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Kurzfassung 
 

Die Internationale Energieagentur (IEA) schätzt den weltweiten Energieverbrauch auf etwa 18 TW 

pro Jahr.1 Derzeit wird diese Energie hauptsächlich durch die Verbrennung fossiler Brennstoffe 

bereitgestellt. Die weltweiten Vorräte an fossilen Brennstoffen sind jedoch begrenzt und bei deren 

Verbrennung werden Schadstoffe sowie Treibhausgase freigesetzt, die schwerwiegende 

Umweltprobleme verursachen. Eine der wichtigsten ökologischen Nebenwirkungen ist dabei die 

globale Erwärmung. Um diese negativen Auswirkungen zu vermeiden, ist der Einsatz nachhaltiger 

Energien unerlässlich. Unter den verschiedenen verfügbaren Energiequellen besitzt Sonnenlicht 

dafür das bei weitem größte Potenzial. Aufgrund der täglichen, regionalen und saisonalen 

Schwankungen der Sonneneinstrahlung muss die gewonnene Energie jedoch gespeichert und 

effizient genutzt werden. Die direkte photoelektrochemische (PEC) Wasserspaltung ist eine 

vielversprechende Möglichkeit, die Energie des Sonnenlichts effizient in chemische Energie zu 

konvertieren. Dabei wird Wasser zu Wasserstoff reduziert und zu Sauerstoff oxidiert. Die 

Oxidation von Wasser bildet in diesem Prozess prinzipiell den kinetisch limitierenden Faktor und 

ist Schwerpunkt dieser Arbeit. Es wurden n-Halbleiter, welche über Lichtabsorption die benötigte 

Photospannung aufbauen können, mit Co-Katalysatoren für die Oxidationsreaktion kombiniert. 

Die Energetik an der Halbleiter-Katalysator-Grenzschicht wurde untersucht, welche auf die 

Effizienz der Ladungstransferprozesse entscheidenden Einfluss nimmt. Die Valenzbandpositionen 

des Halbleiters und des Co-Katalysators wurden variiert und mit den Prozessen beim 

Ladungstransfer in einem kombinierten Halbleiter/Co-Katalysatorsystem korreliert.   

Im ersten Teil der Arbeit wurde der Einfluss der Dicke von MnOx Dünnschichten als Co-

Katalysator auf die photoelektrochemische Leistung von BiVO4 Photoanoden untersucht. Dabei 



 
 

zeigte die MnOx/BiVO4-Probe mit einer ca. 4 nm dicken MnOx Schicht den höchsten Photostrom. 

Röntgen-Photoelektronenspektroskopie (XPS) Studien belegen, dass die Beschichtung mit MnOx 

zu einer Verbiegung des Leitungs- und Valenzbandes an der Oberfläche vom BiVO4 führt und 

somit die Oberflächenrekombination reduziert. Größere Schichtdicken an MnOx, die über die 

optimalen 4 nm hinausgehen führen dagegen zur Ausbildung von Kurzschlüssen mit dem 

Rückkontakt, wie die energie-dispersive Röntgen-Scanning-Transmissions-

Elektronenmikroskopie (EDX-STEM) und elektrochemische Untersuchungen zeigen. Dadurch 

wird der positive Effekt der Bandverbiegung aufgehoben, was den beobachteten Trent des 

Photostroms mit einer wachsender MnOx Schichtdicke erklärt.  

Im zweiten Teil der Arbeit wurde versucht, die Valenzbandposition des BiVO4 durch Dotierung 

mit Stickstoff zu verschieben. Zwei verschiedene Ansätze wurden dazu untersucht: Anpassung der 

Sprühpyrolyse-Rezeptur hinsichtlich einer Stickstoffquelle und die Stickstoffionenimplantation 

nach der BiVO4 Deposition. In beiden Fällen konnte die Einlagerung von Stickstoff zwar 

nachgewiesen werden, jedoch lag dieser lediglich in molekularer Form (d.h. N2) im Material vor. 

Berechnungen mittels der Dichte-Funktional-Theorie bestätigen die thermodynamische Stabilität 

von N2 im BiVO4, wobei N2 wahrscheinlich als Brücke zwischen zwei Vanadiumatomen 

koordiniert vorliegt. Diese Struktur bildet einen Zwischenband-Zustand unter dem 

Leitungsbandminimum des BiVO4 aus, was lediglich zu einer scheinbaren Verschiebung der 

Bandlücke jedoch nicht zu einer Verbesserung der photoelektrochemischen Aktivität führt. 

Da der Substitutionsprozess von Sauerstoffatomen durch Stickstoffatome für BiVO4 offenbar nicht 

thermodynamisch begünstig ist, wurde ein (Oxy)nitrit-Materialsystem mit einstellbarer 

Bandposition als alternativer Absorber anvisiert. Der Fokus wurde auf das Ta-O-N-System als 

Photoanodenmaterial mit abstimmbaren Valenzbandpositionen verlagert. Die Integration von 



 
 

Stickstoff in Ta2O5 führte erfolgreich zu einer Reduzierung der Bandlücke, was sich aus der 

Verschiebung des Valenzbandes von 3,8 eV unterhalb des Fermi-Levels für Ta2O5 auf 2,3 eV für 

TaON und 2,1 eV für Ta3N5 ergibt. Im nächsten Schritt wurde Ni-dotiertes MnOx als Co-

Katalysator mit einstellbarer Valenzbandposition abgeschieden und dessen Einfluss auf die Ta-O-

N Grenzfläche untersucht. Die Abstimmbarkeit der Valenzbandposition sowohl des Halbleiters als 

auch des Co-Katalysators ermöglichte es uns, die energetischen Effekte an deren Grenzfläche 

besser zu verstehen. Die Photoströme aller untersuchten  Ta-O-N-Photoanoden verbesserten sich 

nach Abscheidung der Co-Katalysatoren. Wir konnten zeigen, dass dafür jedoch nicht die 

katalytische Aktivität der Co-Katalysatoren entscheidend ist, sondern eher die elektronischen 

Grenzflächeneigenschaften zwischen dem Halbleiter und dem Co-Katalysator. So zeigte sich, dass 

der Photostrom der Photoanoden mit einer zusätzlichen Bandbiegung skaliert, welche durch die 

Abscheidung unterschiedlicher Co-Katalysatoren auf dem Halbleiter entsteht.  Weiterhin wurde 

eine Korrelation zwischen den relativen Positionen der Valenzband-Maxima des Halbleiters und 

des Co-Katalysators und der Eigenschaften des Ladungstransports an der Grenzfläche gefunden. 

Insgesamt wurde in dieser Dissertation ein besseres Verständnis der Prozesse beim 

Ladungstransfer an der Halbleiter/Co-Katalysator/Elektrolyt Grenzfläche erreicht. Unsere 

Ergebnisse zeigen, dass eine Verbesserung der Wasseroxidation an photoelektrochemischen 

Anoden eher durch eine Anpassung der elektronischen Bänder an der Halbleiter/Katalysator 

Grenzfläche erreicht wird als durch die Optimierung der katalytische Aktivität des Katalysators. 

Diese Ergebnisse können sehr vorteilhaft bei der zukünftigen Entwicklung von Photoelektroden 

für die Wasseroxidation sein, was zurzeit noch eine große Herausforderung für die hocheffizienten 

solaren Wasserspaltung darstellt. 

 



 
 

 

Abstract 
 

The International Energy Agency (IEA) estimated the world energy use to be about 18 TW per 

year [1]. Currently, this amount of energy is mostly provided by combusting fossil fuels. However, 

the world’s reserve of fossil fuels is finite, and the combustion of fossil fuels releases pollution and 

greenhouse gasses causing severe environmental problems. One of the most significant 

environmental side effects of burning fossil fuels is global warming. To avoid these detrimental 

effects, the use of sustainable energies is imperative. Among the different sustainable energy 

sources, the sun is by far the one with the largest potential. However, due to diurnal, regional, and 

seasonal variations of sunlight, the energy needs to be stored and utilized efficiently. Direct 

photoelectrochemical (PEC) water splitting is an elegant way to store sunlight by means of 

chemical bonds. In the process, water is reduced and oxidized to hydrogen and oxygen, 

respectively. The oxidation of water is generally the limiting factor in a PEC cell and is, therefore, 

the main focus of this dissertation. We combine an n-type semiconductor with a co-catalyst: the 

semiconductor is the light absorber and provides the photovoltage, while the co-catalyst aids the 

oxidation reaction. We investigate the energetics at the semiconductor/co-catalyst interface, which 

are crucial for the charge transfer processes. In order to study the energetics, we tune the valence 

band position of the semiconductor and the co-catalyst and investigate the charge transfer processes 

in a combined semiconductor/co-catalyst system.   

In the first part, we investigated the role of an atomic layer deposited (ALD) MnOx co-catalyst and 

its thickness on the photoelectrochemical performance of BiVO4 photoanodes. The modified 

MnOx/BiVO4 sample with a thickness of ~4 nm shows the highest photocurrent. X-ray 

photoelectron spectroscopy (XPS) studies reveal that addition of MnOx results in a modification of 



 
 

the surface band bending of BiVO4, therefore, reducing surface recombination. At the same time, 

increasing the thickness of MnOx beyond the optimal 4 nm introduces shunting pathways, as shown 

by energy dispersive x-ray scanning transmission electron microscopy (EDX-STEM) and redox 

electrochemistry. This cancels out the band bending effect, which explains the observed 

photocurrent trend.  

In the second part, we attempted to shift the valence band position of the BiVO4 by the 

incorporation of nitrogen. Two different approaches were investigated: modification of the 

precursors for the spray pyrolysis recipe and post-deposition nitrogen ion implantation. The 

incorporation was successful, but nitrogen was present in the molecular form (i.e., N2). Density 

functional theory (DFT) calculations confirm the thermodynamic stability of the incorporation and 

suggest that N2 coordinates to two vanadium atoms in a bridging configuration. This forms an 

additional intra-band state under the conduction band minimum, which results in a shift in bandgap 

but unfortunately without any improvement in the photoelectrochemical performance. 

Since the substitution process of oxygen atoms by nitrogen atoms is not thermodynamically 

favorable for BiVO4 (vide supra), an alternative (oxy)nitride material system with adjustable band 

position was desired. Thus, we shifted our focus for the photoanode material to the Ta-O-N system 

with tunable valence band positions. Introducing nitrogen indeed results in a bandgap reduction, 

which is a direct result of the valence band shift from 3.8 eV below the Fermi level for Ta2O5 to 

2.3 eV for TaON and 2.1 eV for Ta3N5. As the next step, the role of a co-catalyst with adjustable 

valence band positions (Ni-doped MnOx) and its influence at the interface were investigated. The 

tunability of the valence band positions of both the semiconductor and the co-catalyst allows us to 

unravel the energetic effects at the interface. Photocurrents for each Ta-O-N photoanode were 

improved upon the deposition of the co-catalysts. We found that the catalytic activity of the co-



 
 

catalysts does not play a major role; instead the properties of the interface between the 

semiconductor and the co-catalyst does. We also found two interesting correlations. First, the 

photocurrent of the photoanodes scales with the additional band bending as a result of depositing 

different co-catalysts. Second, a correlation is established between the relative valence band 

maximum positions of the semiconductor to those of the co-catalysts and the interfacial charge 

transfer properties between the semiconductor and co-catalyst.    

Overall, in this dissertation, a better understanding of the charge transfer processes at the 

semiconductor/co-catalyst/electrolyte interface has been achieved. Our findings show that the 

interface energetics play a more important role as compared with the catalytic activity of the 

catalyst in improving water oxidation for semiconductor-catalyst systems. This consideration is 

highly beneficial in the development of photoelectrodes for water oxidation, which is one of the 

main bottlenecks in achieving highly efficient solar water splitting.  
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Chapter 1. Introduction 
 

1.1. Energy challenges 

The International Energy Agency (IEA) estimates that the current annual world energy use is 

1.58 × 1017 Wh (5.67 × 1020 joules) or about 18 TW [1]. This amount of energy is mostly provided 

by combusting fossil fuels. However, the world’s reserve of fossil fuels is not infinite, and the 

combustion of fossil fuels releases pollution and greenhouse gasses causing severe environmental 

problems (i.e., global warming). The Earth’s atmosphere consists of predominantly nitrogen (78.1 

%), oxygen (20.9 %), and argon (0.9 %) [2]. These gasses do not absorb visible or infrared 

radiation, and therefore, they do not have an impact on warming the Earth’s atmosphere. The rest, 

including water vapor (0.4  %), carbon dioxide (400 ppm), methane (1.8 ppm), nitrous oxide (320 

ppb), and sulfur hexafluoride (6.7 ppt), absorb infrared radiation and are considered as greenhouse 

gasses [3]. The warming of the Earth by the presence of these greenhouse gasses can be understood 

as following. After sunlight radiation reaches the Earth, some of it is reflected (~30.5%), some is 

absorbed by the atmosphere (~20 %, mostly UV), and the rest is absorbed by the Earth’s surface 

and warms it (Figure 1.1). Due to the lower temperature of the Earth, the absorbed solar energy is 

emitted with lower energy (i.e., longer wavelength) in the infrared region. Most of this emitted 

radiation is absorbed and re-emitted by the greenhouse gasses. This effect is beneficial since 

without this the average temperature of the Earth would have been approximately -19 oC instead 

of 14 oC [3]. However, any changes to the concentration of greenhouse gasses in the atmosphere 

would change the balance between the Earth’s incoming and outgoing radiation. 
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Regular scientific measurements from 50 years ago reveal that the amount of greenhouse gasses 

has been increasing in the atmosphere, which increases the absorption of the infrared radiation 

resulting in global warming. Among all of the greenhouse gasses, CO2 is the most important 

contributor to climate change. The main reservoirs for CO2 are terrestrial biospheres (plants, 

animals, etc.), oceans (storage of a very large amount of carbon due to the solubility of carbon 

dioxide in water), and fossil fuels (coal, oil, and natural gas). As a result of human activities of 

burning fossil fuels since the industrial revolution in the 1800s, CO2 has been released at 

unprecedented rates into the atmosphere [4]. NOAA, the central location for monitoring 

greenhouse gases worldwide, is in charge of running a global air sampling network. Their 

measurements are based on samples from all over the world, measured in surface flasks, by aircraft, 

tower measurements, etc. The monitoring program of NOAA provides measurements of the global 

distribution and abundance of long-lived greenhouse gases that are used to calculate changes in 

radiative climate forcing. These accurate measurements reveal that the abundance of CO2 in the 

atmosphere has increased by 1.83 ppm/year from 1979 to 2018. This increase is accelerating; in 

Figure 1.1: The incoming solar radiation to the Earth and the greenhouse effect. Some parts of the radiation

are reflected by the Earth’s surface and the atmosphere, some parts are absorbed by Earth’s surface, and the

rests are absorbed and re-emitted by greenhouse gasses. 
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the 80s and 90s, the increase was about 1.6 and 1.5 ppm/year, respectively, while an increase of 

2.3 ppm/year between 2009 and 2018 was reported. This amount has been further increased to 2.5 

ppm from Jan 2018 to Jan 2019, which is much higher than the last two decades [5]. The increase 

of greenhouse gasses resulted in an increase of the radiative forcing, which means an increase of 

the globally averaged change in the heat balance of the Earth-atmosphere system due to factors 

external to the climate system [6]. CO2 accounts for ~70% of the total enhancement (Figure 1.2). 

Furthermore, different global climate indicators, such as sea level, average temperature, notable 

weather events, and other data collected by environmental monitoring stations and instruments 

located on land, water, ice, and in space enables scientists to quantify the climate change effects; 

all the top 10 warmest years since the mid-1800s occurred in the last two decades and 2018 was 

the fourth warmest year in the records from mid-1800 [7]. 

 

 

The rise of fossil fuels is largely driven by the growth of world’s energy consumption, which is 

also increasing at an alarming rate. According to the 2019 BP Statistical Review of World Energy, 

Figure 1.2: Radiative forcing and annual greenhouse gas index in the period of 1979-2018. Source: Ref [7]
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the 2.9% growth of energy consumption last year is the highest since 2010, which is almost double 

as compared with the last 10-year average (1.5 % per year). The extra energy consumed was mainly 

provided by natural gas (contribution of 40 %). Except for the renewables, all other fuels grew 

faster than their 10-year average. The 1.4 million barrels per day growth of oil consumption resulted 

in an increase of global oil production by 2.2 million barrels per day in the USA, which is the 

highest annual increase ever reported for a single country. The 5.3 % increase in natural gas 

consumption was the fastest since 1984 (195 billion cubic meters). Also, the coal consumption 

increased by 1.4 % over a 10-year average. As a result of all these growths in the fossil fuel energy 

consumption, the ~2 % increase in carbon emissions was the fastest growth rate in the last years 

[8]. Therefore, a proper control of the use of fossil fuels and CO2 generation is required to stop 

environmental hazards.  

