energy level from which they were excited. In both cases, photons are emitted, and their 

wavelength may be greater when electrons return to higher energy level (Stokes photons) 

or their wavelength may be lower (Anti-Stokes photons) when electrons return to lower 

energy level compared to original energy level (Figure 9).  

 

Figure 9 - Scheme of Rayleigh and Raman scattering (Stokes and Anti-Stokes photons) 

 

An earlier radiation source in Raman spectroscopy was a mercury lamp. At present, the 

most used radiation sources are gas lasers (helium-neon or neodymium-YAG) that 

provide monochromatic visible or near infrared (IR) radiation. These low energy sources 

inhibit unfavourable fluorescence. Scattered radiation is observed in 90° or 180° direction 

to the direction of the incident radiation. Then, it is necessary to use monochromator that 

eliminates Rayleigh scattering. Finally, as detectors are used CCD or photomultipliers. 

Modern Raman spectrometers use interferometers and process data by Fourier 

transformation (FT). The biggest advantage of FT spectrometers are high measurement 

speed and higher signal intensity93,95.  
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5 Aims of the diploma thesis 

1) The preparation, characterization and photoelectrochemical examination of wide band 

gap semiconductors based on metal oxides represented by TiO2 and WO3 to be applied 

as photoanodes in PEC water splitting cells. The main focus is to deposit these materials 

in the form of nanorods onto the FTO substrate. 

 

2)  The preparation, characterization and photoelectrochemical examination of another 

photoanode material based on a narrow band gap material such as BiVO4. The BiVO4 is 

prepared by two different methods including chemical synthesis and electrodeposition. 

 

3) Doping of BiVO4 by foreign atoms such as Mo and W in order to improve the 

photogenerated charges dynamics and thus the PEC performance. 
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Used chemicals: 

Bismuth nitrate pentahydrate  Sigma Aldrich, 98% 

Vanadyl acetylacetonate Sigma Aldrich, 98% 

Potassium iodine Lachema N.P. Brno, 99% 

p-benzoquinone  Sigma Aldrich, 98% 

Sodium sulfate Sigma Aldrich, 99% 

Acetone Honeywell, p.a. 

2-propanol  Sigma Aldrich, p.a. 

Dimethyl sulfoxide (anhydrous) Sigma Aldrich, 99.9% 

Ethylene glycol (anhydrous) Sigma Aldrich, 99.8% 

Nitric acid 65% Penta, p.a. 

Sodium hydroxide Lach-Ner, p.a. 

Bis(acetylacetonato) dioxomolybdenum(VI) Sigma Aldrich 

Sodium sulfite Sigma Aldrich, p.a. 

Triton X-100 Sigma Aldrich, laboratory grade 

Ethanol absolute BC-chemservis, p.a. 

Sodium tungstate dihydrate  Sigma Aldrich, 99% 

Sodium phosphate dibasic Sigma Aldrich, 99% 

Sodium phosphate monobasic Sigma Aldrich, 99%  

Ammonium (para)tungstate hydrate Sigma Aldrich, 99.99 % 

Chloric acid 35% Penta, p.a. 

Hydrogen peroxide 30% Sigma Aldrich,  

Titanium (IV) butoxide  Sigma Aldrich, 97% 
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6 Preparation of thin films 

In this diploma thesis, few different types of photoactive films were prepared on to the 

most commonly used transparent conductive substrates for photoelectrochemical 

application such as a glass substrate coated by a conductive fluorine doped tin oxide 

(F:SnO2, FTO) conductive layer. These substrates went always through the same cleaning 

procedure that included 30 minutes of sonication in mixture of acetone, 2-propanol and 

water (1:1:1). Firstly, WO3 nanorods were grown in an autoclave by a hydrothermal 

method. The as prepared amorphous WO3 nanostructures were subsequently annealed in 

air at different temperatures to provide their crystallization. Analogously, TiO2 thin films 

with similar nanorods structure were prepared also in autoclave under the hydrothermal 

conditions with subsequent annealing procedure. Finally, the BiVO4 photoanodes were 

prepared by a drop casting method exploiting Triton X-100 surfactant as a structure agent. 

Second approach for BiVO4 preparation was based on a twostep procedure: using first an 

electrodeposition of BiOI nanosheets, which were in the following step converted by 

vanadium solution and subsequent annealed into the desired BiVO4 nanostructured films. 

Among the all studied materials particular attention was devoted to BiVO4. 

6.1 Preparation of TiO2 

In typical synthesis, TiO2 thin films were prepared by adding 0.46 ml of titanium butoxide 

to the solution containing 14 ml of water and 14 of concentrated HCl. This solution was 

stirred for half an hour. Therefore, autoclave was filled by as prepared solution and FTO 

was putted into that solution by conductive side facing down. The reaction in the 

autoclave was run for 10 hours at 150 °C in a furnace. The as prepared TiO2 layers were 

annealed at 450 °C for 1 hour to obtain a crystalline structure.   

6.2 Preparation of WO3  

The WO3 nanorods were fabricated by dissolving 1g of ammonium (para)tungstate in 95 

ml water with 3 ml of concentrated HCl. Then, solution was stirred until yellow gelatine 

precipitate appear. After that, 2 ml of H2O2 was added and as prepared mixture was stirred 

for 1 hour. Solution was transferred into autoclave and FTO substrate was submerged into 

the solution with the conductive side facing down. Autoclave was exposed to 160 °C for 
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4 hours. Then, FTO with the grown WO3 layer was taken out of the autoclave and 

annealed at 500 °C for 1 hour.  