In order to decouple the energy consumption and carbon emissions, a transition from fossil fuels-

based energy generation to one that uses renewable sources is imperative. Indeed, although further 

growth is necessary, the growth of renewables in the last decade has been quite promising. In 2018, 

renewable energy in power generation (excluding hydro) increased by 14 %, which is slightly 

below the 10-year average growth of 16 %. Wind energy production with 142 TWh contributed 

more to renewable generation growth than solar with 131 TWh. Around 50% of renewables 

generation in the last few years was covered by wind. The share of solar has increased by 24%, 

which is 13 % higher than its percentage in 2013 (Figure 1.3) [8]. Germany is one of the pioneer 

countries in utilizing renewable energies (Figure 1.4). In 2018, a record of 38% of the electricity 

consumption in Germany was covered by renewable energies. However, to meet the climate 

protection targets for 2030, more capacities and installations are required [9].  
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Figure 1.3: Renewable generation by source, 1998-2018. Source: Ref [8]

Figure 1.4: Contribution of renewable energies to cover electricity consumption in Germany. Adapted from

Bundesverband der Energie- und Wasserwirtschaft (BDEW) [9]. 
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1.2. Sustainable energy sources; Sunlight as an intermittent energy source  

As mentioned, renewable and sustainable energy resources are an essential solution for avoiding 

global warming. These resources do not pose as much adverse side effects (e.g. air pollution) as 

fossil fuels. The estimated renewable energy reserves are summarized in Table 1.1 [11]. Clearly 

among all of them, the largest energy source is the sun [10]. With its 120,000 TW of power, the 

sun can provide sufficient power for the whole of Earth’s energy consumption. In one hour, the 

energy that reaches the Earth from the sun is 430 EJ, which is about the amount of the annual 

world’s energy consumption (e.g. 410 EJ in 2001 [10] and 567 EJ in 2013 [1]). The only limitation 

is the intermittency of sunlight due to diurnal, regional, and seasonal conditions. Therefore, the 

energy needs to be stored and utilized efficiently. 

Table 1.1: 2015 estimated renewable energy reserves (Terawatt-years). Yearly potential is shown [11].  

Energy source Solar Wind Waves OTEC* Biomass Hydro Geotherm. Tidal 

Energy reserves 

(TWy/y) 
23000 75-130 0.2-2 3-11 2-6 3-4 0.2-3 0.3 

* Thermal Energy Conversion 

 

1.2.1. Storage of sunlight and the importance of hydrogen 

Figure 1.5 shows the currently available storage systems. Some of these storage systems have high 

specific energy (e.g. batteries) and some have high specific power (e.g. capacitors). Among all, 

however, chemical fuels are the most promising in both specific power and energy. Gasoline, 

methane, and methanol (i.e., hydrocarbons) are examples of conventional chemical fuels that can 

be produced renewably via electrochemical reactions of CO2 and hydrogen. Chemical fuel 

production from CO2 has, however, many limitations due to the challenging electrochemical 
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reactions and capturing processes; it is the topic of wide ongoing research efforts. On the other 

hand, hydrogen can also act as an energy storage medium and an energy carrier. In fact, the 

renewable generation of hydrogen from water is more facile as compared to the hydrocarbons, and 

all chemical fuels contain hydrogen.  

 

 

The various applications of hydrogen are summarized in Figure 1.6. Hydrogen can be stored for a 

long time and also be converted to electricity with fuel cells. It can be utilized in industry, as its 

combination with nitrogen results in the formation of ammonia (Haber-Bosch process) [12, 13], 

which is an important feedstock for fertilizers and necessary to meet mankind’s growing demand 

for food. Furthermore, a mixture of hydrogen and carbon monoxide,which is called ‘synthesis gas’, 

or ‘syngas’ for short, can be utilized to produce synthetic petroleum via Fischer-Tropsch method 

[14]. Although the carbon emissions need to then be captured, it may still be beneficial to use 

renewably produced hydrocarbon fuels, since they can be directly fed into the existing 

infrastructures for liquid and gaseous hydrocarbons from fossil fuels. 

Figure 1.5:  The specific energy vs. the specific power for different energy storage materials. Adapted from

the National Renewable Energy Laboratory (NREL), USA.  
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As an energy carrier, hydrogen has specific advantages, in terms of its (i) zero emission (burning 

hydrogen will produce only water), (ii) controllability (the reaction speed can be adjusted with 

catalysts), and (iii) its high energy density. Moreover, being the lightest gas, it will quickly rise and 

disappear when burns, without making a liquid spreading form of fire. It is also not toxic [16]. On 

the other hand, hydrogen possesses challenges as a fuel; it is highly diffusive and flammable. Also, 

the volumetric energy density is rather low, which makes it difficult to store [5].  

 

1.2.2. Hydrogen production  

Various processes exist for the production of hydrogen, including chemical, electrolytic, photolytic 

and biological approaches [5, 17, 18]. 95% of the production of hydrogen, however, is still from 

the non-sustainable, conventional reactions of fossil fuels, mainly by the steam-reforming of 

methane or natural gas. The steam reforming (carbon-steam) process is as follows: 

Figure 1.6: Production and utilization of hydrogen in the energy infrastructure. Source: Ref [15] 
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𝐶 𝐻 + 𝑛𝐻 𝑂 → 𝑛 𝐶𝑂 + ( )𝐻        (1.1) 

for methane: 𝐶𝐻 + 𝐻 𝑂 → 𝐶𝑂 + 3𝐻       (1.2) 

For heavier fractions, partial oxidation is used: 

𝐶 𝐻 + 𝑂 → 𝑛 𝐶𝑂 + 𝐻        (1.3) 

for methane: 𝐶𝐻 + 𝑂 →  𝐶𝑂 + 2𝐻       (1.4) 

In addition, thermal decomposition of alcohols to form hydrogen is also possible: 

𝐶𝐻 𝑂𝐻 →  𝐶𝑂 + 2𝐻          (1.5) 

𝐶 𝐻 𝑂𝐻 →  𝐶𝑂 + 𝐻 + 𝐶𝐻         (1.6)  

Other methods also exist to produce hydrogen from fossil fuels, and the readers are directed to 

other references and textbooks for a more detailed elaboration [16].  

Electricity can also be used to split water into its molecules (oxygen and hydrogen) through 

electrolysis. The electricity in the mentioned process can be produced from fossil fuel or renewable 

sources. If it is the latter, the process can be considered as a sustainable, fossil fuels-free method to 

produce hydrogen. For example, the renewable electricity can be obtained from sunlight, and the 

hydrogen production then occurs via a solar water splitting process. This process can be done 

indirectly by coupling solar cells to electrolyzer cells or directly in a photoelectrochemical cell 

(Figure 1.7). Direct photoelectrochemical water splitting is an elegant way to generate hydrogen, 

since the sunlight absorption and electrochemical reactions are combined in a single device. The 

direct approach is therefore considered in this thesis and is explained in the following section.  
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1.3. Theoretical background 

1.3.1. Photoelectrochemical water splitting (PEC) 

In a typical PEC water splitting system, semiconducting photoelectrodes are immersed in an 

aqueous electrolyte. The main steps include light absorption and charge separation by the 

photoelectrodes, and water oxidation/reduction reaction occurs on the surface. Therefore, potential 

photoelectrode materials should be able to absorb a broad region of the solar spectrum and 

efficiently transfer the photogenerated electrons and holes. The photoexcited electrons and holes 

then split the aqueous electrolyte via oxidation and reduction half-reactions at the anode and 

cathode, respectively (Figure 1.8).  

Figure 1.7:  Schematics of water splitting in an aqueous electrolyte a) coupling a solar cell with an

electrolyzer and b) direct photoelectrochemical water splitting 
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The above-mentioned redox half-reactions are shown in equations 1.7-1.11 for the acidic and 

alkaline environments.         

Acidic environment: 

 2𝐻 + 2𝑒 ↔ 𝐻          (1.7) 

 2𝐻 𝑂 ↔ 𝑂 + 4𝐻 + 4𝑒         (1.8) 

Alkaline environment: 

2𝐻 𝑂 + 2𝑒 ↔ 𝐻 + 2𝑂𝐻         (1.9) 

4𝑂𝐻 ↔ 𝑂 + 2𝐻 𝑂 + 4𝑒         (1.10) 

Overall water splitting: 

𝐻 𝑂(𝑙) ↔ 𝐻 (𝑔) + 𝑂 (𝑔)         (1.11) 

Figure 1.8: Photoelectrochemical water splitting cell. In this schematic example, the semiconductor acts as

a photoanode, where the oxygen evolution reaction (OER) happens.  
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In both environments, the oxidation half-reaction is the limiting factor due to the more kinetically 

demanding nature of the reaction (four holes are needed for oxidizing water, while only two 

electrons are required to reduce water). Therefore, in this thesis, the main focus will be on the 

oxygen evolution reaction (OER) part of a PEC cell. As obvious from Figure 1.8, the 

semiconductor plays a key role in the process, which is described in more detail in the next few 

sections. 

 

1.3.2. Classification of materials and semiconductors 

Briefly, in the energy band diagrams of solids, there are three main regions; the upper bands called 

conduction band (CB), the lower band, called valence band (VB), and a region where energy states 

cannot exist. This forbidden energy range is called the energy gap or bandgap (Eg) [19]. In a case 

of a filled valence band and an empty conduction band, there will be no carriers (no possible current 

flow) [20]. For metals, a bandgap does not exist. The valence electrons therefore can be easily 

transported via the overlapping conduction band. On the other hand, the bandgap is very large for 

insulators (e.g. ≈5 eV for diamond and ≈8 eV for SiO2), and thermal energy at room temperature 

can only excite very few electrons from VB to CB. Therefore, the number of carriers is very limited 

and the material is a poor conductor of current [20]. Semiconductors are categorized in between 

metals and insulators. For instance, Si has a bandgap of Eg=1.12 eV, and Ge has a bandgap of 

Eg=0.66 eV [20]. Carriers can therefore be created with excitation of electrons from the valence 

band into the conduction band (i.e., via light illumination or thermal excitation at elevated 

temperatures), and holes (i.e., absence of electrons) will remain in the valence band [20]. 

Schematics of band diagrams for different materials are shown in Figure 1.9a. Figure 1.9b shows 

the energy-band structure of two intrinsic semiconductors (Si and Ge) [19].   
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1.3.2.1. The density of states (DOS)  

In this section, the distribution of allowed energy states will be explained. The distribution/density 

of energy states at an energy E in the conduction and valence band are noted as gc(E) and gv(E), 

respectively. These parameters can be calculated from Equations 1.12a-b [19, 20].  

𝑔 (𝐸) = ∗ ∗ ( )ħ       , 𝐸 𝐸   (1.12 a) 

𝑔 (𝐸) = ∗ ∗ ( )ħ       , 𝐸 ≤ 𝐸  (1.12b) 

mn* and mp* are the effective masses of electrons and holes, respectively and ħ is the reduced 

Planck constant. The total density of states in the conduction and valence band (Nc and Nv, 

respectively) are: 

𝑁 = 𝑔 (𝐸)𝑑𝐸  , (E  𝐸 )        (1.13b)  

Figure 1.9: a) Schematics of energy diagrams for a) metal, semiconductor, and insulator materials. b) Si and

Ge as examples for intrinsic semiconductors. The band diagrams are reproduced from Sze et al. “Physics of

Semiconductor Devices” [21].  
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𝑁 = 𝑔 (E)dE   , (E ≤  E )       (1.13b)  

The occupation probability of the states is defined with the Fermi function [20]. The occupancy of 

energy states with electrons is a strong function of energy and temperature. This value is 

represented by the Fermi-Dirac distribution function (Equation 1.14). 

𝐹(𝐸) = [( )/ ]        (1.14) 

EF is the Fermi energy or Fermi level, k is the Boltzmann constant, and T is temperature (K) [19, 

20]. The electron and hole concentrations under equilibrium conditions are given by the available 

energy states in the conduction and valence bands multiply by the occupation probability of the 

states. Therefore, considering the above equations the electron and hole concentrations can be 

obtained using Equations 1.15a and b [19, 20]. 

𝑛 = 𝑁 𝑒 ( )⁄          (1.15a) 

, with 𝑁 = 2[ ∗ ]        

𝑝 = 𝑁 𝑒 ( )⁄          (1.15b) 

, with 𝑁 = 2[ ∗ ]     

Si and Ge are examples of intrinsic semiconductors. A semiconductor can be made extrinsic 

through doping with either a donor (an element having one extra valence electron compared to the 

number of valence electrons in the normal element(s) in the semiconductor) or an acceptor (an 

element with one valence electron less). Therefore, the doped semiconductor with impurities which 

are ionized (i.e. the impurity atoms either have donated or accepted an electron) will contain free 

carriers. The semiconductor is called n-type if doping increases the concentration of free electrons 
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(i.e., doped with donor) and therefore, the Fermi level moves closer to the conduction band. On the 

other hand, if it is doped with acceptors, the concentration of (free) holes in the valence band will 

increase and the Fermi level moves towards the valence band position; the resulting semiconductor 

is called p-type. 

 

1.3.2.2. Semiconductor/electrolyte interface 

The interface of the semiconductor and electrolyte has a great importance in photoelectrochemical 

water splitting. In a PEC cell, the surface of the photoanode will be exposed to protons and 

hydroxide groups when contacted with an aqueous electrolyte. Consequently, charge transfer 

occurs on the interface until an equilibrium is reached. Figure 1.10 illustrates an n-type 

semiconductor photoanode before and after coming into contact with an electrolyte. The mobile 

electrons will move towards the electrolyte until the Fermi level of the semiconductor and the redox 

potential of the electrolyte reach equilibrium. While the interface reaches the equilibrium, a region 

close to the surface of the semiconductor will be positively charged due to the presence of immobile 

ionized dopants, and band bending occurs in this region. This region, which is empty of majority 

carriers (electrons for the n-type), is called the space charge region or depletion layer. In this region, 

a potential drop and an electric field are present, which is very crucial for charge separation. The 

relationship between the space charge region and the potential drop (φsc) is described in Equation 

1.16. 
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𝑊 = ℰ ℰ (𝜑 )        (1.16) 

ε0 is the dielectric permittivity of vacuum and εr is the relative dielectric permittivity of the 

semiconductor. q is the elementary charge, ND is the concentration of ionized donors, k is the 

Boltzmann constant and T is the temperature.  

Upon illumination, charge excitation takes place and the photogenerated electrons and holes shifts 

the Fermi level upward. The shift of the Fermi level reflects the changes in the quasi-Fermi level 

of the majority carriers, whereas the photovoltage is determined by the splitting of the quasi-Fermi 

levels of the majority and minority carriers. Under ideal conditions (no Fermi level pinning, quasi 

Fermi level of the holes remains fixed to the redox potential of the electrolyte), the change in open 

circuit potential of the semiconductor, which can be measured, is equal to the photovoltage 

(∆Vphoto), as depicted in Figure 1.10c. In this situation, the thermodynamic equilibrium does not 

Figure 1.10: a) An n-type semiconductor and an aqueous electrolyte without connection. b) The band

bending and the space charge region formed due to the contact of the n-type semiconductor with the 

electrolyte. In dark, the Fermi level of the semiconductor and the electrolyte reach to an equilibrium and

band bending occurs. c) By illuminating the semiconductor, excitations result in an upward shift of the

Fermi level and formation of quasi-Fermi energy levels for electrons and holes.  
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exist anymore in the space-charge region and the electrochemical potential of photogenerated 

electrons and holes are named quasi-Fermi level; E*F,n for electrons and E*F,p for holes. 

 

1.3.2.3. Light absorption properties of semiconductors 

In a typical semiconductor, absorption of photons can lead to the excitation of electrons from 

valence band to conduction band. For an excitation to occur, the energy of the absorbed photon 

should be larger than or equal to the bandgap of the material. According to the distribution of states 

in each semiconductor, the optical transition of the electrons can happen either directly or 

indirectly. A direct transition happens when the conduction band minimum (CBM) and the valence 

band maximum (VBM) are located on top of each other on the wave vector scale. When the VBM 

and CBM are not located along the same wave vector, an excitation can occur indirectly, i.e., in 

addition to the mentioned photon with desirable energy, a phonon is also required. Direct and 

indirect bandgaps for GaAs and Si are illustrated in Figure 1.11a and b, respectively. 
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The light absorption property of materials is therefore defined by their electronic structure, i.e., the 

bandgap, the indirect or direct nature of the optical transition, and the available density of states. 

Since the atomic elements of the material determine these properties, modification of the material 

e.g., by substitution or incorporation of other elements can lead to a change in the absorption 

property of materials. This topic will be discussed in more detail in Chapter 4. 