6.3 Preparation of BiVO4 by drop casting 

The preparation of BiVO4 by the drop casting method included Triton X-100 as a 

structure agent. Bismuth solution was prepared by dissolving 0.22 g Bi(NO3)3 in 6ml of 

ethylene glycol (75 mM) and likewise vanadium solution was prepared by dissolving 0.12 

of VO(acac)2 in 6 ml of ethylene glycol (75 mM). Then, 1%, 5% or 10% of Triton X-100 

was added into 1 ml of ethylene glycol. Therefore, bismuth, vanadium and triton solutions 

were mixed together in the ratio of 2:2:1. Next the 100 μL of the mixed solution was drop 

casted on the FTO which was partially covered by teflon tape due to ensuring an electrical 

contact for the following electrochemical measurements. Finally, the samples were dried 

for 1.5 hours at 60 °C and were annealed for 2.5 hours at 500 °C.  

6.4 Electrodeposition of BiOI 

BiOI was used as a precursor for BiVO4. The electroplating solution was prepared by 

dissolving 40 mM Bi(NO3)3 in a 50 ml of 400 mM KI water solution. This solution was 

adjusted by HNO3 to pH 1.7. Then, 230 mM of p-benzoquinone was added to 20 ml of 

absolute ethanol and then mixed together with previous solution. Three electrodes were 

submerged into this mixed solution – reference electrode (Ag/AgCl with 3M KCl 

solution) (RE), counter (CE) and working (WE) electrodes which were represented by 

FTO substrates. The photograph of the experimental set-up is shown in Figure 10. The 

substrates were initially cleaned at mixture of acetone, 2-propanol and water 1:1:1 and 

ultrasonicated for 30 minutes. 
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Figure 10 - Electrodeposition of BiOI and description of electrodes in solution 

 

Electrodeposition was proceeded at -0.2V at various times (30, 60, 120, 240 s). The 

Applied potential causes reduction of p-benzoquinone to hydroquinone at the WE. This 

process is associated with consuming H+ ions, which consequently leads to a local 

increase of pH and thus to precipitation of crystalline BiOI on the WE96. The as-deposited 

BiOI films on the FTO substrates were dried under ambient conditions.  

6.5 Conversion of BiOI to BiVO4 

Electrochemically deposited BiOI films were in the synthetic step transformed into the 

BiVO4 by following procedure. The dried BiOI samples were homogeneously covered 

by a solution mixture of 150 μL of 200 mM vanadyl acetylacetonate in anhydrous 

dimethyl sulfoxide (DMSO). Such treated samples were then placed into a furnace and 

annealed for 2 hours at 450 °C with the temperature rate of 2.5 °C per minute. The exact 

temperature ramp is schematically shown in Figure 11.  

 

Figure 11 - Scheme of annealing procedure 
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The annealing procedure causes decomposition of BiOI into Bi2O3 and I2 that sublimes. 

The Bi2O3 subsequently reacted with vanadyl acetylacetonate to form BiVO4
96.  After the 

annealing, the samples were washed in 1 M NaOH for 30 minutes while stirring due to 

removing of V2O5 excess (Figure 12). 

 

Figure 12 - Scheme of BiOI conversion in to BiVO4 

 

6.6 Doping of BiVO4 by Mo and W 

After BiOI conversion in to BiVO4, samples were doped by molybdenum and tungsten. 

For this purpose, a molybdenum solution was prepared by dissolving 5mM 

bis(acetylacetonato) dioxomolybdenum in DMSO and similarly tungsten solution was 

prepared by dissolving 5 mM sodium tungstate in DMSO. Then, 12 μL of molybdenum 

solution was drop casted on the BiVO4 surface and 12 μL of tungsten solution was drop 

casted on another BiVO4 sample. Samples were annealed for 2 hours at 450 °C with 

temperature rate 2.5 °C/minute. After the annealing procedure, samples were also washed 

in 1 M NaOH for 30 minutes while stirring. 

7 Diagnostic of layers 

7.1 Physical characterization  

Several characterization techniques were used to determine the basic physical properties 

of the prepared samples. These measurements included: 

• X-Ray diffraction measurements were proceeded by Empyrean device 

(PANalytical, Netherlands) with Co lamp producing K alpha radiation, focusing 

mirror, programmable secondary anti-scattering clone and fast position sensitive 

Pixcell detector.  
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• SEM images were taken by Hitachi SU6600 in secondary electron regime with 

Schottky cathode as a source of electrons. For top view images, accelerating 

voltage was set to 5kV and 3kV for cross section images.  

• UV/Vis spectra were collected on FLS980 fluorescence spectrometer (Edinburg 

instruments Ltd, Great Britain) with photomultiplier and with 450 W Xe arc lamp 

as a source of light. 

• Raman spectra was taken by Raman DXR (Nicolet, USA). Laser has intensity 

5mW with exposition time 5 s. 

• XPS spectra were captured by PHI 5000 VersaProbe II (Physical Electronics, 

USA) with monochromatic Al Kα as a source of X-ray radiation 

7.2 Photoelectrochemical characterization 

Photo – induced electrochemical analysis was performed using three electrode system. 

All photoelectrochemical measurement were proceeded by Gamry Instruments 

potentiostat Series G 300. As a reference electrode a Ag/AgCl electrode in environment 

of 3 M KCl was used and platinum wire introduced a counter electrode. A solar simulator 

LOT LS0106 with 150 W Xenon lamp (Figure 13) equipped by an AM 1.5 filter was 

employed for light induced measurements. The prepared and tested samples were always 

employed as a photoanode and were illuminated from the front side using the light with 

intensity of 100 mW/cm2. The whole photoelectrochemical set-up is shown at Figure 14.  

 

Figure 13 - Transmittance spectrum of Xe lamp 
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Photoelectrochemical measurements include many basic characteristics such as 

photocurrent density, open circuit potential, voltage or impedance spectroscopy. Bellow, 

these techniques are described.  

• Sweep linear voltammetry (LSV) – This method studies changing current (or 

photocurrent in dark or under illumination) at working electrode while potential 

between reference and working electrode is linearly increasing. Measured 

photocurrent was recalculated to the area of the sample of 1 cm2 (photocurrent 

density) and the scan rate of the applied voltage to the WE was set to 10 mV/s.  

• Chronoamperometry (ChAM) – This technique monitors photocurrent density 

over a time period while the applied potential on the WE is constant. Potential 

was mostly set at 0.5 V vs. Ag/AgCl, but in few cases it was necessary to use 

different potential. Sample was illuminated at the 30s/60s intervals of dark/light 

period.   

• Electrochemical impedance spectroscopy (EIS) – Alternating current with 

sinusoidal waveform flowing through the cell behaves as an impedance probe 

with real and imaginary parts due to the ohmic resistance and capacitance of the 

electrolyte. These capacitance and resistance can be replaced by substitute circuit 

with parts such as condensers or resistors. Thus, this method measures impedance 

as a function of frequency and then the achieved data can be converted into 

Nyquist diagram. Each point of Nyquist diagram corresponds to impedance at one 

frequency and measurement is proceed at constant voltage97. Applied frequency 

was in range 0.1 – 105 and applied voltages were 0.3 V and 0.5 V.  

 

Figure 14 - Photoelectrochemical setup 
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8 Results and discussion  

This chapter will show physical characterization and photoelectrochemical measurements 

results of WO3 and TiO2 prepared hydrothermally. BiVO4 prepared by drop casting and 

by conversion from BiOI prepared by electrodeposition will be the main topics of this 

chapter. Also, BiOI results will be discussed as a photoactive intermediate layer 

(precursor layer) for the BiVO4 conversion. 

8.1 Titanium dioxide (TiO2)  

Titanium dioxide in the form of nanorod arrays was prepared by the hydrothermal method 

and then subsequently annealed in air at 450 °C for 1 hour. Firstly, the resulted white 

films were studied by SEM. Figure 15 A and B reveal  surface that is homogenously 

covered by oriented nanorods which was similarly  observed also in other works, e.g. in 

the reference 9898. Figure 15 C shows XRD patterns that confirms rutile structure of 

hydrothermally prepared nanorods as it corresponds to 01-072-7374 PDF+- from ICDD 

database. The electrochemical properties were measure by linear sweep voltammetry 

(LSV) in 1M NaOH electrolyte. TiO2 performs around 0.5 mA/cm2 at 0.5 V versus 

Ag/AgCl electrode. This relatively small photocurrent is caused by poor UV/VIS 

absorption of TiO2. 

 

Figure 15 - TiO2 thin films A), B) SEM images, C) XRD pattern and D) Absorbance 

spectra  
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Absorption of TiO2 (Figure 16) is the biggest disadvantage of this photoactive material 

because this rutile TiO2 have absorbance maximum at around 350 nm and then rapidly 

declines. Sunlight contains only 6% of UV radiation43 and so this material is not suitable 

for practical application for the direct solar water splitting. This key drawback can be 

addressed by different strategies such as elemental doping (e.g. N) to narrow the band 

gap width or by using external optical sensitizers such as various organic dyes, quantum 

dots, plasmonic particles, etc. However, these approaches were not the subject of this 

thesis.  

 

Figure 16 – LSV measurement in 1M NaOH. Black dotted line represents dark part of 

measurement 

 

8.2 Tungsten trioxide (WO3) 

Tungsten trioxide is another n-type metal oxide semiconductor used as the photoanode 

material for the PEC water splitting. WO3 was prepared similarly as the TiO2 nanorods 

by the two step procedure including hydrothermal synthesis and following annealing 

treatment. Figure 17 A and B show the surface SEM morphology WO3 images denoting 

a homogenous coverage of the FTO substrate by randomly oriented nanorods with various 

length. The XRD pattern (Figure 17 C) match with the reference XRD card 04-005-4272 

from PDF-4+ 2016 ICDD database that confirm monoclinic crystalline phase. The 

photoelectrochemical properties of WO3 nanorods were investigated by means of LSV 

experiments. The measurements were proceeded in PBS + 0.1M Na2SO3 working as the 

electrolyte and the results are shown in Figure 18.  
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Figure 17 - WO3 prepared by hydrothermal method. A) and B) SEM images, C) XRD 

pattern D) absorbance spectra 

WO3 suffers also from poor absorbance in VIS region as it can be seen in Figure 17 D. It 

has absorbance maximum near to 350 nm but then it decreases to the 450 nm where there 

is no any absorption (Figure 18).  Absorption in UV region is related to the poor 

photoelectrochemical performance despite homogenous nanorods surface and high 

crystallinity. Due to this handicap WO3 is commonly used in a conjunction with other 

semiconductor such as a BiVO4 representing photoanode with wider absorbance range 

and thus narrower band gap compared to WO3 or TiO2. 