 

1.3.3. Suitable semiconductors for PEC 

As mentioned in section 1.3.1, in solar water splitting systems, photoelectrodes are immersed in an 

aqueous electrolyte; light absorption, charge separation, and water oxidation/reduction occur in and 

Figure 1.11: Density of states (DOS) for a) a direct bandgap GaAs [21], and b) an indirect-bandgap Si [21].

The absorbed photon leads to an electron excitation from the VBM to CBM directly for the case of GaAs,

however, the excitation requires the assistance of a phonon for the materials with indirect energy gaps (i.e.

Si). 
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on the surface of the photoelectrodes. Therefore, for efficient solar water splitting, potential 

photoelectrode materials should be able to absorb a broad region of the solar spectrum and 

efficiently transfer the photogenerated electrons and holes for the hydrogen and oxygen evolution 

reactions (HER and OER, respectively). In order to improve the charge transfer efficiency, co-

catalysts can be applied, which will be discussed in a later section. They are also required to be low 

cost. In the case of the photoanode, where the OER occurs, when the photogenerated holes reach 

the surface, they should have sufficient energy to oxidize water; i.e. the potential of their quasi-

Fermi level should be more positive than the oxidation reaction [22]. Simultaneously, the electron 

that reaches the counter metal electrode (cathode) should have sufficient negative potential to 

reduce water [22]. Figure 1.12 shows the band position of some semiconductors; group IV like 

elemental semiconductors, the group II-VI and the group III-V like compounds, the oxynitrides, 

and the metal oxides. The water redox potentials ϕO2/H2O and ϕH+/H2 are also depicted. While the 

quasi-Fermi level position is often hard to predict, the conduction and band positions have been 

used as a first estimation of whether the electrons and holes in a semiconductor are energetic 

enough to reduce and oxidize water. For example, BiVO4, Fe2O3, and WO3 have conduction bands 

very close to water reduction potential. However, due to the gap between their valence bands and 

the water oxidation potential, they require extra potentials (overpotential) to oxidize water.  

In addition, the semiconductor should be stable during the oxidation or reduction reaction in 

aqueous electrolyte. A semiconductor can be a stable photoanode against oxidation if the VBM 

(green column) and the self-oxidation potential (ϕox- red bar in Figure 1.12) are both energetically 

lower than ϕO2/H2O (red dashed line). Similarly, a semiconductor can be a stable photocathode 

against reduction, if the CBM (blue column) and the self-reduction potential (ϕre-black bar) are 

both energetically higher than ϕH+/H2 (black dashed line) [23]. For example, TiO2, SnO2, and Ta2O5 
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are stable materials against self-oxidation, while TaON and Ta3N5 are stable in water reduction 

processes. 

 

 

1.3.3.1. Metal oxide semiconductors; case study BiVO4 

Comparing the self-redox potentials with the water oxidation-reduction potentials (Figure 1.12), it 

is clear that metal oxide semiconductors are generally more stable than other classes of materials 

for photoelectrochemical water splitting. In addition, many of them are composed of abundant 

Figure 1.12: Semiconductor valence and conduction band positions in green and blue, respectively versus

the O2/H2O and H+/H2 redox potentials at pH 0. The valence band of a photoanode should lie at a more

positive potential than the O2/H2O potential to oxidize water. For the reduction of water, the conduction

band of photocathode should be more negative than H+/H2 in potential scales. Both desirable energetic level

are required for overall water oxidation to be driven. The horizontal red and black bars show calculated

semiconductor oxidation and reduction potentials, respectively, defining the photoelectrode’s stability

against photocorrosion [22, 23]. 
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elements, synthesizable through low-cost techniques, and have suitable bandgaps as well as band 

positions for the water oxidation/reduction reactions. In particular, monoclinic scheelite bismuth 

vanadate (BiVO4) has attracted numerous research interests due to its reasonable stability, 

moderate bandgap (∼2.4-2.5 eV) with suitable band positions for water oxidation [24]. The 

monoclinic (scheelite-type) crystal structure of bismuth vanadate has been reported to be the most 

photocatalytically active for oxygen evolution among all its other polymorphs [25]. It has C2/c 

space group with lattice parameters of a=7.247 Å, b= 11.697 Å, c=5.09Å, and β=134.226 [26, 27]. 

The crystal structure and the electronic structure for the monoclinic BiVO4 are shown in Figure 

1.13. The yellow polyhedron represents the VO4 tetrahedron and the blue represents the BiO8 

dodecahedron. Every O atoms is coordinated to two Bi centers and one V center [26, 27]. 

Synthesized BiVO4 typically contains oxygen vacancies and/or hydrogen interstitials [28]. These 

so-called defects add extra free electrons in the BiVO4 conduction band, which resulted in the n-

type conductivity of the material. The n-type nature and the relatively negative conduction band 

position with respect to the water reduction potential allow its application as a photoanode for water 

splitting with low photoanodic current onset potentials [29]. 
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The photocurent reports of BiVO4 photoanode are summarized in Figure 1.14. It shows that the 

progress in the last decade has resulted in photoelectrodes with photocurrent (up to 6.7 mA cm−2) 

[30] already very close to the theoretical limit (7.5 mA cm−2). Here, it is assumed that all photons 

in the AM1.5 spectrum with energies larger than the bandgap of BiVO4 (2.4 eV) can be absorbed 

and collected as photocurrents with 100% efficiency.  

Figure 1.13: a) C-plane view (i.e., 001) of the monoclinic scheelite BiVO4 crystal structure, b) from another

view, and c) schematic of the electronic structure of monoclinic BiVO4 [24, 27]. 
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At this point, the performance is limited by the moderate bandgap, and major photocurrent 

improvement can only be obtained through reducing the bandgap. Various empirical methods have 

been reported to alter the band positions (and thus the bandgap) of semiconductors [40-43]. In the 

case of BiVO4, doping has been explored to a large extent to alter the charge carrier transport 

properties, but less explored in decreasing the bandgap. Since there is enough difference between 

the water oxidation potential (1.23 V vs. RHE) and the valence band of BiVO4 (~2.4 V vs. RHE), 

while the conduction band lies very close to the water reduction potential, bandgap reduction 

through the modification of its valence band position is desired. This way, extended light 

absorption can be obtained while maintaining a sufficient driving force for water oxidation [44-

48]. The valence band edge of BiVO4 mainly consists of oxygen 2p atomic orbitals with additional 

Figure 1.14: Reported photocurrent of BiVO4 photoanodes shown with black squares and BiVO4/WO3

guest-host photoanodes shown with red circles at 1.23 V versus RHE. Except for the first two points from

AIST, the photocurrents were measured under AM1.5 illumination [31-38]. Data for 2002-2016 is adapted 

from Ref [39]. 



38 
 

contribution from bismuth 6s orbitals [49]. To shift the valence band upward and decrease the 

bandgap, oxygen can be substituted with elements that have higher energetic atomic orbitals. For 

example, nitrogen or sulfur can be incorporated into BiVO4; N 2p and S 3p orbitals are expected 

to narrow the bandgap [43, 44, 50-52]. Other approaches in reducing the bandgap of BiVO4 via 

cation substitution (V substitution with Sb, or Bi substitution with Mn or Fe) have also been 

reported [41, 53-55].  

Another limiting factor for BiVO4 photoanode is the slow transfer of photo-generated holes to the 

electrolyte. This limitation was identified by the utilization of hole scavenger (e.g. hydrogen 

peroxide) [56, 57]. The use of a proper co-catalyst, however, can overcome this obstacle. For 

instance, cobalt phosphate co-catalyst has been utilized to passivate the surface states and increase 

the charge transfer from the surface of BiVO4 to the electrolyte [56, 58, 59]. More examples of co-

catalysts will be elaborated in later sections.  

 

1.3.3.2. Oxynitride semiconductors; case study Ta-O-N 

Oxynitrides are another category of semiconductors that are capable to absorb light in a wide visible 

region and likely to oxidize water efficiently [60]. Although replacing the oxygen atoms in the 

lattice with nitrogen is a potent approach to tune the valence band position of the semiconductor, 

which is beneficial in both cases of absorbing the light and getting closer to the water oxidation 

potentials for the semiconductors, not many materials have been explored in this case. The reported 

potential candidates of oxynitrides are based on Ti and Ta [60-64]. TaON and Ta3N5 have a 

relatively small bandgap (2.1-2.4 eV) and their band positions are suitable for water splitting. The 

lattice parameters for TaON are a=4.96 Å, b=5.03 Å, c=5.18 Å, α=90o, β=99.7o, and γ=90o [65], 

and Ta3N5 has the following lattice parameters: a=3.89 Å, b=10.25 Å, c=10.27 Å, and α=β=γ=90o 



39 
 

[65]. Figure 1.15a shows the valence band for the three phases of Ta2O5, TaON, and Ta3N5. The 

monoclinic crystal structure of β-TaON with the P21/c space group is shown in Figure 1.15b. It is 

composed of the TaO3N4 polyhedra [65]. Each tantalum atom is coordinated with four nitrogen 

atoms (with bond lengths from 2.06 to 2.13 Å) and 3 oxygen atoms (from 2.03 to 2.15 Å) [65]. 

Although it is possible to tune the valence band position of Ta2O5, Figure 1.12 shows that TaON 

and Ta3N5 suffer from instability due to self-degradation. This limitation, however, can be 

sometimes overcome by deposition of various co-catalysts, such as CoOx [66]. 

 

 

The theoretical optical limit of Ta3N5 under 1 sun illumination (i.e. if all above band gap photons 

are absorbed and generate current) is 12.9 mA cm-2 [67]. Its conduction band is located at – 0.52 

V vs. RHE and the valence band lies at 1.58 V vs. RHE [60]. Due to the appropriate position of the 

bands of Ta3N5, the photocurrent onset can be expected at ~0 V vs. RHE. Ta-O-N photoanodes 

were prepared for a better PEC water oxidation performance by making particulates, nanorod 

arrays, and thin films. In addition, surface modifications were done with deposition of co-catalysts 

Figure 1.15: a) Bandgap of different phases in the Ta-O-N system. Replacing the oxygen atoms with 

nitrogen in the valence band of Ta2O5 with Eg= 3.9 eV can result in TaON with Eg=2.4 eV and/or Ta3N5 

with Eg=2.1 eV [64]. b) crystal structure of TaON. 
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or passivation layers, and by doping the (oxy)nitrides to enhance the bulk properties [68-75]. Few 

reports showed transparent Ta3N5-based photoanodes for PEC oxygen evolution purposes. One 

was deposited on a Ta-doped TiO2-coated SiO2 and this Ta3N5/Ta-TiO2/SiO2 photoanode showed 

transparency above 600 nm, however, the photocurrent of this photoanode at 1.23V vs. RHE was 

limited to 0.8 mA cm-2 [67, 76]. To increase the performance of Ta3N5 photoanodes, efforts have 

focused primarily on nanostructuring [77-79] or adding co-catalysts [80, 81]. Liu et al. showed that 

a Ta3N5-based photoanode can generate a current density of 12.1 mA cm-2 at 1.23V vs. RHE under 

simulated sunlight [82]. This value was reached by using molecular catalysts [82]. The 

photocurrent of Ta3N5 photoanodes in the mentioned reports and other studies are summarized in 

Figure 1.16. 

 

 

Figure 1.16: Reported photocurrent of Ta3N5 photoanodes at 1.23 V versus RHE under AM1.5 illumination

in 2012-2019. Black squares represent the modified and unmodified Ta3N5 thin films and the nanostructures

are shown with red circles [67, 70, 71, 75, 76, 79, 82-88]. 
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1.3.4. The role of co-catalyst  

The visible light absorption and the adequate valence band position requirements are generally 

fulfilled by many semiconductors, such as Fe2O3 [89-92], WO3 [66, 93], TaON [66], and BiVO4 

[94-96]. However, most of them suffer from poor charge transfer properties due to surface 

recombination [97-100]. Additional co-catalysts are therefore often used, which play key roles in 

improving the oxidation of water. The enhancement mechanism can be divided into three main 

categories. First, the co-catalyst can reduce the activation energy of the rate-determining step in the 

four-electron oxidation process and consequently accelerate the charge transfer to the electrolyte 

(water oxidation kinetics). Alternatively, it can passivate surface states resulting in lower surface 

recombination. The third possible mechanism is increasing the charge separation by modifying the 

band banding via the formation of a Schottky junction [101]. Indeed, in a semiconductor and a co-

catalyst interface, one or a combination of these functionalities can take place. In order to optimize 

a system with an applied co-catalyst, a thorough understanding of the real role can be challenging, 

but necessary. In recent years, various co-catalysts, e.g. RuO2, Ni/FeOOH, NiFeOx, CoPi, MnOx, 

etc. have been applied in order to modify the surfaces of metal oxide semiconductors for better 

activity [67, 94, 102-107]. These modifications resulted in an improvement of the photocurrent of 

metal oxides (> 5 mA/cm2) [94-96]. However, a true understanding of the nature of this 

improvement is often still missing [67, 108, 109]. A proper co-catalyst should be effective, 

abundant, and low cost. Figure 1.17a shows the abundancy of different materials [22]. The 

materials highlighted in green shaded area such as Mn, Al and Ti are abundant and therefore, better 

candidates for co-catalyst purposes. Some other elements such as Ru and Pt showed good 

performances as catalysts, however, being rare and precious are their limiting factors for the 

industrial scales. Finding abundant and low cost elements is however, not sufficient. An efficient 

co-catalyst also needs to be stable. The dark electrocatalytic activity of the material is typically 
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used to motivate the use of a co-catalyst to be combined with a semiconductor, but it is noted that 

this is not necessarily a foolproof method. For example, Figure 1.17b shows the overpotentials and 

the dark catalytic activity of some catalysts (red squares) as compared with their co-catalytic 

efficiencies when deposited on BiVO4 (black squares). The trends are clearly not the same; further 

consideration need to therefore be determined, which is also a topic that will be discussed in this 

thesis.  

 

 

Manganese is one of the most abundant elements in the Earth’s crust (Figure 1.17a) [111]. Indeed, 

nature uses the manganese-oxo-calcium cluster Mn4CaO5 as a catalyst for water oxidation in 

photosynthesis. These motivations have driven many researchers to investigate MnOx as a potential 

water oxidation (co-)catalyst. In addition, the material is versatile in terms of its preparation route; 

synthesis techniques that are low-cost, such as electrodeposition, or highly controlled, such as 

ALD, have been reported [107, 112, 113]. The activity of MnOx is phase-, particle size and shape-

Figure 1.17: a) The abundance of the Earth’s chemical elements. The major industrial metals, precious 

metals, and rare elements are shown in red, purple, and blue, respectively. Source: Ref [22] b) Performance 

and overpotentials [110] of NiMnOx, CoOx, IrOx and RuOx catalysts. Black squares are measured from co-

catalysts deposited on BiVO4, and the red squares are representing the only catalysts as electrocatalysts in 

dark. The photocurrent of bare BiVO4 is labeled with a dashed line for comparison. 
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dependent. Therefore, the preparation technique can affect the activity significantly [112]. 

Jaramillo and co-workers reported that MnOx can be subjected to structural changes at the surface 

as a function of potential while maintaining the activity [114]. MnOx has different oxidation states 

(+II, +III, +IV, etc.) that may appear simultaneously. Each of them showed different current 

densities and onset potentials [115, 116]. Table 1.2 shows various overpotentials at 0.1 mA cm-2 

for the MnOx films prepared with different conditions. The lowest overpotential belongs to 

crystalline α-Mn2O3. Other samples show higher overpotentials and require modifications. The 

catalytic activity of MnOx can be improved by doping other abundant metals, such as Ni [117]. 

Hong et al. reported that the catalytic activity of NiMnO3 is remarkably high in comparison with 

nickel oxide and manganese oxides [118]. More studies show the improvement of catalytic activity 

of MnOx after addition of Ni [117, 119-121]. 

Table 1.2: Various reports of the overpotentials of MnOx catalysts at 0.1 mA cm-2 current densities [107, 

116, 122-124]. 

Material η @ 0.1 mA cm-2 (mVRHE) 

Crystalline α-Mn2O3 170 

α Mn2O3 202 

Amorphous  MnOx 230 

Mn3O4 290 

CaMnxOy 300 

Activated MnOx 470 & 540 

PVD MnOx on ITO 540 
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1.4. This thesis 

This introduction chapter has outlined the significance of the combination of a semiconductor and 

a co-catalyst in order to develop a low-cost, highly-efficient photoelectrode for water oxidation. 

As mentioned above, although the benefit of using co-catalyst is very clear, the mechanism is not 

obvious. This gap in the literature drives the formation of the main scientific question of this thesis: 

‘what are the factors influencing the charge transfer at semiconductor/catalyst/electrolyte 

interfaces?’. The main hypothesis is that the interface energetics determines the charge transfer 

processes. To investigate this, two main approaches were adopted: first, depositing controlled co-

catalyst with adjustable band positions, and second, tuning the valence band of the semiconductor. 

For this purpose, we initially applied BiVO4 as the model metal oxide semiconductor, since it is 

currently one of the highest performing metal oxide photoanodes, and MnOx co-catalysts due to 

the various reasons mentioned in the previous section.  

In the first study (Chapter 3), we investigate the role of atomic layer deposited (ALD) MnOx co-

catalyst on BiVO4 photoanodes. ALD enables accurate control of the thickness of the co-catalyst. 

We modified the thickness of MnOx films on BiVO4 and investigated the resulting 

photoelectrochemical performance. The modified MnOx/BiVO4 sample shows an optimum 

thickness of ~4 nm with a significantly enhanced photocurrent (a factor of > 3) as well as lower 

onset potential (by ~100 mV) compared to the bare BiVO4. Different roles of MnOx and an 

explanation of the increase of the photocurrent as a function of the thickness of MnOx are 

investigated by combining spectroscopic and photoelectrochemical measurements. The main role 

of MnOx co-catalyst was found to be increasing the band bending—and therefore enhancing the 

charge separation—in BiVO4. Beyond the optimum thickness, however, shunting pathways are 

present as evident from energy dispersive x-ray scanning transmission electron microscopy (EDX-
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STEM), which is the main reason for the decrease of photocurrent. In this chapter, we develop a 

better understanding of the charge transfer processes occurring at the semiconductor-catalyst 

interface.  

In Chapter 4, we investigate nitrogen incorporation into BiVO4 lattice, as a method to tune the band 

position, with a chemical and a physical method: modification of the precursors for the spray-

pyrolysis recipe and post-deposition nitrogen ion implantation. Although both approaches cause a 

slight change of the BiVO4 bandgap, no extension of the photoactivity was found at longer 

wavelengths. A combination of theoretical calculations using density functional theory and 

experimental XPS revealed that nitrogen is incorporated in the molecular form, which results in 

the formation of a localized state at ~0.1 eV below the conduction band minimum. We therefore 

conclude that the nitrogen can indeed be incorporated in the BiVO4 lattice, but its nature does not 

result in an upward shift of the valence band. Therefore, alternative materials should be studied as 

a model system for the semiconductor material.  

Finally, in Chapter 5, another model photoanode material, Ta-O-N, is investigated. The valence 

band can be shifted from Ta2O5 occupied with only oxygen orbitals, to TaON with a mixture of 

oxygen and nitrogen orbitals, and further Ta3N5, with the only nitrogen orbitals. Hard X-ray 

photoelectron spectroscopy (HAXPES) studies confirmed the shift of the valence band; 3.8 eV for 

Ta2O5, 2.3 eV for TaON, and 2.1 eV Ta3N5. Combining this semiconductor system with Ni-doped 

MnOx, which is also tunable in terms of its valence band position, allows us to independently probe 

the influence of the relative mismatch between the valence band maximum of the semiconductor 

and the co-catalyst to the charge transfer processes at the semiconductor/co-catalyst interface. We 

conclude that the interface energetics and shifts in the valence band maximum play a much more 

important role than the catalytic activity of the co-catalyst. 
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Chapter 2. Methods 
 

In this chapter, the experimental methods for sample preparation and characterization techniques 

are described.   

 

2.1. Experimental methods: sample preparation 

2.1.1. Substrate cleaning 

FTO-coated glass substrates (fluorine-doped tin dioxide, 15 Ω/□, TEC-15, Pilkington) were 

cleaned by three successive 15 minutes ultrasonication steps; first in 10 vol. % TritonTM X-100 

solution (Sigma Aldrich), second in acetone, and finally in ethanol. Quartz substrates (polished, 

Spectrosil 2000, Heraeus) and Si-Mat silicon wafers (p++-type [100], resistivity: 10-3 Ωcm-2) were 

cleaned by 15 minutes ultra-sonication in ethanol and Millipore water, respectively. The samples 

were dried in air at room temperature. 

 

2.1.2. Deposition of BiVO4 thin film photoanodes by spray pyrolysis technique 

BiVO4 films were deposited using the spray pyrolysis technique [50, 56, 125, 126]. Bi(NO3)3·5H2O 

(98 %, Alfa Aesar) was dissolved in acetic acid (99.8 %, Sigma Aldrich), while VO(AcAc)2 (99 

%, Acros Organics) was dissolved separately in absolute ethanol (VWR Chemicals). The 

concentrations of the Bi- and V-precursors were adjusted to 4 mM in the final solution. In addition, the 

ratio of the acetic acid and absolute ethanol in the final solution was 1: 9. Each solution was 

ultrasonicated for 15 minutes, after which the solutions were mixed and ultrasonicated for 15 minutes. 

A Quickmist air atomizing spray nozzle (1/4QMJAU-NC + SUQR-200) was used to spray the 
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precursor solution onto the pre-heated substrates that were placed on a hot plate. The spray nozzle 

and the hot plate were separated by 20 cm. Details are shown in Figure 2.1. A pulsed spray mode 

was used, consisting of 5 s spray followed by a 53 s delay to allow for solvent evaporation. 100 or 

200 cycles were applied to deposit each film, and the deposition rate was ~1 nm/cycle. The hot 

plate temperature for BiVO4 deposition was kept constant at 450 °C during the deposition. Before 

the deposition, a thin interfacial layer of SnO2 (5 mL solution of 0.1 M SnCl4 (98 %, Aldrich) in 

ethyl acetate (99.8 %, VWR Chemical)) was first deposited on the FTO substrates at 425 °C using 

the same pulsed spray mode. The SnO2 layer serves as a hole blocking layer [127]. The samples 

were finally annealed in air at 460 °C for 2 hours. 

 

 

Figure 2.1: Spray pyrolysis setup. The substrate is located on a hot plate and the precursor solution is sprayed

on it via the nozzle.  



48 
 

2.1.3. Nitrogen incorporation into BiVO4: chemical method  

NH4NO3 (95 %, Alfa Aesar) was dissolved in 20 ml of ethanol and added into the as-described 

BiVO4 precursor solution. Various concentrations were used: 16, 32, 40 mM. 40 μL and 2 mL of 

triethyl orthoformate (TEOF, 98 % Merck) were also added to the Bi- and V-precursor solutions, 

respectively, to prevent premature hydrolysis. This step was not done for the standard BiVO4 

deposition since no NH4NO3 was added. Finally, the as-deposited films were annealed in nitrogen 

at 460 °C for 2 hours. 

 

2.1.4. Nitrogen incorporation into BiVO4: physical method 

Nitrogen incorporation by the physical method was done by N+ ion implantation at the Ion Beam 

Center (IBC) of the Helmholtz-Zentrum Dresden-Rossendorf. The ions were implanted at room 

temperature with energies between 20 and 40 keV and fluences between 1015 and 1017 cm-2. To 

improve the crystallinity of the films, the ion-implanted films were annealed at 460 °C in N2 for 2 

hours.  

 

2.1.5. Atomic layer deposition of the MnOx and Ni:MnOx co-catalysts 

A home-built, hot-wall atomic layer deposition reactor was used for the deposition of manganese 

oxide thin films [128]. A schematic of the ALD setup and the deposition procedure is shown in 

Figure 2.2. The ALD reactor was constantly pumped by a turbo molecular pump, backed-up by a 

roughing pump (Pbase = 5 × 10-6 mbar). The BiVO4 substrates were mounted on a sample carrier 

that is attached to the substrate heater. Bis(cyclopentadienyl)manganese ((EtCp2)Mn, Strem 

chemicals, 98%), kept at 85 °C was used as the Mn precursor, and Millipore water (18.2 MΩ) was 
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used as the oxidizing agent. The substrate temperature was kept at 150 °C, while the reactor wall 

was heated to 125 °C. The Mn precursor as well as the water were dosed for 1.5 s. After each of 

these dosing steps, a pump/ purge/ pump step was carried out, consisting of 30 s pumping/ 0.1 s Ar 

dose/ 30 s pumping. This leads to a growth per cycle (GPC) of 1.1 Å/cycle. In situ spectroscopic 

ellipsometry (J.A. Woollam Co., M-2000D, 193 – 1000 nm) was used to determine the film 

thickness for a silicon reference sample placed next to the BiVO4 substrates. A Tauc-Lorentz 

dispersion equation was used to model the dielectric function of the MnOx film [129]. For Ni-

doping, complex bis(N,N’-ditert-butylacetamidinato) nickel(II) (Ni(MeC(NtBu)2)2), Strem 

chemicals, 99:999%) was used following a similar procedure as for the MnOx deposition. The 

nickel precursor valve was opened for 1.5 s followed by 40s pumping step. The nickel half cycle 

was completed with 0.1 s Ar pulse and a subsequent 40 s pump. Then an exposure of oxygen 

plasma step of 30 s, followed by 20 s pumping took place, and the final step was 0.1 s Ar pulse 

following by 30 s pumping.  

 

Figure 2.2: left: schematic of the atomic layer deposition (ALD) set-up connected to an X-ray photoelectron 

spectroscopy (XPS) chamber. Right: the scheme for deposition of MnOx and Ni:MnOx films. 
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2.1.6. Sputtering of tantalum  

Ta films (100 nm) were deposited on fused silica substrates using DC magnetron sputtering at 

room temperature. The deposition was performed in a homemade sputtering and evaporation 

system (base pressure 5×10–7 mbar) [64]. The Ta sputter target (76 mm diameter, 99.95 % purity) 

was pre-sputtered for a few minutes to clean its surface. The distance between the sputter target 

and the substrate was kept constant (55 mm) for all depositions. The sputtering was carried out 

under a 0.25 Pa Ar (99.99 %) atmosphere with 235 W DC power. For optical characterization, 

quartz substrates (1.5 cm × 2 cm, polished, Spectrosil 2000, Heraeus) were used. For 

photoelectrochemical (PEC) characterization, conducting substrates were used, produced by e-

beam evaporation of Ti (5nm), Pt (150 nm), and Ti (5 nm) on quartz. The Ti layers were necessary 

for good adhesion. The sputtering system is shown in Figure 2.3. 

 

 Figure 2.3: Sputtering chamber, and the pumps and deposition controller. 
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2.1.7. Ammonolysis of the sputtered samples 

The deposition of tantalum films was followed by annealing the samples in air at 650 °C for 5 h. 

This resulted in complete oxidation of the Ta films to Ta2O5. The Ta2O5 films were subsequently 

converted to tantalum (oxy)nitride in a tube furnace with a fused silica reactor tube connected to 

ammonia, hydrogen, and water vapor that were controlled via mass flow controllers (Figure 2.4). 

Water vapor was carried by argon carrier gas. The furnace was equipped with an in-situ optical 

spectroscopy instrument, enabling the optical transmission of the samples to be monitored as shown 

in the schematic in Figure 2.4. For the in-situ optical measurements, a deuterium-halogen lamp 

(DH- 2000-BAL, Ocean Optics) was used and the sample was illuminated via a 600 µm 

solarization-resistant optical fiber fitted with a collimator lense (Ocean Optics 74-UV). A similar 

optical fiber/collimator combination was used to collect the transmitted light and deliver it to the 

spectrometer (MAYA 2000-Pro, Ocean Optics). The in-situ optical measurement measured any 

changes in the optical absorption edge upon the incorporation of nitrogen into the lattice. The 

ammonolysis experiments were performed at temperatures >1073 K.  
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2.2. Characterization methods 

2.2.1. UV-VIS spectroscopy 

The optical properties of the films were measured using UV/Vis spectroscopy with a Perkin Elmer 

Lambda 950 spectrophotometer. The thin film samples were placed inside an integrating sphere, 

allowing both transmitted and reflected light (both direct and diffuse) to be collected at the same 

time. The absorptance (A) of the films was calculated using A = 1-T-R, where T and R are the 

transmittance and reflectance of the film, respectively. The films were placed with the center mount 

Figure 2.4: Schematic and photographs of the ammonolysis system, including the in-situ optical

spectroscopy equipment. 
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sample holder positioned at a ∼7.5° offset from the incident light. As a result, the absorptance of 

the films can be measured more accurately. The light sources were a tungsten lamp for the visible 

plus NIR region and a deuterium lamp for the UV region. A simplified schematic of the 

measurement setup is shown in Figure 2.5. For the bandgap calculations, the Kubelka-Munk 

function (F) was used to determine the absorption (since some films showed a certain degree of 

scattering) [41, 130]. The Kubelka−Munk function is given by Eq. (2.1). 

  F = (   )             (2.1) 

TR is the transflectance of the film. Tauc analysis revealed the bandgap by plotting the value of 

(Fhν)n (n = 0.5 and 2 for indirect and direct transitions, respectively) versus the incident photon 

energy (hν) and extrapolating the linear part of the plot to the baseline. 

 

 

2.2.2. Raman spectroscopy 

The scattering of light by elementary excitations, such as optical phonons or plasmons, is Raman 

scattering [131]. In the Raman technique, the sample is subjected to monochromatic irradiation, 

which is then scattered by the crystal lattice. The inelastic Raman scattering is detected as a function 

Figure 2.5: Configuration of the transflectance measurement to determine the absorptance of the films.
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of wavelength shift. Possible modes of inelastic scattering happen when the incident light transfers 

energy to the sample (Stokes Raman scattering) and when the sample transfers energy to the 

incident photons (Anti-Stokes Raman scattering). Figure 2.6 shows some examples of different 

Raman scattering modes. As a result, a shift of frequencies of the detected light as compared to the 

incident light appears. These shifts are the characteristic energies of rotational, vibrational, phonon, 

and spin-flip processes in a material. A HORIBA LabRam HR Evolution spectrometer was used 

in the backscattering configuration for Raman measurements. It was equipped with a 325 nm CW 

laser source. Excitation and signal collection was performed via a 40× NUV objective and the 

acquired Raman spectra were analyzed with a silicon CCD camera with an 1800 lines/mm grating 

blazed at 400nm. Measurements were executed at an incident power of 1 mW with an integration 

time of 2×120 s. Raman spectra were smoothed by adjacent averaging of 7 points (1 point = 1.5 

cm-1). Background correction was applied to remove an underlying broadband photoluminescence 

emission which the samples showed upon excitation with the blue laser at 325 nm. 

 

 

Figure 2.6: The Raman scattering processes of light. Infrared absorption, Raylegh-, Stokes-, Anti-Stokes 

Raman scattering are shown.  
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2.2.3. Scanning electron microscopy (SEM) and Scanning helium ion 

microscopy (HIM) 

A LEO 1530 Gemini scanning electron microscope (Zeiss) was used to depict the morphology and 

the thickness of the films. 10 kV was used to accelerate the electrons towards the sample and signals 

were recorded using the In-Lens detector mode. A schematic of the LEO Gemini SEM is depicted 

in Figure 2.7.  

Scanning helium ion microscopy (HIM) images were taken using a Zeiss Orion Nanofab. HIM 

allows for high-resolution imaging of weakly or non-conductive nanosized features requiring a 

large depth of focus. The He gas pressure was set to 2 × 10-6 Torr for an acceleration voltage of 30 

kV and probe currents ranging from 0.1 to 0.3 pA were applied.  

 

 Figure 2.7: The simplified imaging procedure using a LEO Gemini SEM. 
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2.2.4. Transmission electron spectroscopy (TEM) and energy dispersive x-ray 

scanning transmission electron microscopy (EDX-STEM) 

In this thesis transmission electron microscopy (TEM) was performed using a Philips CM12 

microscope. The acceleration voltage was kept at 120 kV. A LaB6 cathode and a Super TWIN lens 

were used for high resolution imaging (0.30 nm point and 0.14 nm line resolution). The camera 

was a 2k × 2k CCD from Gatan (Orius SC 830). 

Energy dispersive X-ray scanning transmission electron microscopy (EDX-STEM) measurements 

were performed in a Zeiss LIBRA 200 FE transmission electron microscope. It was operated at 

200 kV accelerating voltage in scanning mode using a Thermo Fisher energy dispersive X-ray 

(EDX) spectrometer. The distribution maps for various elements represent the net count signal after 

spectral deconvolution with an averaging kernel of 3×3 pixels. 