 

Figure 18 – LSV measurement in PBS + 0.1M Na2SO3. Black dotted line represents 

dark part of measurement 
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8.3 Bismuth vanadate (BiVO4) 

Among all three semiconductors investigated in this diploma thesis the particular 

attention was given to bismuth vanadate. It has been identified as one of the most 

promising photoanode materials for PEC water splitting owing to its suitable band gap 

energy and the other aforementioned beneficial features. Despite apparent topicality this 

material is still rather understudied and thus for the rest of this thesis I focused exclusively 

on the experimental investigation of BiVO4.  

Bismuth vanadate was prepared by two different methods. Firstly, the BiVO4 precursors 

were drop casted on the surface of the FTO substrate. The solution with three various 

concentrations of Triton X100 in ethylene glycol was used as a structure agent. However, 

prepared layers were not sufficiently homogenous and produce low values of 

photocurrent. Electrodeposition of BiOI and subsequent conversion in to BiVO4 offers 

more controllable method of preparation homogenous layers with considerably higher 

photoactivity. 

8.3.1 Preparation of BiVO4 by drop casting 

Triton X-100 surfactant was added to three ethylene glycol solutions in different 

concentrations (1%, 5% and 10%) and then the Triton X-100 containing solution was 

mixed with bismuth and vanadium ethylene glycol solutions. After drying at 60 °C for 

1.5 hours and annealing at 500 °C for 2.5 hours the samples were characterized and 

measured. 

Firstly, the samples were analysed by SEM. Following images (Figure 19) revealed 

aggregation of BiVO4 particles.  Figure 19 A.1 and A.2 reffer to sample prepared with 

1% of Triton X-100 and this concentration causes starting aggregation while Figure 19 

B.1 and B.2 correspond to the sample prepared with 10% of Triton X-100 and it shows 

that the film completely aggregated. 
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Figure 19 - BiVO4 prepared by drop casting method. A.1) and A.2) 1% of Triton X-100. 

B.1) and B.2) 10% of Triton X-100 

 

EDS spectrum shows peaks of bismuth, vanadium and oxygen which leads to BiVO4. 

Other peaks such as particularly tin are caused by FTO substrate. XRD analysis 

investigated crystalline structure of BiVO4 prepared by drop casting method.  

 

Figure 20 - EDS spectrum of BiVO4 prepared by drop casting method with 10% of 

Triton X-100 

 

Figure 21 shows XRD peaks marked by a green colour are indexed to clinobisvanite – 

monoclinic form of BiVO4 (04-010-5713, PDF-4+ 2016 ICDD database). Purple lines 
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represent different crystalline phases of BiVO4. Therefore, we can conclude that the 

presented chemical synthesis and drop casting deposition yielded BiVO4 films with 

different crystalline structures. Red lines belong to FTO substrate (04-016-0597, PDF-4+ 

2016 ICDD database).  

 

Figure 21 – XRD patterns of BiVO4 prepared by drop casting method with 5% of Triton 

X-100. Green lines represent monoclinic phase of BiVO4 and purple lines represent 

unidentified BiVO4 phases   

 

Next characterization technique is Raman spectroscopy which is able to probe local 

structure of materials because the bonding states in the polyhedral can be deducted 

directly from spectrum. Layers prepared with solution containing 1% and 10% of 

surfactant were chosen for this analysis. 
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Figure 22 – Raman spectra of BiVO4 prepared with 1% and 10% of Triton X100 as a 

structure agent 

Raman spectra of BiVO4 (Figure 22) are characteristic by main peak at 827 cm-1, which 

together with peak at 710 cm-1 is caused by V – O symmetric stretching. Peaks 326 cm-1 

and 366 cm-1 can by assigned to the symmetric and asymmetric deformation mods of VO4 

tetrahedrons. Peaks 129 cm-1 and 213 cm-1 are related to the external mode of BiVO4
99,100. 

This spectrum can give us also information about phases of BiVO4 because biggest peak 

located at 827 cm-1 corresponds to clinobisvanite, which is monoclinic form of BiVO4
101. 

Spectrum of 1% Triton X100 solution contains, besides typical BiVO4 peaks, few 

unknown peaks. On the other hand, spectrum of 10% solution shows only typical BiVO4 

peaks.  

Electrochemical properties of BiVO4 prepared by drop casting method were investigated 

by linear sweep voltammetry (LSV) as it is shown in Figure 23. All measurements were 

carried out in the environment of 0.1M Na2SO4. At lower potential, 5% and 10% 

performed better photocurrent but at higher potentials the samples prepared with 1% and 

5% become similar and 10% declines.   
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Figure 23 – LSV measurement of three concentrations of structure agent Triton X100. 