 

2.2.5. X-ray diffraction (XRD) 

According to Bragg’s law (Equation 2.2), the intensity of scattered X-ray radiation reaches a 

maximum when the wavelength has the following relationship to the distance between the lattice 

planes:  

2𝑑sin𝜃 = 𝑛𝜆           (2.2)  

d is the distance between the lattice plane, θ is the angle of the incident radiation, n is a positive 

integer, and λ is the wavelength of the incident radiation. Figure 2.8 illustrates Bragg’s law for a c-

plane view of the crystal structure of BiVO4. For grazing incidence X-ray diffraction (XRD) 

measurements a Bruker D8 Advance diffractometer was used with Cu Kα radiation at 40 kV and 

40 mA. The grazing angle between the X-ray beam and the film surface was 1°. The position of 

the X-ray beam was kept constant and the detector scanned the selected 2θ range. Reference files 
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were found from the database of powder diffraction patterns in the International Centre for 

Diffraction Data (ICDD) to analyze the measured diffractograms.  

 

 

2.2.6. X-ray photoelectron spectroscopy (XPS)  

In X-ray photoelectron spectroscopy, a monochromatic x-ray beam reaches the surface of the 

sample, which consequently results in emission of an electron (i.e., photoemitted electron). We 

used monochromatic Al Kα radiation (hν = 1486.74 eV, SPECS FOCUS 500 monochromator), 

and the kinetic energy (Ekin) of the ejected electrons is detected in a hemispherical analyzer (SPECS 

PHOIBOS 100). The pass energy with step sizes of 0.5 and 0.05 eV was set to 30 and 10 eV for 

the survey and fine spectra, respectively. The dependence of Ekin on the energy of the incident X-

ray photon (hν) and the binding energy of the photoelectron (EB) is shown in Equation 2.3. 

𝐸𝑘𝑖𝑛=ℎ𝜈− 𝐸B−𝛷𝑆           (2.3)  

Figure 2.8: Illustration of Bragg’s law for a BiVO4 c-plane view crystal structure. d represents the lattice

spacing and λ is the wavelength of the X-rays. 
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ΦS is the work function of the spectrometer. EB can therefore be calculated from the kinetic energy 

of the electrons. Figure 2.9 illustrates the XPS setup in a simple schematic. The elemental nature, 

the chemical bonding, and the oxidation states of the surface can be revealed from the binding 

energy. The calibration of binding energies was performed with the adventitious carbon C1s peak 

at 284.5 eV. XPSPEAK software was applied for fitting the peaks, and a Shirley background 

subtraction was done for all spectra. The atomic ratio of elements was subsequently calculated 

using Equation 2.4. 

𝐴𝑡𝑜𝑚𝑖𝑐 𝑟𝑎𝑡𝑖𝑜 𝑎: 𝑏 =           (2.4)  

Aa and Ab are the integrated peak area of element a and b, respectively, and Sa and Sb are the 

corresponding sensitivity factor of the elements. 

In our study, we also performed X-ray photoelectron spectroscopy using a higher photon energy 

of 2003 eV in order to detect deeper into the films (i.e., the bulk), since higher kinetic energy 

electrons have longer mean free paths. These XPS measurements were performed at BESSY II 

synchrotron facility at the HiKE end station, KMC-1 beamline, at the Helmholtz-Zentrum Berlin.  
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2.3. Photoelectrochemical measurements  

A custom Teflon cell (sample area = 0.283 cm2) with three-electrode configuration was used for 

photoelectrochemical measurements [5]. In this thesis, the photoelectrochemical experiments were 

performed in different electrolytes: (i) 0.1 M potassium phosphate buffer (KPi, pH ~7) prepared by 

mixing 4.625 g of potassium phosphate monobasic (KH2PO4, 99.5 %, Merck) and 15.05 g of 

potassium hydrogen phosphate trihydrate (K2HPO4.3H2O, 99 %, Merck) in 1 L of Milli-Q water 

(18.2 MΩ cm), (ii) 0.1 M KPi with added 0.5 M of sodium sulfite (Na2SO3, 99%, Merck) as a hole 

scavenger, (iii) 0.1 M potassium hydroxide (KOH, Carl Roth GmbH) for dark current density 

measurement of MnOx films, and (iv) 50 mM ferri/ferrocyanide electrolyte solution (potassium 

ferricyanide (III) (K3Fe(CN)6, 99 %, Merck) and potassium ferrocyanide trihydrate 

(K4Fe(CN)6.3H2O, 99 %, Merck)) with 0.1 M supporting potassium chloride (KCl, 99.5 %, Merck) 

Figure 2.9: A simplified schematic/photograph of the XPS setup and measurement. The magnified figure 

shows the sample located inside the chamber. 
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for several additional dark electrochemical measurements. To control the potential of the working 

electrode, a Solartron SI 1286 or an EG&G 283, Princeton Applied Research potentiostat was used. 

An Ag/AgCl electrode (XR300, saturated KCl solution, Radiometer Analytical) and a Pt wire were 

used as the reference and the counter electrodes, respectively. Conversion of the potential from the 

Ag/AgCl potential to the reversible hydrogen electrode (RHE) scale was calculated using the 

following Nernstian relationship (Equation 2.5). 

V = V ⁄ + 0.0591 × pH + V ⁄        (2.5) 

V0Ag/AgCl is 0.199 V (the standard potential of the Ag/AgCl reference electrode at 25 °C). In some 

measurements, a blue 455 nm LED (Thorlabs M455L3, 20 mW cm-2) was used as the light source. 

In others, a solar simulator (WACOM, type WXS-50S-5H, class AAA) was the light source, 

calibrated to the intensity of AM1.5 solar illumination (100 mW cm-2). At the wavelength and 

intensity of our LED, BiVO4 absorbs ~4 times less photons than it would under full AM1.5 

illumination, which is still within the range of real (e.g. cloudy) conditions. A photograph of the 

custom Teflon cell and the scheme of the three-electrode configuration are shown in Figure 2.10.  
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Photocurrent is one of the main parameters that determines the performance of a photoelectrode. It 

can be determined from the difference of measured current from a photoelectrode under 

illumination and dark. In linear sweep voltammetry (LSV) measurements, a potentiostat applies a 

potential and the photocurrent of the working electrode is measured. Cyclic voltammetry (CV) 

measurement is similar to LSV, but the potential sweep is repeated in cycles. Note that for 

electrocatalysts, LSV or CV measurements were performed only in dark. 

Figure 2.10: The custom Teflon cell (sample area = 0.283 cm2) with three-electrode configuration. The

electrodes are connected through a potentiostat. The potentiostat measures the voltage between the working

electrode and the reference electrode and adjusts the potential between the counter and working electrodes

accordingly, while measuring the current between working and counter electrode.  
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In this thesis, CV measurements of photoelectrodes were done with and without additional hole 

scavenger in order to determine the catalytic and charge separation efficiencies (ηcat and ηsep). Total 

water oxidation  photocurrent can be described as Equation 2.6 [132]. 

𝐽 = 𝐽 × 𝜂 × 𝜂          (2.6) 

JH2O is the photocurrent using water as electrolyte with no hole scavengers, and Jabs is the photon 

absorption rate in the semiconductor expressed in terms of current. When Na2SO3 is added as a 

highly effective hole scavenger (hs) [133], a 100% surface catalytic efficiency (i.e. ηcat =1) can be 

assumed, resulting in Equation 2.7. 

𝐽 = 𝐽 × 𝜂    (𝑠𝑖𝑛𝑐𝑒 𝜂 = 1)         (2.7) 

The catalytic and charge separation efficiencies are then calculated using the following equations 

(Equation 2.8, 2.9). 

𝜂 =            (2.8) 

𝜂 =            (2.9) 

 

2.3.1. Incident photon-to-current conversion efficiency (IPCE)  

IPCE measurements enable us to study the wavelength dependence of the photocurrent of the 

photoelectrode. A monochromatic back-side illumination (i.e., light arriving from the substrate 

side) was provided by coupling a Xe lamp (LOT, LSH302) with an Acton Research 

monochromator (SP2150) and long-pass filters (3 mm thick, Schott). A calibrated photodiode 

(PD300R-UV diode read by a Nova II controller, Ophir) was used to measure the intensity of the 
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monochromatic light. The following equation is applied to calculate the incident photon-to-current 

conversion efficiency (IPCE) values, 

IPCE(λ)(%) =  ( . )× ( )( )× ( ) × 100       (2.10) 

Jp(λ) is the measured photocurrent density and Iλ(λ) is the incident light power density for each 

wavelength (λ).  

 

2.3.2. Intensity modulated photocurrent spectroscopy (IMPS) 

In IMPS measurements (see Figure 2.11a for schematic), a photoelectrode is subjected to a 

modulated illumination. The resulting complex modulated photocurrent can be plotted in a Nyquist 

plot showing the real and imaginary part of the photocurrent (Figure 2.11b). The plot gives a 

semicircle in the upper quadrant of the complex plane called the “recombination semicircle’’. From 

the maximum as well as the low-frequency intercept of this semicircle, the charge transfer (ktr) and 

surface recombination (krec) rate constants can be determined (see Figure 2.11b). The IMPS theory 

and measurement are explained in detail elsewhere [101, 134].  

In this thesis, IMPS was performed with a frequency range of 100 mHz to 100 kHz and an applied 

bias range of 0.6 to 1.6 VRHE. The modulated illumination was driven by an LED driver (Thorlabs 

DC2100) connected to a 455 nm light-emitting diode (Thorlabs M455L3). A beam splitter was 

used to split the light into two beams, one directed towards the PEC cell, and one towards a high-

speed Si photodiode (Thorlabs PDA10A-EC). A frequency response analyzer (FRA, Solartron 

1250, Schlumberger) was performed to sinusoidally modulate the light intensity. The rms 

amplitude was 2 mW cm-2, which was superimposed on a 20 mW cm-2 DC background intensity. 
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The current monitor output of the as-mentioned potentiostat and the voltage signal of the high-

speed Si photodiode were connected to the two channels of the FRA. The real and imaginary 

components of the optoelectrical gain of the sample was reported by the FRA by dividing the 

measured photocurrent density (jphoto) through the incident light intensity. The latter was measured 

as the voltage output of the Si photodiode. The absolute (dimensionless) complex gain of the 

photoelectrode was converted by multiplying the FRA signal with a conversion factor (0.015 V 

cm2 mA-1), which was determined by measuring the absolute light intensity using a calibrated 

photodiode (PD300UV + Ophir Nova II).  

  

 

Figure 2.11: a) Schematic of the IMPS setup. A light emitting diode (λ = 455 nm) provides the modulated

illumination, while the modulated photocurrent response of the sample is measured by the potentiostat. The 

photocurrent and light intensity signals are fed into the FRA (not shown). b) An example of real and 

imaginary parts of Nyquist plots. The charge transfer efficiency (ηtr) can be found from the low frequency

intercept (LFI). From the ηtr and ωmax the transfer and recombination rate constants can be calculated.  
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2.3.3. Electrochemical Impedance Spectroscopy (EIS) measurements 

Details about the electronic processes that are taking place in the bulk of a photoelectrode and at 

the interfaces can be provided by EIS measurements. Analysis of the complex impedance obtained 

from EIS also allows understanding of the charge transfer process and accumulation of carriers 

occurring at the interfaces [135]. In this study, we mainly applied this technique to investigate the 

difference between the resistances of MnOx films with variable thicknesses. 

Electrochemical impedance spectroscopy (EIS) measurements were conducted under illumination 

with a blue LED, within the same potential region as used for the photocurrent measurements, i.e., 

between 0.6 and 1.6 VRHE. The frequency of the voltage modulation was swept from 100 kHz to 

100 mHz with a modulation amplitude of 10 mV. The slow response of the reference electrode due 

to high impedance was overcome by connecting it in parallel with 10 nF capacitor and a platinum 

wire that was immersed in the electrolyte. This quasi-reference electrode provides a constant 

potential at high frequencies, while the potential at low frequencies is determined by the Ag/AgCl 

reference electrode [5]. We used Z-view software to evaluate and fit the impedance data to an RC 

model.   
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Chapter 3. The role of MnOx co-catalyst thickness on BiVO4 photoanodes  
 

3.1. Introduction 

As described in Chapter 1, solar water splitting allows the collection and storage of intermittent 

solar energy in the form of chemical bonds [136-138]. In a solar water splitting cell, the efficiency 

is mainly limited by the water oxidation half-reaction [97]. This limitation can be overcome by 

combining suitable absorber materials and efficient co-catalysts [98, 106, 139]. For the absorbers, 

metal oxide semiconductors are promising candidates because of their low-costs and scalable 

preparation techniques. There are three main requirements for a semiconductor photoanode 

material: adequate visible light absorption, efficient charge separation, and rapid interfacial charge 

transfer [98, 136]. Unfortunately, few (if any) metal oxide semiconductors fulfil all of these 

requirements. While many of them absorb visible light and possess enough driving force for water 

oxidation, they typically suffer from bulk recombination and poor charge transfer properties due to 

surface recombination [97-100]. To overcome the poor charge transfer, efficient co-catalysts have 

been deposited on top of the semiconductor to enhance charge transfer from the photoanode to the 

electrolyte. The possible enhancement mechanism of a co-catalyst in improving charge transfer for 

water oxidation can be classified into three main categories. First, the co-catalyst can reduce the 

activation energy in the electrocatalytic oxidation process and consequently accelerate the charge 

transfer to the electrolyte (water oxidation kinetics). Alternatively, it can passivate the surface 

states resulting in a lower surface recombination. The third possible mechanism is an increase of 

the charge separation by modifying the band banding via formation of a Schottky heterojunction 

[101]. Indeed, one or a combination of these functionalities can take place at the interface of a 
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semiconductor and a co-catalyst. To optimize a photoanode system with an applied co-catalyst, a 

thorough understanding of the real role of the co-catalyst is necessary.  

In recent years, various co-catalysts, e.g. RuO2, Ni/FeOOH, NiFeOx, CoPi, MnOx, etc. have been 

applied to modify the surface of metal oxide semiconductors [59, 67, 94, 102, 103, 105-107, 130] 

and improve the photocurrent [66, 89-96, 140]. Indeed, most metal oxide photoanodes that showed 

photocurrents of more than 5 mA/cm2 were decorated with additional co-catalysts [67, 108, 109]. 

Many examples for the surface modification by deposition of a co-catalyst have been reported in 

the literature, e.g. for Fe2O3 [89-92], WO3 [66, 93], TaON [66], and BiVO4 [58, 94, 96] 

photoanodes. However, a true understanding of the nature of this improvement is still under debate. 

For instance, as early as 2012, Gamelin reported conflicting proposed mechanisms for photocurrent 

enhancement in CoPi/hematite photoanode systems [141]. More recently, differing mechanisms 

were also pointed out for the CoPi/BiVO4 photoanode system. Passivation of the BiVO4 surface 

states by the addition of CoPi have been reported from intensity modulated photocurrent 

spectroscopy (IMPS) [101] and photoinduced absorption spectroscopy (PIA) [142] studies, but 

recently dual working-electrode voltammetry measurements suggested that CoPi has a true 

catalytic role on BiVO4 [59] . These considerations illustrate the necessity of additional well-

designed studies in order to fully unravel the role of co-catalysts on semiconductor photoanodes 

for water oxidation. To optimize the interface of a semiconductor and a co-catalyst, one key factor 

is the thickness of the co-catalyst. Many reports showed that an optimal co-catalyst thickness exists 

at which the performance of the photoanode is maximized [126, 143]. The thickness effect has 

been attributed to a trade-off between higher catalytic activity and either parasitic absorption or 

electrical resistivity in thicker co-catalysts. However, there have not yet been any studies that 

investigate this trade-off in detail.  
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In this chapter, the role of ultra-thin MnOx co-catalysts on spray-deposited BiVO4 photoanodes is 

investigated. MnOx has been shown to demonstrate a particularly promising behavior and low 

overpotential when deposited on BiVO4 [144, 145]. We precisely control the thickness of the MnOx 

co-catalysts by using atomic layer deposition (ALD) and examine the PEC properties of the 

resulting MnOx/BiVO4 photoanodes. We will show that increasing thickness of MnOx results in 

decreasing surface recombination due to stronger band bending. However, increasing the thickness 

also results in higher shunting pathways due to direct contact between the MnOx and the conducting 

substrates (FTO) at pinholes. We find that a thickness of 4 nm represents the optimum value in the 

trade-off between these two competing effects, leading to a photocurrent enhancement by a factor 

of 3. 

 

3.2. Results and discussion 

The X-ray diffractograms of the BiVO4 samples with MnOx co-catalysts with 2 and 6 nm thickness 

are shown in Figure 3.1a. All the peaks can be assigned to the monoclinic BiVO4 film (PDF 00-

014-0688) and the FTO substrate. The XRD patterns do not show any changes for thicker MnOx 

films (up to 10 nm) on BiVO4. This suggests that the MnOx co-catalyst layers are amorphous. 

However, some degree of crystallinity cannot be ruled out, since the XRD pattern of a 20 nm MnOx 

film on quartz (Figure A.1a, Appendix A) shows one small peak belonging to the MnO crystal 

structure (PDF 01-075-1090). The optical absorption of the photoanodes slightly increases for 

wavelengths lower than ~700 nm after deposition of MnOx (Figure 3.1b). Further increase of the 

thickness of the MnOx films indeed leads to a (modest) increase in the optical absorption of the 

BiVO4/MnOx films (Figure A.1b, Appendix A).  
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Figure 3.2a shows the current of BiVO4 films decorated with different thicknesses of MnOx co-

catalyst under 455 nm LED illumination. The photocurrent of the BiVO4 samples at 1 VRHE 

(potential vs. reversible hydrogen electrode) increases by a factor of ~3 after depositing a 4 nm-

thick MnOx film. Also, a small cathodic shift of the onset potential of BiVO4 (~100 mV) can be 

observed. The photocurrent, however, starts to decrease beyond the 4 nm MnOx thickness. The 

reproducibility of this trend is confirmed by measuring the photocurrent of at least four samples 

which were deposited using the same parameters. Figure 3.2b shows a comparison of the 

photocurrent of these samples as a function of MnOx thickness at 1 VRHE (black curve). We first 

investigated whether the electrocatalytic activity of MnOx can explain the photocurrent 

enhancement. Figure A.2, Appendix A shows the dark current-voltage curves of MnOx films with 

different thicknesses. This measurement was done after a conditioning procedure of 8 consecutive 

current-voltage sweeps between 0.8 and 1.3 VRHE at 20 mV/s. It is clear that increasing the 

thickness resulted in a decrease of the current densities. Therefore, we conclude that MnOx possess 

Figure 3.1: a) X-ray diffractograms of the BiVO4/MnOx samples (2 and 6 nm). Only peaks belonging to

either monoclinic BiVO4 (black reference spectrum) or the FTO substrate are detected. b) Optical 

absorptance of bare BiVO4 and BiVO4/MnOx samples with a MnOx thickness of 2 and 6 nm.  
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a different role rather than improving the catalytic activity when deposited as a co-catalyst on 

BiVO4. Also, the photocurrent trend described above cannot be explained by the dark 

electrocatalytic activity trend of the MnOx catalyst. The same observation of the decrease of current 

densities by increasing the thickness was also reported by Strandwitz et al. [145]. They attributed 

this to the ohmic losses within the MnOx layers.  

Intensity modulated photocurrent spectroscopy (IMPS) measurements were performed to reveal 

the underlying reason behind the observed trend. The charge transfer efficiency (ηCT) of the 

samples are determined from the IMPS measurements. Figure A.3, Appendix A shows the complex 

IMPS plot at 1 VRHE evaluated for the bare BiVO4 and different thicknesses of MnOx (2, 4, 6 nm) 

deposited on the BiVO4 films; the low-frequency intercepts of these plots indicate the 

corresponding ηCT. The ηCT values are plotted alongside the photocurrent data shown in Figure 

3.2b (red circles). A correlation between ηCT and the photocurrent is clearly present. The charge 

transfer and surface recombination rate constants (ktr and krec, respectively) are also obtained from 

the IMPS data and shown in Figure A.4, Appendix A. ktr remains constant with varying thickness 

of the MnOx co-catalyst, while krec is minimized at the optimal thickness of 4 nm. This suggests 

that the main role of MnOx is to suppress surface recombination on BiVO4.  
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Figure 3.2: a) Linear sweep voltammetry (LSV) of the BiVO4 samples with various thicknesses of MnOx 
(0, 2, 4, 6, 10 nm). The dashed lines are added to indicate zero current. b) Photocurrent of the bare and 
modified BiVO4 samples assuming that the dark current is zero at 1 VRHE (black squares) and charge transfer 
efficiency calculated from IMPS (red circles) with various thicknesses of MnOx. The photocurrents and the 
corresponding error bars were obtained from the average and standard deviation of at least four 
measurements with different batches of samples. The light source was a 455 nm LED with 20 mWcm-2 
power density in all cases. 

 

The chemical nature of the films and the interface was investigated by XPS to elucidate the 

influence of the MnOx layer on the surface recombination of BiVO4. Figure 3.3a and b show the 

spectra of the Bi 4f and V 2p core levels, respectively. It is clear that the peaks shift towards lower 

binding energies with increasing thickness of the MnOx co-catalyst. In contrast, Figure 3.3c does 

not show any shift for the peak position of Mn 2p core level with increasing MnOx thickness. Figure 

3.3d shows the peak shifts for all these core levels. We attribute the peak shift for Bi and V to an 

increase of the band bending in the BiVO4 upon the addition of MnOx co-catalyst. As illustrated in 

Scheme 3.1, if band bending increases in the BiVO4 films, X-ray excitation with the same photon 

energy (i.e., 1486.74 eV from the Al Kα radiation) will result in detected photoelectrons with 

increasing kinetic energies. This translates to a shift of the core level peaks to lower binding 
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energies, in agreement with our XPS data. The additional band bending explains the improvement 

of the PEC performance with MnOx film thickness (up to 4 nm) which was shown in Figure 3.2a. 

As a result of larger band bending, the surface majority carrier concentration (nsurf) decreases. Since 

surface recombination is a function of nsurf, the overall surface recombination is decreased and the 

photocurrent is improved. We estimated that nsurf is lowered by a factor of ~40 based on the ~0.1 

eV additional band bending observed for the optimum 4 nm MnOx/BiVO4 sample (Figure 3.3d). 

This is also in a good agreement with the observed krec decrease from IMPS (Figure A.4, Appendix 

A).   

 

 

Figure 3.3: Core level spectra of a) Bi 4f, b) V 2p, and c) Mn 2p for the bare BiVO4 and the BiVO4 films 

decorated with different thicknesses of MnOx (2, 4, 5, 6, and 10 nm). d) Shift in binding energies (ΔE) for

the core levels of Bi 4f, V 2p, and Mn 2p vs. various thicknesses of MnOx. 
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Although the band bending observation can satisfactorily explain the initial increase in 

photocurrent up to a MnOx thickness of 4 nm, it cannot account for the decrease in photocurrent 

for thicknesses above 4 nm. Thus, a competing mechanism must exist that compensates for the 

increasing band bending at the BiVO4/MnOx interface. The first possibility is the lower dark 

electrochemical activity of MnOx with increasing thicknesses. This has indeed been shown to be 

the case in Figure A.2, Appendix A. Electrochemical impedance spectroscopy (EIS) was conducted 

for BiVO4 samples with different thicknesses of MnOx to confirm if this is also the case when 

MnOx is deposited on BiVO4. Two thicknesses of MnOx layer on BiVO4 are studied: 4 nm as the 

optimum thickness and 6 nm as the thickness at which a decrease in photocurrent occurs. Figure 

Scheme 3.1: Schematic of the band diagram of the bare BiVO4 and BiVO4 with increasing MnOx thickness. 

The energy of the X-ray is constant, therefore, an (upward) band bending increase at the interface results in

photo-emitted electrons with larger kinetic energy (Ek,1 < Ek,2 < Ek,3) that translates to a shift in the binding

energy towards lower values. 
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A.5a, Appendix A shows the Nyquist plot for the BiVO4 decorated with 4 nm of MnOx. Two 

semicircles are clearly observed. A resistance-based analysis method was performed on the 

resistances in the films, as recently established by Moehl et al. for multilayer water splitting 

photocathodes [146]. The measurements were also conducted at different applied potentials to 

assign the identity of each semicircle. As shown in Fig. A.5a, increasing the potential does not 

change the first semicircle, but a systematic decrease of the radius of the second semicircle can be 

observed. Therefore, we tentatively attribute the second semicircle to the charge transfer resistance 

(Rct). This means that the first semicircle should be due to the (bulk) resistivity of the MnOx film.  

Figure A.5b shows the Nyquist plot of the BiVO4 films with MnOx (4 and 6 nm) measured at ~1.23 

VRHE. Since the resistivity of the films is expected to increase with increasing thickness, we would 

expect the first semicircle to be different for these films. However, Fig. A5b clearly shows that this 

is not the case. This means that our simple model in terms of bulk- and charge transfer resistances 

cannot be used to describe the film’s behavior.  

The presence of shunting pathways is another plausible explanation for the decrease of the 

photocurrent beyond 4 nm thickness. For instance, in the case of a NiFeOx co-catalyst on a hematite 

photoanode, Boettcher and co-workers showed that a direct contact between NiFeOx and the 

underlying FTO substrate—due to the porosity or the existence of pinholes in the hematite 

photoanode—provides a pathway for electron-hole recombination (i.e., shunting) [106]. Dark 

cyclic voltammetry measurements were performed for FTO and bare BiVO4 in a 50 mM 

ferri/ferrocyanide with 0.1 M supporting KCl electrolyte to determine whether shunting pathways 

are also present in our films (Figure 3.4a). The FTO dark current measurement shows peaks 

corresponding to the oxidation and reduction of the [Fe(CN)6]3- and [Fe(CN)6]4 redox couple. These 

redox peaks should be negligible for a dense BiVO4 film when no (or very few) pinholes exist 

[147]. The fact that we observe these redox peaks clearly shows that some FTO must be exposed 
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to the electrolyte. For the BiVO4 samples decorated with MnOx, these pinholes represent areas 

where a direct contact (“shunt”) between MnOx and FTO can occur. To further investigate this, we 

measured the dark current for the BiVO4 samples with different thicknesses of MnOx in 0.1 M KPi 

electrolyte. The dark current increases for samples with MnOx films thicker than 4 nm (Figure 

3.4b), which confirms that (parts of) the MnOx are in direct contact with the FTO. Thus, a shunting 

effect can satisfactorily explain the decreasing photocurrent for thicker MnOx films.  

 

 

Additional microscopy measurements further confirmed the presence of the pinholes, and the 

shunting pathways. The scanning helium ion microscopy top view image of the BiVO4 film shows 

that it is not fully compact (i.e., some parts of the FTO substrate are not covered, Figure 3.5). In 

addition, the scanning transmission electron microscopy (STEM) cross-section image of a BiVO4 

sample with 10 nm-thick MnOx layer is shown in Figure 3.6a. The EDX-STEM maps in Figure 

3.6b-f show the existence of the pinholes on BiVO4 quite clearly. The area at which MnOx is in 

direct contact with FTO are marked with the red arrows in Figure 3.6f. 

Figure 3.4: a) Cyclic voltammetry of the FTO substrate and the bare BiVO4 in 0.1 M KCl and 50 mM 

(Fe(CN)6)3-/ 4-  under 10 mV.s-1 scan rate. b) Dark current measurements for bare BiVO4 films and 2, 4, 6, 

and 10 nm MnOx on BiVO4 in 0.1 M KPi. The dashed line is added as a guide to the eye. 
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Our findings in this chapter on the role of MnOx films on BiVO4 photoanode and the correlation 

with the observed photocurrent trend can be now summarized; the deposition of MnOx co-catalyst 

on BiVO4 films with increasing MnOx thickness results in additional band bending at the interface. 

The additional band bending leads to a lower surface majority carrier concentration, therefore, it 

reduces surface recombination, and as a result, photocurrent improves. However, when the films 

Figure 3.5: Helium ion microscopy (HIM) images of a) BiVO4 on FTO, b) 4 nm MnOx deposited on the

BiVO4, and c) BiVO4 decorated with 10 nm MnOx. 

Figure 3.6: a) Cross-section view of the BiVO4 film decorated with MnOx. Elemental distribution (net

counts, individual intensity scaling) of b) Bi, c) V, e) Sn, e) Mn, and f) composite signal as obtained by

energy dispersive X-ray spectrometry for MnOx modified BiVO4. 
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become too thick, they can make direct contact with the underlying FTO. This causes a shunt 

between the surface of the BiVO4 and the FTO substrate that causes recombination. These two 

competing effects which are illustrated in Scheme 3.2 can explain the photocurrent being 

maximized for the BiVO4 films with 4 nm MnOx co-catalysts.   

 

 

Scheme 3.2: a) Charge transfer from the surface of BiVO4 is limited by surface recombination (red arrows)

in bare BiVO4. b) When a thin MnOx film (up to 4 nm) is deposited on the surface of BiVO4, a discontinuous 

layer is formed. As a result, the band bending is enhanced at the interface, and the surface recombination is

suppressed. c) Depositing thicker MnOx film (> 4 nm) leads to a full coverage, also at the exposed FTO 

surface. A direct contact between the BiVO4 surface and the FTO acts as shunting pathway and leads to 

recombination. 
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3.3. Conclusion 

To summarize, in this chapter the role of ultra-thin ALD MnOx co-catalyst layers on BiVO4 

photoanodes is investigated. The PEC performance of BiVO4 shows an enhancement upon the 

deposition of MnOx. The photocurrent reaches its maximum for a MnOx with 4 nm thicküness (~3-

fold improvement as compared to the bare BiVO4); beyond this thickness the photocurrent 

decreases. The MnOx dark catalytic activity and conductivity trends cannot explain this 

photocurrent trend. IMPS analysis revealed that the charge transfer efficiency as well as surface 

recombination rate constant follow the same trend with MnOx thickness as the photocurrent. From 

the XPS analysis, it is found that MnOx introduces additional band bending (up to ~0.2 eV) at the 

BiVO4/MnOx interface, and therefore, reduces surface recombination. However, due to the 

morphological nature of our spray-pyrolysed BiVO4 films, increasing MnOx thickness also 

increases the possibility of MnOx filling the pinholes and creating direct contact with the underlying 

FTO substrate (shown by electrochemical and TEM analysis). This shunts the BiVO4 surface with 

the FTO, which increases the electron-hole internal recombination and cancels out the favorable 

effect of band bending for thicker MnOx films. Overall, the study in this chapter sheds light on the 

main role of MnOx co-catalyst on BiVO4 and the underlying reason behind the co-catalyst thickness 

optimization. It is expected that the phenomena observed in our system can be extended to other 

semiconductors/co-catalysts systems, especially those with similar morphology. 
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Chapter 4. The Nature of Nitrogen Incorporation in BiVO4 Photoanodes: 
Chemical and Physical approaches 
 

4.1. Introduction 

In the previous chapter, we have established the main role and optimum thickness of a co-catalyst 

on a semiconductor (specifically MnOx on BiVO4). To proceed with our investigation of the factors 

influencing the charge transfer at the semiconductor/co-catalyst interface, in this chapter we 

attempt to modify the energetics of BiVO4 as the photoanode material. As mentioned in Chapter 1, 

BiVO4 is a moderate bandgap semiconductor (∼2.4-2.5 eV) with suitable band positions for water 

oxidation and a fairly negative photocurrent onset potential [24, 29, 148]. Recent efforts on 

identifying the performance limitations and implementing appropriate optimization strategies for 

BiVO4 have resulted in significant improvement of the AM1.5 photocurrent. The highest reported 

photocurrent already exceeds 90% of the theoretical maximum based on its bandgap [30]. 

Therefore, the performance is limited by light absorption so that a major photocurrent improvement 

can only be achieved by reducing the bandgap. In addition, the modification of its bandgap through 

the modulation of its valence or conduction band will provide us with a model system to investigate 

the relationship between the semiconductor energetic positions and the interfacial charge transfer 

properties. 

Various practical methods have been reported to alter the band positions, and thus the bandgap, of 

metal oxide semiconductors [40-43]. For BiVO4, doping strategies have been broadly explored to 

alter the charge carrier transport properties, but few attempts have been made to reduce the bandgap 

by doping or alloying. The conduction band potential of BiVO4 is close to the redox potential for 

hydrogen evolution, and the photoexcited holes in the valence band have more than enough 
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overpotential to oxidize water. Therefore, bandgap reduction through modification of the valence 

band position is preferred. This reduction will extend light absorption towards longer wavelengths 

while maintaining a modest photocurrent onset potential [44-48]. The valence band edge of BiVO4 

consists of oxygen 2p atomic orbitals with minor additional contribution from bismuth 6s orbitals 

[49]. Thus, to shift the valence band upward and decrease the bandgap, oxygen can be substituted 

with elements that have atomic orbitals located at higher energies. For instance, nitrogen or sulfur 

are expected to narrow the bandgap of BiVO4 with their N 2p and S 3p orbitals, respectively [43, 

44, 50-52]. Also, the bandgap of BiVO4 has been reported to be reduced via cation substitution. 

For example, V substitution with Sb, or Bi substitution with Mn or Fe have been reported [41, 53-

55]. 