Measured in 0.1M Na2SO4. Black dotted line represents dark part of measurements 

As prepared samples performed poor photocurrent density and according to the 

characterization techniques, structure of observed BiVO4 were not pure monoclinic but 

there were also others unknown phases. In this case the different crystalline structures 

worked as an impurity and the high probability causing a high extent of backword 

recombination of the photogenerated charge carriers such as electron and hole pairs. 

Besides these handicaps, drop casted films were not so mechanically stable and it was 

easy to brush them away. For these reasons, it was necessary to find different and more 

convenient method for the BiVO4 preparation. 

8.3.2 Electrodeposition of BiOI 

This method was chosen due to good homogeneity of final layers compared to drop casted 

layers. Following SEM images displayed in Figure 24 show surface of BiOI prepared by 

120 s of electrodeposition. Figure 24 A confirms the high homogeneity of surface 

coverage by the grown BiOI film. On the other side, this SEM image also reveals several 

sphere-like artefacts randomly distributed over the film, which was a common feature of 

the grown films by the electrodeposition. Figure 24 B shows detail of BiOI structure that 

is composed of sheets-like units with edge length around 1 μm in average and thickness 

of tens of nanometers.  
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Figure 24 – SEM images of BiOI prepared by 120 s of electrodeposition 

 

In the following experiments I carried out the electrodeposition with four various times 

such as 30, 60, 120, 240 s. In Figure 25 the cross section images of such prepared films 

are seen revealing the structure changes with the electrodeposition time increase.  In the 

beginning of the electrodeposition, the material starts stick to the surface of FTO substrate 

(Figure 25 A). After 60 s, sheets-like structure appears with 750 nm average height 

(Figure 25 B). With increasing time, sheets grow to around 1 μm (Figure 25 C). When 

electrodeposition time reaches 240s, sheets start to collapse and peeled off the FTO 

substrate (Figure 25 D).  

 

Figure 25 - SEM cross section images of BiOI prepared by four electrodeposition times. 

A) 30 s B) 60 s C) 120 s D) 240 s 
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During SEM measurements of the sample electrodeposited for 120 s also EDS spectrum 

was recorded (Figure 26) that confirms presence of bismuth, iodine and oxygen lacking 

any contaminants. The tin peaks belong to the FTO substrate. The very high intensity of 

these Sn peaks are due to highly porous nanosheet-like morphology and thus the electron 

beam can easily reach the FTO substrate. 

 

Figure 26 - EDS spectrum of BiOI prepared by 120 s of electrodeposition 

 

The XRD patterns (Figure 27)  of samples prepared by 120 s of electrodeposition agreed 

with tetragonal BiOI structure. Thus, crystal structure was confirmed (00-010-0445; PDF-

4+ 2016 ICDD database). Other residual peaks were observed due to FTO substrate. EDS 

spectra and X-ray diffractogram definitely confirmed the presence of crystalline BiOI.  

 

Figure 27 - XRD patterns of BiOI prepared by 120s of electrodeposition 
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The absorbance spectra (Figure 28) show that as prepared BiOI absorbs in broad range of 

UV/VIS radiation from 350 nm to 525 nm where absorbance starts decreasing. Moreover, 

it is clearly observed that electrodeposition time play also a significant role. With 

increasing electrodeposition time, BiOI absorb more visible light. Absorbance of BiOI 

prepared by 30 s of electrodeposition begin to decrease at almost 475 nm while BiOI 

prepared by 240 s of electrodeposition absorb till almost 550 nm. 

 

Figure 28 - UV/VIS spectra of BiOI prepared by various electrodeposition time 

 

These spectra agree with LSV measurements (Figure 29) where the samples were exposed 

to linearly increasing potential in 0.1M phosphate buffer solution (PBS) with pH 7. 

Among other samples, BiOI electrodeposited for 240 s performs best photocurrent 

density, which is due to the extended light absorption. In contrast, the 30 s of 

electrodeposition was not enough to observe any significant photocurrent. Despite all 

these results, as prepared BiOI is not suitable material for the direct water splitting and 

served only as a precursor for BiVO4 conversion due to its chemical stability.    
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Figure 29 - BiOI prepared by different electrodeposition time. Solid lines represent 

light part of measurements and dotted lines represents the dark part of measurements. 

All samples were measured in PBS. 

 

8.3.3 BiOI conversion in to BiVO4  

BiOI prepared at different electrodepositing times were converted in to BiVO4 by adding 

DMSO solution of vanadyl acetylacetonate on the surface of the BiOI precursor layer and 

the subsequent annealing at 450 °C for 2 hours with temperature rate 2.5 °C /min. These 

layers were much more homogenous compared to drop casting method as well as much 

more mechanically stable. The samples prepared by 120 s of electrodeposition was set as 

a standard for characterization techniques due to its best photoelectrochemical 

performance which will be discussed below. 

As prepared samples were characterized by SEM showing their surface morphology. 

During these measurements the EDS spectrum was also captured.  