In this chapter, we introduce nitrogen into the BiVO4 lattice using two approaches: physical and 

chemical. In the first approach (chemical method), nitrogen is introduced during the deposition 

procedure by the addition of ammonium nitrate to the spray pyrolysis precursor solution. In the 

second approach (physical method), nitrogen is introduced after the deposition of BiVO4 via 

nitrogen ion-implantation. In both cases, nitrogen is present in the form of dinitrogen (N2) and this 

enhances the optical absorption at photon energies below 2.4 eV. However, the 

photoelectrochemical response does not improve. By combining the experimental results with DFT 

calculations, we show that this can be understood from the changes in the electronic structure of 

BiVO4 upon nitrogen incorporation.        
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4.2. Results and discussion 

4.2.1. Structural and optical properties 

Sprayed BiVO4 films are typically annealed in air [125], but all the nitrogen incorporated BiVO4 

films in this study were annealed in N2 to avoid loss of nitrogen during annealing. We therefore 

first investigated if post-deposition annealing in N2 affects the structural and optical properties of 

unmodified BiVO4. Figure B.1a, Appendix B shows the x-ray diffractograms and absorption 

spectra of BiVO4 annealed in air and N2. All X-ray diffraction peaks match well with the standard 

monoclinic scheelite phase of BiVO4 (PDF 00-014-0688). The optical absorption spectra of both 

samples are also practically identical (Figure B.1b, Appendix B). This is different from the report 

of Kim et al. on N2-annealed BiVO4 [44]. Nanoporous BiVO4 films synthesized electrochemically 

showed a shift of the absorption onset upon annealing in N2 in the mentioned report. Indeed, despite 

the higher temperature used in our study (460 °C) as compared to their report (350 °C), N2 

annealing does not lead to incorporation of nitrogen in our spray-pyrolysed BiVO4. We speculate 

that this is caused by the difference in crystallinity, morphology, and surface chemical properties 

between the spray-pyrolysed and electrodeposited BiVO4. 

 

a. Chemical incorporation of nitrogen 

Nitrogen was introduced during the deposition procedure by addition of ammonium nitrate to the 

spray pyrolysis precursor solution (chemical method). The X-ray diffraction patterns for the 

nitrogen incorporated BiVO4 films via the chemical method are shown in Figure 4.1a. These films 

will be designated as N:BiVO4 (chem.) throughout the chapter. The as-deposited film shows all of 

the main XRD peaks for monoclinic scheelite BiVO4 phase and some additional small peaks. The 
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monoclinic BiVO4 phase is maintained upon the post-deposition annealing in N2 at 460 °C for 2 

hours, and two additional small peaks are observed at 2θ angles of ~ 27° and 28°. These extra peaks 

can be assigned to VO2 (PDF 00-009-0142). This can be caused by the facile reaction between the 

ammonium and bismuth nitrate, leaving some of the vanadium in the same reduced state as in the 

precursor (V4+ in vanadyl acetylacetonate). Figures 4.1b-c show the morphology of the pristine 

BiVO4 and N:BiVO4 (chem.) films, both post-annealed in nitrogen. The N:BiVO4 (chem.) film has 

a less regular morphology, however, the average particle sizes of the pristine BiVO4 and N:BiVO4 

(chem.) are similar at 0.20 ± 0.07 µm and 0.18 ± 0.1 µm, respectively. The HR-TEM image of the 

N:BiVO4 (chem.) film shows a clear lattice fringe spacing of 0.36 nm (Figure B.2, Appendix B) 

corresponding to the (200) plane of BiVO4 [34]. 

 

 

Tauc analysis was performed to determine the bandgap of the films. The direct and indirect Tauc 

plots (using the Kubelka-Munk function) for pristine BiVO4 and N:BiVO4 (chem.) are shown in 

Figure 4.2. The direct bandgap is not affected by nitrogen incorporation. A shift of the indirect 

bandgap can be observed from 2.55±0.05 eV for pristine BiVO4 to 2.49±0.05 eV for N:BiVO4 

Figure 4.1: a) XRD pattern of the as-deposited and post-deposition annealed chemically incorporated

N:BiVO4 films. The annealing was done in N2 at 460 oC for 2 hours. SEM images of b) pristine BiVO4 and 

c) N:BiVO4 (chem.) films. Both films were annealed in N2 at 460 oC for 2 hours. 
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(chem.). This small shift is in the same order as the one demonstrated in N2-annealed 

electrodeposited BiVO4 [44]. The N:BiVO4 (chem.) film looked significantly darker (more brown) 

regardless of the small shift in the indirect bandgap. The photographs of BiVO4 and N:BiVO4 

(chem.) are shown in the inset of Figure 4.2. This behavior may be caused by the absorption tail 

observed for energies between 1.8 – 2.4 eV (Figure 4.2b and Figure B.3, Appendix B) and 

presumably indicates the presence of defects or disorder yielding localized states in the bandgap 

(i.e., Urbach tail) [149, 150]. 

 

 

Figure B.3, Appendix B shows that the N:BiVO4 (chem.) film has lower absorptance at 

wavelengths lower than 500 nm as compared to the pristine films. This is due to the thinner nature 

of N:BiVO4 (chem.) film, as shown in Figure B.4, Appendix B. The addition of ammonium nitrate 

increases the volatility of the precursor solution during the high temperature spray deposition, 

which results in lower deposition rate.  

 

b. Physical incorporation of nitrogen 

Figure 4.2: Indirect and direct bandgaps of a) the pristine and b) chemically-incorporated nitrogen BiVO4

samples, all annealed in N2 at 460 oC for 2 hours. Insets show the photographs. 
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As an alternative, a physical incorporation approach via nitrogen ion implantation was also 

explored. The penetration depth and concentration of nitrogen ions inserted to the BiVO4 lattice as 

a function of the applied ion energy and fluence was first simulated using the SRIM program. The 

results obtained from the simulation are shown in Figure 4.3. We prepared nitrogen ion-implanted 

BiVO4 films using an ion energy of 40 keV and a fluence of 1016 cm-2 based on these curves. This 

choice should lead to an N concentration of above 1020 cm-3 for a depth of up to 150 nm (40 kV 

data Figure 4.3a and 1016 cm-2 data in Figure 4.3b), which corresponds to an average nitrogen-to-

bismuth ratio of ~ 0.4. For brevity, these modified films are designated as N:BiVO4 (phys.). Figure 

4.4a shows the X-ray diffraction peaks of the N:BiVO4 (phys.) samples (as-implanted and after 

post-deposition annealing in N2). The as-implanted N:BiVO4 (phys.) has much lower crystallinity 

as compared to the pristine sample (Figure B.1, Appendix B). This is also evident from the SEM 

image shown in Figure 4.4b, in which the individual grains are less clearly defined than in pristine 

BiVO4 (Figure 4.1b). The damage from high energy ion implantation and subsequent partial 

Figure 4.3: Concentration depth profiles obtained from Monte Carlo simulations using the SRIM program

for nitrogen within the BiVO4 samples for ion implantation at a) constant ion fluence of 1016 cm-2 and 

varying energies and b) constant ion energy of 40 keV and varying ion fluencies. The x-axis is the depth (d) 

from the surface of the BiVO4 samples. 
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amorphization has been shown in many reports [151, 152]. However, post-deposition annealing of 

the films in N2 helps restore the crystallinity (Figure 4.4a), which is also evident from the SEM 

micrographs (Figure 4.4b-c). The morphology of N:BiVO4 (phys.) consists of elongated particles 

similar to the pristine BiVO4 (Figure 4.1b), albeit with larger grain size and less sharply-defined 

grain boundaries. Films with higher ion fluence of 1017 cm-2 were also prepared, but the resulting 

films show irreversible damage, and post-deposition annealing treatment could not re-crystallize 

the films (Figure B.5, Appendix B).  

 

 

Figure 4.5a shows the absorption spectra of the pristine BiVO4 and N:BiVO4 (phys.) films. No 

distinct absorption features that are typical for monoclinic BiVO4 are present for the as-implanted 

N:BiVO4 (phys.) film due to the extensive damage from ion implantation. However, post-

implantation annealing in N2 successfully brings back the typical monoclinic BiVO4 absorption 

features, with the addition of an absorption tail that extends up to ~ 700 nm. As a result, a change 

in the visual appearance of the N:BiVO4 (phys.) films appeared, see inset of Figure 4.5b. Tauc 

analysis was performed (Figure 4.5b), and the indirect bandgap shifts from 2.55±0.05 eV for the 

Figure 4.4: a) XRD patterns of the physically incorporated N: BiVO4 films, as-implanted and post-annealed

in N2 at 460 °C for 2 hours. SEM images of b) the as-implanted and c) post-implantation annealed films in 

N2. 
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pristine BiVO4 to 2.50±0.05 eV for the N:BiVO4 (phys.). Also, the direct bandgap shifts toward a 

slightly lower value, from 2.67±0.05 eV in the pristine BiVO4 to 2.60±0.01 eV in N:BiVO4 (phys.).  

 

 

4.2.2. Chemical nature of incorporated nitrogen in N:BiVO4 films 

X-ray photoelectron spectroscopy (XPS) analysis of the pristine BiVO4, N:BiVO4 (chem.), and 

N:BiVO4 (phys.) films shows that the changes in the optical absorption above are truly caused by 

the incorporation of nitrogen. The N 1s core-level spectra is shown in Figure 4.6a. Indeed, the 

pristine BiVO4 exhibits no XPS signal for nitrogen (despite the post-deposition annealing in N2). 

A clear nitrogen peak at ~400 eV can be observed for both the chemically- and physically-modified 

N:BiVO4. In the literature, N 1s XPS spectra with a peak at 396-398 eV is assigned to nitrogen at 

regular lattice sites (nitrogen-metal bonds) while a peak at 400-402 eV can be assigned to molecular 

nitrogen [153-156]. The highlighted pink and green regions in Figure 4.6a depict the lattice and 

Figure 4.5: a) Optical absorptance spectra of pristine BiVO4 and N:BiVO4 (phys.) films, as implanted and

after post-implantation annealing in N2 at 460 oC for 2 hours. b) Indirect and direct bandgaps of the 

physically incorporated N:BiVO4 sample. The film was annealed at 460 °C in N2 for 2 hours. A photograph 

of the sample is shown in the inset. 
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molecular nitrogen peak positions, respectively. It is clear that nitrogen is present in the molecular 

form (i.e., as N2) in our N:BiVO4 films.   

In fact, this observed peak is slightly different than the one reported by Choi and co-workers in 

their study on N2-annealed nanostructured BiVO4 samples [44]. They reported a significantly 

broader peak for nitrogen between 397 and 402 eV that can be assigned to a mixture of mostly 

molecular N2 and a small amount of bonding nitrogen that substitutes for lattice oxygen [154, 155, 

157]. The incorporation of a molecular form of nitrogen (N2) seems unusual in a solid state lattice, 

but has also been reported for other lattices, e.g. ZnO [158] and WO3 [159]. The trapping of N2 in 

the WO3 lattice in the form of xN2·WO3 (x = 0.034-0.039) has been reported by Mi et al. As a 

result, the absorption and photoactivity of WO3 was extended [159]. Their computational study 

suggested that the red shift in optical absorption is caused by the deformation of the host lattice 

(WO3) and weak electronic interaction between trapped N2 and the WO3 matrix.  

Figure 4.6b shows the Bi 4f core-level spectra and no changes are observed upon the incorporation 

of nitrogen in BiVO4, both for chemical and physical incorporation. From the data in Figures 4.6a 

and 4.6b, the N:Bi ratio was estimated to be 0.4 and 0.1 for the N:BiVO4 (chem.) and N:BiVO4 

(phys.) films, respectively. The N:Bi ratio for the N:BiVO4 (phys.) film, obtained by XPS is about 

4 times smaller than the estimate obtained from the SRIM simulations (Figure 4.3). This 

discrepancy may be caused by a gradient in nitrogen concentration between the surface and the 

bulk since XPS is a surface-sensitive technique. Alternatively, some nitrogen may leave the BiVO4 

lattice during the post-implantation annealing step. Nevertheless, it is clear that nitrogen is 

incorporated in the films and responsible for the observed change in optical absorption. The V 2p 

spectra for the pristine BiVO4, N:BiVO4 (chem.), and N:BiVO4 (phys.) films are shown Figure 

4.6c. It is clear that the incorporation of nitrogen is accompanied by the formation of V4+, which is 

consistent with the observation of XRD peaks for VO2 in Figure 4.1a. 
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4.2.3. Photoelectrochemical characterization 

The photoactivity of the films was investigated by measuring their incident photon-to-current 

conversion efficiency (IPCE) in a 0.1 M KPi buffer (pH ~ 7) with 0.5 M Na2SO3 added as a hole 

scavenger at 1.23 V vs. RHE (Figure 4.7). For the pristine BiVO4 film, IPCE values of ~ 60% were 

obtained for the wavelength range of 350-420 nm and the onset of the IPCE is slightly above 500 

nm, which agrees well with the bandgap of BiVO4. The N:BiVO4 (chem.) film shows lower IPCE 

values attributed to the lower thickness of the film (Figure B.4). Multiplying the IPCE spectrum of 

the N:BiVO4 (chem.) film with a factor of ~ 1.5 results in an almost overlapping spectrum with 

that of the pristine BiVO4 film (inset, Figure 4.7). No improvement in absorption onset is observed. 

For the case of the as-implanted N:BiVO4 (phys.) film, the poor crystallinity due to the ion beam 

damage resulted in no photoactivity (i.e., zero IPCE) for the entire wavelength range. However, 

Figure 4.6: a) N 1s, b) Bi 4f, and c) V 2p core-level XPS spectra of pristine, chemically, and physically

nitrogen-incorporated BiVO4 (samples were post-annealed in N2 at 460 oC for 2 hours). 
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annealing in nitrogen raises the IPCE value. This shows that post-implantation annealing not only 

improves the crystallinity, but also recovers the photoactivity. Nevertheless, the N:BiVO4 (phys.) 

film overlaps with that of the pristine BiVO4 film and no shift of the onset of the IPCE was 

observed. Figure B.6, Appendix B (XPS measurement) shows that nitrogen is still present in the 

N:BiVO4 after the PEC measurement. The AM1.5 photocurrents of the samples show only a 

difference for the thickness-related effect of the N:BiVO4 (chem.) sample, as also observed in the 

IPCE, but no shift of the photocurrent, nor onset potential (Figure 4.7b). Overall, despite the clear 

evidence that nitrogen is present in the films, there is no change in the IPCE onset for the films 

prepared by both techniques. The exact cause of this is discussed in the next section. 

 

 

Figure 4.7: a) Incident photon-to-current conversion efficiency (IPCE) vs. wavelength curves of pristine 

BiVO4, chemically, and physically prepared N:BiVO4 samples. at 1.23 V vs. RHE in 0.1 M potassium

phosphate buffer (pH ~ 7) with 0.5 M of sodium sulfite electrolyte. All samples were annealed in N2 at 460 

°C for 2 hours, except for the as-implanted physically prepared samples that were not photoactive. The inset

shows no change in the IPCE onset for the N:BiVO4 (chem.) sample. b) The back-side chopped-illumination 

(AM 1.5G) linear sweep voltammogram of pristine, chemically, and physically modified BiVO4 in KPi (pH 

~ 7) electrolyte.  



90 
 

4.2.4. Density Functional Theory (DFT) calculation 

Density functional theory (DFT) analysis was performed by our collaborators at KAUST to 

confirm and further explain the experimental results. First of all, the likelihood of nitrogen 

incorporation into BiVO4 in the molecular form was investigated (from the thermodynamic point 

of view). The clinobisvanite (i.e., monoclinic scheelite) phase of BiVO4 (C2/c space group) is 

modeled by 2 × 1 × 2 supercell containing 16 functional units (Bi16V16O64) or 96 atoms. To obtain 

a N:Bi ratio ~ 0.1, mimicking the obtained experimental results, an N2 molecule was inserted into 

the monoclinic supercell structural model containing 16 Bi, 16 V, and 64 O atoms as shown in 

Figure 4.8a. The possible N2 structural configurations inside the BiVO4 lattice were explored 

covering different orientations and coordination numbers. The configurations converged after full 

optimization to only three distinct but energetically degenerate structures, i.e. the same lowest 

electronic energy. This suggests the feasibility of N2 incorporation in different positions inside the 

lattice. Finally, the relaxed structures revealed the three main N2 coordination environments that 

can exist. Figure 4.8b-d shows the different configurations: bridging between two V sites, between 

two Bi sites, or between one Bi site and one V site.  