The SEM images (Figure 30) demonstrate nanoworm-like structure which is larger then 

the BiOI nanosheets-like structure. This change is evolved during annealing due to 

contracting of 2D structured sheets in to round particles. These structures were observed 

also at others works102,103. 
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Figure 30 - SEM images of BiVO4 which was made by conversion from BiOI that was 

prepared by 120 s of electrodeposition  

 

The EDS measurements (Figure 31) confirm presence of BiVO4 thanks to bismuth, 

vanadium and oxygen peaks. Tin peaks appeared in the spectrum because of the FTO 

substrate.  

 

Figure 31 – EDS measurement of BiVO4 which was made by conversion from BiOI that 

was prepared by 120 s of electrodeposition  

 

By comparing the BiOI structure in Figure 25 and resulting BiVO4 in Figure 32 i.e. the 

dependency of electrodeposition time on the final morphology of BiVO4 films it was 

revealed that the starting BiOI structure had a significant impact on the resulting 

morphology of BiVO4 layers. Figure 32 A shows that small amount of starting (BiOI) 

material forms only few BiVO4 particles on the sample surface after the thermal reaction. 

While the worm-like particles homogenously spread on the whole surface was clearly 

observed in Figure 32 B representing the electrodeposition time of 120 s. When BiVO4 is 

converted from bigger BiOI sheets, the final BiVO4 particles also grow bigger  
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(Figure 32 C). Interestingly, when BiOI is deposited for 240 s, the evolving worm-like 

sheets start to break down and during annealing with vanadium solution, as prepared 

BiVO4 particles aggregate together and finally form bigger particles with sparse surface 

distribution (Figure 32 D). 

 

Figure 32 – SEM images of BiVO4 prepared by converting from BiOI that was prepared 

by various electrodeposition times. A) 30 s B) 60 s C)120 s D) 240 s.  

 

XRD analysis confirmed the presence of monoclinic BiVO4 which is indicated by the 

green lines in Figure 33. The diffractograms of BiVO4 show that films are highly 

crystalline and free from other crystal structures (04-010-5713, PDF-4+ 2016 ICDD 

database).  
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Figure 33-XRD patterns of BiVO4 which was made by conversion from BiOI that was 

deposited for 120 s 

 

Raman spectra (Figure 34) further revealed the structure of BiVO4 prepared by 

conversion from BiOI that was deposited for 120 s. It shows peaks significant for 

monoclinic form of BiVO4 called clinobisvanite, as was mentioned before. Beside highest 

peak, spectra contained other BiVO4 significant peaks such as 710, 366, 326, 213,  

129 cm-1 99,100.  

 

Figure 34  – Raman spectra of BiVO4 which was made by conversion from BiOI that 

was deposited for120 s  
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The absorbance spectra shown in Figure 35 denote optical properties of the BiVO4 

samples. Compared to BiOI absorbance spectra (Figure 28), for the BiVO4 films any 

significant shift of the absorption edge in the visible part was not observed. BiVO4 layers 

start to absorb photons at UV region around 350 nm and absorption drops sharply around 

470 nm. Another feature that can be read from the absorption spectra is that the time of 

electrodeposition affected the absorption in the order that it increased with the increased 

time of electrodeposition reaching the maximum for 120 s. On the other hand, this trend 

can be expected since the absorption increase observed is due to the increased thickness 

of the films. Further increase of the electrodeposition time, however, led to a collapsed 

and thus inhomogeneous structure, which resulted in the decreased absorption. This is 

perfectly in line with SEM morphology results which showed BiVO4 prepared by 

conversion from BiOI electrodeposited for 120 s as a sample with largest surface and on 

the other hand, BiVO4 converted from BiOI electrodeposited for 30 and 240 s as the 

samples with the smallest active surface. 

 

Figure 35 - UV/VIS spectra of BiVO4 prepared by conversion from BiOI that was 

prepared by various electrodeposition time 

 

Furthermore, the absorbance spectra matched with photoelectrochemical linear sweep 

voltammetry measurements (Figure 36) which also reflected the effect of BiOI 

electrodeposition on resulting BiVO4 PEC performance. It is obvious that the 120 s 

sample had the highest homogeneity and relatively  optimal thickness, which resulted in 
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the highest incident light absorption and finally also the highest photocurrent. The 60 s 

sample performed the second highest photocurrent density. These two samples with 

highest photoactivity had also the most homogenous surface with well distributed worm-

like nanoparticles (Figure 32 B and C). On the other hand, samples with poor surface 

particles distribution reported the lowest photocurrent density as well as the low 

absorbance.   

 

Figure 36 - BiVO4 prepared by different electrodeposition times. Solid lines represent 

light part of measurement and dotted lines represent dark part of measurements. All 

four samples were measured in PBS + 0.1M Na2SO3. 

 

BiVO4 prepared by conversion from BiOI electrodeposited for 120 s showed the best 

photoelectrochemical performance and that is why it was further studied and measured in 

four different electrolytes such as PBS (pH = 7), Na2SO3, Na2SO4 and in PBS with 

Na2SO3. Figure 37 shows the linear sweep voltammetry scans of the 120 s samples 

recorded in different electrolytes such as a PBS. The best photocurrent was achieved in 

0.5M Na2SO3 and then in PBS + Na2SO3. The Na2SO3 in PBS serves as a hole scavenger 

that improve photocatalytic performance due to evolving of sulphite radicals which 

provide great reducing and oxidizing capabilities104. 
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Figure 37 - LSV measurements in four different electrolytes – 0.1M PBS (pH=7), 0.5M 

Na2SO4, 0.5M Na2SO3, PBS + 0.1M Na2SO3.Solid lines represents light parts of 

measurement and dotted lines represents dark part of measurement. BiVO4 was made 

by conversion from BiOI prepared by 120 s of electrodeposition. 

 

These properties were observed also at chronoamperometry (ChAM) measurements 

(Figure 38) showing the dependency of current density (the photocurrent) on time at 

constant applied potential of 0.5 V besides the measurement using the Na2SO3 electrolyte 

that had to be performed at the potential of 0.2 V due to the significantly shifted oxygen 

evolution onset potential as it is clearly seen in Figure 37 . The ChAM measurement 

shows sufficiently long chemical stability. Moreover, there are only small current density 

spikes that are commonly caused by fast electron – hole recombination appearing 

immediately when the light is on77,105. 
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Figure 38- ChAM measurements of BiVO4 in four different electrolytes- PBS (pH=7), 

0.5M Na2SO4, 0.5M Na2SO3, PBS + 0.1M Na2SO3. Potential was set at 0.5 V at the 

right figure and 0.2 V at the right. 

The electrochemical impedance spectroscopy (EIS) measurements (Figure 39) confirmed 

the results obtained from the LSV measurements. The EIS provides information about 

charge – transfer resistance at the electrode interface under light illumination. The half 

circle in the Nyquist diagram represent a charge transfer resistance. The smaller diameter 

of half circle indicate more effective electron – hole separation and thus higher 

photocurrent106. These EIS results are in line with LSV measurements in PBS because at 

the applied potential 0.3 V the charge transfer is worse than at the potential of 0.5 V (all 

potentials were measured versus Ag/AgCl electrode) can be seen in Figure 37. 

 

Figure 39 - EIS measurements of BiVO4 in 0.1 M PBS (pH = 7) under illumination at 

constant potentials 0.3 V and 0.5 V 
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8.4 BiVO4 doped by molybdenum and tungsten 

The doping techniques were used in order to further improve the photoinduced 

functionality of the BiVO4 films. The elemental doping increases the electrical 

conductivity, which in turn leads to better charge separation and dynamics, and thus 

higher photoactivity. Tungsten and molybdenum were chosen as the doping elements due 

to theirs different valence and similar ionic radius compared to vanadium83.  

The surface SEM images displayed in Figure 40 revealed the final morphology of BiVO4 

after doping and secondary annealing. Particles in both cases aggregate together and form 

bigger particles. BiVO4 doped by Mo changes structure of single particles and particle 

surface is not anymore sufficiently homogenous than the undoped. Very similar 

morphology was observed also for the W doped BiVO4 photoelectrodes.  

 

Figure 40 - BiVO4 doped by molybdenum A.1), A.2) and tungsten B.1), B.2) 

 

EDS spectra taken during SEM measurements confirmed the presence of bismuth, 

vanadium oxygen and also doping elements such as tungsten and molybdenum  

(Figure 41).  
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Figure 41 - EDS measurements of BiVO4 doped by A) molybdenum and B) tungsten 

 

To further detect and analyse the Mo and W species in the BiVO4 photoanode, the X-ray 

photoelectron spectroscopy was used. The survey spectrum of pristine BiVO4 is shown 

in Figure 42. This spectrum clearly demonstrate existence of Bi and V while high 

resolution spectra confirm presence of molybdenum and tungsten in BiVO4 doped layers 

(Figure 43).   

 

Figure 42 - XPS survey spectra of BiVO4 
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The binding energy peaks at 158.3 and 163.9 eV are indexed to Bi 4f7/2 and Bi 4f7/2 states 

that are in lines with the result from Bi3+. The peaks at 516 eV are ascribed to V 2p3/2 

states of the VO4
3- tetrahedral. W6+ oxidation state in confirmed by biding energy peaks 

at 35 and 37.1 eV which are assigned to W 4f7/2 and W 4f5/2. Trace of Mo6+ was detected 

at binding energies at 232 and 235 eV which are attributed to Mo 3d5/2 and Mo 3d3/2. 

These findings verify that Mo and W were successfully incorporated in the BiVO4 crystal 

lattice as a Mo6+ and W6+ and thus serve as the elemental dopants107. 

 

Figure 43 - High resolution XPS spectra. A) bismuth 4f B) vanadium 2p C) tungsten 4f 

D) molybdenum 3d 

 

Electrochemical impedance spectroscopy further clarifies effect of Mo and W doping 

(Figure 44). The semi-circular arch diameter of Nyquist plot is related to the charge 

transfer ability across the semiconductor/electrolyte interface, the one with smaller semi-

circular arch has smaller charge transfer resistance, suggests the ability to transfer more 

charges. Here, the BiVO4 doped by Mo and W showed lower semi-circular arch diameter 

which indicates higher charger transfer ability than that of pristine BiVO4. Further to 

extract charge transport/transfer parameters we have fitted the Nyquist plot to an 

equivalent circuit. The fitting parameters tabulated below (Table 1).  
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Figure 44 –A) Nyquist diagram of pristine BiVO4 and BiVO4 doped by Mo and W 0.3 V. 

B) chopped LSV measurement of pristine BiVO4 and BiVO4 doped by Mo and W. Both 

measurements were proceeded in PBS (pH=7) 

 

From the table, it was observed that the charge transport resistance (Rsc) decreased for 

BiVO4 + W and BiVO4 + M compared to that of pristine BiVO4. It indicates doping 

increases the internal conductivity of the material due to creation of internal intermediate 

energy levels. Further the charger transport resistance (Rct) is also small for doped 

samples compared to that of pristine BiVO4. It further reveals the more charge transfer to 

the electrolyte. Capacitance across the semiconductor/electrolyte interface (CSE) is also 

higher for doped samples, as a result more number of charges will be accumulate at the 

interface of the semiconductor/electrolyte. This facilitates higher charge transfer ability 

and in turn enhancement in photocurrent108. 

 

  

Table 1 - EIS fitting parameters for pristine BiVO4 and for BiVO4 doped by W and Mo 

Sample Rsc(Ω) Rct (Ω) CSE (F) 

BiVO4 561 2857 8.068 ∙ 10-5 

 

BiVO4 + W 257.1 

 

1155 

 

11.711 ∙ 10-5 

 

BiVO4 + M 14.26 

 

1695 

 

12.498 ∙ 10-5 
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9 Conclusion 

The presented diploma thesis was focused on photoactive materials with usage for 

photoelectrochemical water splitting as was mentioned in the aims of diploma thesis. The 

energy source for this process is sunlight and thus investigated materials must absorb at 

least a portion of the UV/VIS radiation. All samples were prepared on the most commonly 

used glass substrate coated by a fluorine doped tin oxide conductive layer (FTO). 

The first aim of this diploma thesis was preparation of wide band gap semiconductors 

such as a titanium dioxide (TiO2) and tungsten trioxide (WO3). The TiO2 prepared by 

hydrothermal method followed by annealing treatment was the first studied material. The 

prepared layers had homogenous FTO surface covered by oriented nanorods. It was 

revealed that the TiO2 nanorods had a rutile crystalline structure. The TiO2 nanorod array 

showed a steady – state plateau photocurrent of 0.5 mA/cm2 over a relatively wide range 

of the applied potential (from -0.1 V to 1.1 V vs. Ag/AgCl) when the electrochemical 

oxygen evolution reaction started to dominate. This rather moderate 

photoelectrochemical performance was caused due to the narrow range of absorbed 

radiation.  

The second photoactive material was WO3 prepared similarly as the TiO2 in the autoclave 

by hydrothermal method with subsequent annealing process. The surface SEM images of 

prepared nanostructures showed randomly oriented WO3 nanorods which were 

homogenously spread on the surface of FTO. These nanorods appeared in various lengths. 

The X-ray diffraction revealed the monoclinic crystalline phase of WO3. Tungsten 

trioxide provides wider absorption range than TiO2 but the photoelectrochemical 

measurements did not performed satisfactory results that reach only 0.6 mA/ cm2 at the 

potential of 0.5 V (vs. Ag/AgCl). 

According to the aims of diploma thesis, the main objective of this diploma thesis was 

the BiVO4 photoanode that represented narrow band gap semiconductor. It was prepared 

by two different methods. The first method based on a drop casting method and with the 

usage of Triton X-100 surfactant as a structure agent. Different concentrations of Triton 

X-100 were used. Characterization techniques revealed that this method is not successful 

due to particle aggregation and poor mechanical stability. Photoelectrochemical 

performance also did not provide promising results. Thus, another method was sought. 
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Very perspective method was the two step preparation including electrodeposition of 

BiOI that serve as a precursor for BiVO4 conversion and subsequent annealing treatment. 

BiOI was also studied and characterized. It is not interesting from photoelectrochemical 

point of view due to poor photocurrent results, but it was found that BiOI structure have 

a major influence on final BiVO4 properties. BiVO4 prepared by conversion from BiOI 

electrodeposited for 120 s performs almost 2 mA/cm2 in PBS + 0.1M Na2SO3 at 0.5 V vs. 

Ag/AgCl. Additionally, surface homogeneity and mechanical stability was also 

satisfactory.  

The final aim of this work was the doping of BiVO4 photoanode by molybdenum and 

tungsten in order to improve BiVO4 photoelectrochemical properties. SEM images 

revealed structure changes during second annealing where particles aggregate together 

and form bigger particles compared to pristine BiVO4. Presence of doped elements was 

confirmed by EDS and also by XPS. Moreover, XPS determined the oxidation states of 

dopants such as Mo6+ and W6+, which means that these elements were incorporated into 

the crystal lattice of BiVO4. EIS measurements revealed the effect of doping. It was found 

out that dopants cause decline of intrinsic charge transfer resistance that leads to 

increasing of internal conductivity and thus to the higher photocurrent density.  

All the aims of this diploma thesis were successfully fulfilled. The future research related 

to the BiVO4 photoanodes can be focused on further study of metal doping techniques 

that prevent aggregation while maintaining surface homogeneity or using of co-catalysts 

which can improve surface reactions such as oxygen evolution reaction. Above all, the 

production of BiVO4 photoanodes on an industrial scale still remains the biggest 

challenge along with the design and construction of sophisticated systems which will 

produce hydrogen for fuel cells in economically viable manner that finally provide the 

green electricity for whole world.  
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