 

Figure 4.8: Optimized ball and stick model structure of a) pristine BiVO4, and N:BiVO4 (BiVO4N0.125) with 

incorporated N2 bridging between b) two V, c) two Bi, and d) one V and one Bi. In this model structure 

magenta spheres show Bi, grey spheres stand for V, red spheres are O, and blue spheres represent N. An 

unobstructed view of the N2 coordination in b-d is shown in Figure B.7, Appendix B (reduced stick model).
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Since the three configurations of N:BiVO4 above are energetically degenerate, the thermodynamic 

stability was only investigated for one configuration, which is the one where N2 is bridging between 

two vanadium atoms. Each N atom is coordinated to the nearest V atom located in a VO4 tetrahedral 

environment with a N-V distance of 2.27 Å and a constant N-N bond length of 1.13 Å. Table B.1 

shows that the computed lattice parameters indicated a minimal distortion of N:BiVO4 as compared 

with the pristine material. This minimal distortion of N:BiVO4 implies that the incorporation of the 

N2 molecule in the BiVO4 lattice does not break the lattice symmetry nor does it change the position 

of the neighboring atoms. DFT calculations allow exploring the thermodynamic stability of 

N:BiVO4 through using molecular nitrogen N2 in the gas phase as a nitrogen source and following 

the experimental conditions. Figure 4.9 shows the thermodynamic diagram that was built by 

plotting the formation energy of N:BiVO4 as a function of the nitrogen chemical potential (∆μN), 

which covers different oxidizing environment. The N:BiVO4 structure is thermodynamically less 

stable than BiVO4 at low N2 pressure (under N-poor conditions). However, it becomes competitive 

with BiVO4 under standard conditions (i.e., formation energy < 0.1 eV near N2 atmospheric 

pressure) and more stable at high N2 pressure (under N-rich conditions). Thus, it is not surprising 

that molecular nitrogen can be introduced in the BiVO4 lattice under N-rich experimental 

conditions (physical/chemical incorporation followed by annealing in pure N2 atmosphere). 
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To determine the most likely configuration of molecular nitrogen in BiVO4 electronic density of 

states (DOS) calculations for the various configurations were performed; the results are shown in 

Figure 4.10. Note that the absolute value of the bandgap of BiVO4 is overestimated using this 

calculation method, but we focus on the relative differences between the various configurations in 

this study. In all cases, the electronic behaviors of the valence band and conduction band states are 

similar, except for the configuration where the N2 is bridging between two V atoms which was 

shown in Figure 4.10b. In this case, a new empty electronic state appears at ~ 0.1 eV below the 

original conduction band minimum (CBM). This leads to a narrower bandgap of N:BiVO4 by 

~ 0.1 eV as shown in Figure 4.10b and consequently a slight shift of the onset of the dielectric 

function to lower energy by the same amount (see Figure B.8, Appendix B) as compared to the 

pristine material. This result is in a good agreement with the bandgap shift observed in our 

Figure 4.9: DFT-based formation energy of BiVO4N0.125 shown with solid red line as a function of ∆μN using

dinitrogen (N2) in gas phase as the N source at T=700 K. The dashed black line at zero formation energy

represents the pristine BiVO4. 
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experiments (Figures 4.2 and 4.5). The two other possible N:BiVO4 structural configurations (i.e. 

incorporated N2 bridging between two Bi sites or between one Bi and one V site) did not show any 

change in the bandgap with respect to the pristine material (Figure 4.10c and d). Also, Raman 

spectroscopy of the N:BiVO4 (chem.) sample (Figure B.9, Appendix B) shows the presence of a 

V-N bond [160] and the absence of a Bi-N bond that is in agreement with the configuration in 

which N2 is bridging between two V atoms. The 3D electron density maps of the valence and 

conduction band electronic states of N:BiVO4 (with N2 bridging between two V sites) were 

computed and shown in Figure 4.11. The valence band maximum (VBM) is predominantly 

composed of a strong contribution of oxygen p-orbitals distributed homogenously throughout the 

lattice along with weak contributions from bismuth s-orbitals and vanadium d-orbitals as shown in 

Figure 4.11a. The CBM mainly consists of a major contribution of d-orbitals localized on vanadium 

distributed homogenously throughout the crystal lattice together with minor contributions from 

oxygen 2p-orbitals and bismuth p-orbitals (see Figure 4.11b). This interpretation is consistent with 

previous DFT reports [24, 161]. The rather delocalized character of the VBM and CBM electronic 

states is expected to lead to a good migration of the photogenerated holes and electrons to the 

surface. For the newly generated empty state (~ 0.1 eV below CBM), however, the electron is 

localized mainly on the incorporated N2 and the two linked reduced vanadium species as shown in 

Figure 4.11c. This additional state may act as an effective electron trap and/or recombination 

center, which explains the absence of a sub-bandgap photoresponse in the IPCE spectrum. All of 

these computed results are in good agreement with the experimental observations, and we conclude 

that the incorporated N2 is most likely bridging between two vanadium atoms in our experimentally 

obtained N:BiVO4 samples (Figure 4.8b). 
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Figure 4.10: Total/partial electronic density of states (DOS) obtained using the HSE06 functional for a)

pristine BiVO4, and N:BiVO4 with different configurations: N2 bridging between b) two V sites (see Figure 

4.9b), c) two Bi sites (see Figure 4.9c), or d) one Bi site and one V site (see Figure 4.9d).  Color legend: 

total DOS in black; DOSs projected onto Bi 6s orbitals in purple, V 3d orbitals in gray, O 2p orbitals in red,

and onto N 2p orbitals in blue. 

Figure 4.11: Electron density maps for a) the VBM, b) the CBM, and c) the new generated empty state

obtained at the DFT/HSE06 level for the most relevant predicted BiVO4N0.125 with incorporated N2 bridging 

between two vanadium sites. Color legend: Bi in purple, V in grey, O in red, and N in blue. Sticks represent

bond between atoms. N atoms and their vanadium bridging neighbors are shown with balls. Isovalue is 

0.003 au. 
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4.3. Conclusion 

In this chapter, we explored two different approaches of nitrogen incorporation in BiVO4 thin films: 

first, via the modification of the spray pyrolysis precursor solution (chemical method), and second 

through nitrogen ion implantation (physical method). Both the chemical and physical methods lead 

to a darker appearance of the BiVO4 films, and UV-Vis analysis shows a slight reduction of the 

bandgap and the presence of an absorption tail up to ~700 nm. XPS data confirms the nitrogen 

incorporation in the BiVO4 lattice. However, the position of the N 1s peak suggests that nitrogen 

is present in the molecular form (i.e, N2), and thermodynamic DFT calculations confirm the 

structural likelihood of this configuration. Molecular nitrogen is bonded with two vanadium atoms 

in the lattice and introduces a new empty state at ~0.1 eV below the conduction band minimum. 

The localized nature of this state suggests that it may act as an electron trap and/or recombination 

center, which would suppress the photoactivity. Indeed, in agreement with the DFT results, our 

incident photon-to-current conversion efficiency (IPCE) measurement shows no sub-bandgap 

photoresponse upon nitrogen incorporation with both chemical and physical methods. While not 

shown in this chapter, other methods of incorporating nitrogen into our spray-deposited BiVO4 thin 

film (e.g., high-temperature annealing in NH3, N2 plasma treatment, usage of other nitrogen source 

e.g. urea in the precursor solution) also resulted in no extension of the photoactivity. Therefore, 

other strategies to reduce the bandgap of BiVO4 which also effectively extend the onset of 

photoactivity, need to be explored further. For instance, incorporation of other elements such as 

sulfur [50], antimony [54], or selenium [162] with combinatorial and high-throughput 

methodologies [163, 164]. Alternatively, novel complex metal oxides with similar properties to 

BiVO4, but a smaller bandgap (ideally 1.8-1.9 eV) need to be developed. Finally, for the purpose 
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of this thesis, other potential photoactive materials with tunable band positions, such as Ta-O-N, 

need to be considered.  
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Chapter 5. Interfacial charge transfer in semiconductor-co-catalyst model 
system with tunable energetics: tantalum (oxy)nitride/nickel-doped manganese 
oxide 
 

5.1. Introduction 

As mentioned in the previous chapters, the incorporation of nitrogen as an interstitial or an ionic 

substituent for oxygen could potentially result in the valence band shifting towards higher energies. 

If this occurs, the bandgap can be decreased and an improvement of light absorption and, 

consequently, performance may be achieved. More importantly, the tunability of the valence band 

position would allow us to investigate its influence to the charge transfer process at the 

semiconductor/co-catalyst interface, which is the main scientific question of this thesis. In fact, 

substitution of oxygen with nitrogen, as identified from the presence of N3− species (photoelectron 

binding energy of ~396-398 eV), has successfully enhanced the visible light activity of several 

oxides, such as TiO2 and ZnO [63, 88, 153, 165]. However, the substitution process is not always 

thermodynamically favorable; i.e., nitrogen can be present in the molecular form instead of the 

preferable interstitial or O-substituent [153, 155, 156, 166]. For BiVO4, we have shown that this is 

the case, and nitrogen incorporation does not successfully shift the valence band position [166]. 

An alternative (oxy)nitride material system with adjustable band position is therefore desired. 

One candidate is tantalum (oxy)nitride. Within the material system, stable tantalum oxide, 

oxynitride, and nitride phases have been reported [62, 64, 70, 76, 84, 85, 167-172], all of which 

have different bandgaps and band positions. In addition, as stated in chapter 1, tantalum oxynitride 

and nitride are also considered to be potential semiconductor materials for water oxidation. Their 

bandgaps are 2.4 and 2.1 eV, respectively, and their conduction band is in a favorable position due 
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to the high energetic position of Ta 5d orbitals [173-176]. However, although the preparation of 

tantalum oxide (Ta2O5) and nitride (Ta3N5) is relatively straightforward, the oxynitride (β-TaON) 

is quite challenging to obtain due to the very precise and controlled conditions required during the 

nitridation process. This is especially true for the thin films. For instance, in a previous work done 

in our group, the formation of single-phase β-TaON was not possible when nitridation was done 

only in the presence of NH3 flow [177]. Only by carefully and systematically controlling the partial 

pressure of NH3, H2 and H2O during the nitridation process, different phases (e.g. Ta2O5, TaON, 

Ta3N5) were successfully and reproducibly prepared [64]. 

In this chapter, we investigate the tantalum (oxy)nitride (Ta-O-N) system as the semiconductor 

system of interest with tunable band position. We successfully reproduced our previous work in 

preparing the oxide, oxynitride, and nitride phases, and extended the range of the investigated 

partial pressures of NH3, H2, and H2O to further examine the tunability. The Ta-O-N 

photoelectrodes are combined with MnOx-based co-catalysts. The valence band position of these 

co-catalysts can also be adjusted by doping with nickel (Ni:MnOx) [120]. Both the semiconductors 

and co-catalysts therefore possess tunable valence band position, making them ideal to investigate 

the influence of energetics to the interfacial charge transfer process. By investigating the different 

combinations of semiconductors (TaON, Ta3N5) and co-catalysts (Ni:MnOx and MnOx with 

different thickness), we found two correlations between the properties of this interface and the 

photoelectrochemical performance. Overall, we show that the interface energetics (i.e., band 

bending, band mismatch) play an important role in determining the resulting photoelectrochemical 

performance of a semiconductor/co-catalyst system. 
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5.2. Results and discussion 

5.2.1. Synthesis and structural characterization of thin film Ta-O-N 

Figure 5.1a shows the phase diagram of a powder Ta-O-N system as a function of PNH3/PH23/2 versus 

PH2O/PH2 (black symbols and lines) at 1100 K (827 oC) as reported by Swisher et al. [62]. Three 

phase regions were identified: by flowing different ratio of gasses Ta2O5, TaON, and Ta3N5 can be 

obtained [62]. In addition, the colored circles in Fig. 5.1a represent the experimental data from 

synthesized Ta-O-N thin films as reported by de Respinis et al. [64]. In contrast to the report by 

Swisher et al., the window for the pure TaON is much smaller [64]. We therefore focused our 

attention in a narrower region of the phase diagram (0.04 ≤ PNH3/PH23/2 ≤ 0.1 and 0.01 ≤ PH2O/PH2 

≤ 0.03) to find the extent of the β-TaON window. The results are shown in Figure 5.2b. We found 

that indeed that the partial pressure window for obtaining the TaON phase is small and some of the 

phases also contain impurities (γ-TaON, Ta3N4.67O0.74). Table C.1, Appendix C shows a summary 

of the gas flows used for the final optimized annealing conditions to find the β-TaON window.  

 

Figure 5.1: a) Ta−O−N phase diagram (PNH3/PH2
3/2 versus PH2O/PH2). The black symbols and lines are data

reported by Swisher at al. [62] for powder-based system, and the colored points indicate the explored region 

by de Respinis et al. [64] for thin films. b) Additional partial pressure conditions explored in this work (at

850 oC) that result in various pure and mixed TaON phases.  
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Based on the obtained phase diagram above specifically for thin films, we determined the annealing 

conditions to obtain the different phases in Ta-O-N system. The annealing conditions for Ta2O5 

and Ta3N5 are PNH3/PH23/2=0.03, PH2O/PH2=0.01, and PNH3/PH23/2=10, PH2O/PH2=0.01, respectively. 

For the preparation of β-TaON, PNH3/PH23/2=0.09 and PH2O/PH2=0.01 was used. All the films were 

annealed for 24 hours to reach the thermodynamic equilibrium. Figure 5.2 shows the X-ray 

diffractograms of the finalized pure phase Ta2O5, β-TaON, and Ta3N5.  

 

 

5.2.2. Band positions of Ta-O-N 

The absorptance curves of the three phase pure films are shown in Figure 5.3. The colors of the 

films change and the absorption edges of Ta2O5, TaON, and Ta3N5 samples show a shift in 

agreement with the literature [64, 173]. The band gap of the samples were calculated using Tauc 

analysis and the resulting Tauc plots are shown in Figure C.1, Appendix C.  

Figure 5.2: XRD pattern of pure Ta2O5, β-TaON, and Ta3N5 films deposited on quartz substrates. All peaks 

can be assigned to the reference peaks of the respective phases.  
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To confirm that the shift in the band gap is due to the valence band shift, valence band 

measurements using hard x-ray photoemission spectroscopy (HAXPES) were performed. Figure 

5.3b shows that the valence band maxima of Ta2O5, β-TaON, and Ta3N5 films are located at 3.8, 

2.3, and 2.1 eV, respectively. Based on the HAXPES and Tauc plot data, the relative positions of 

the valence and conduction band (with respect to the Fermi level) can now be determined and are 

shown in Figure 5.3c. The conduction band position remains constant, and the bandgap shift 

originates entirely from the shift in the valence band maximum.  

 

Figure 5.3: a) Absorptance of the Ta-O-N films showing a shift of the absorption edge for the different

phases. Insets show the photographs of the samples. b) Valence band spectra for different phases in the Ta-

O-N system as measured by HAXPES. The valence band maximum for each phase is identified. c) The 

position of Ta-O-N conduction band minimum and valence band maximum with respect to the Fermi level

(EF). 
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5.2.3. Photoelectrochemical measurements 

We now combine the Ta-O-N photoelectrodes with co-catalysts. As mentioned previously, the 

chosen co-catalysts are based on the MnOx system, since the valence band maximum of the MnOx 

can be tuned by doping with Ni (from 1.45 V vs. RHE for undoped to 1.7 V vs. RHE for 1 % 

doping) [120]. The thickness of the co-catalysts are kept constant at 4 nm. Since the absorptance 

of the Ta2O5 films begins at ~320 nm (Eg = 3.9 eV) and the AM1.5 solar spectrum contains very 

little intensity at this wavelength range (~0.15%), we only focus on the TaON and Ta3N5 phases. 

Figure 5.4 shows the photocurrent of the TaON and Ta3N5 systems with and without the MnOx and 

Ni:MnOx co-catalysts in potassium borate buffer solution (KBi, pH = 9) under chopped AM1.5 

illumination. The photocurrents of both systems are increased significantly (up to a factor of 4) 

with the co-catalyst deposition. MnOx-catalyzed TaON and Ta3N5 films generate higher 

photocurrent as compared to the Ni:MnOx-catalyzed equivalents. 

In order to understand the role of the co-catalyst, we investigate several factors. First, the optical 

absorptances of the co-catalyst modified films are examined. Figure C.2, Appendix C shows that 

both the addition of MnOx or Ni:MnOx (4 nm thick) does not affect the overall absorptance of the 

films; change in absorption therefore cannot be the cause of photocurrent increase. The catalytic 

activity of a co-catalyst may also be an important factor determining the overall photocurrent of a 

semiconductor/co-catalyst system. However, this is not found to be the case for our systems: 

Ni:MnOx has been reported to have higher (dark) catalytic activity than MnOx [117, 118, 120, 121], 

however, it shows opposite behavior when deposited on TaON and Ta3N5. In addition, the overall 

trend of the photocurrent, i.e., MnOx-catalyzed system shows higher photocurrent than that coated 

with Ni:MnOx, is maintained even when the catalytic limitation during the photoelectrochemical 
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measurements is removed by the addition of Na2SO3 as hole scavengers (Figure 5.4c and d). Factors 

other than the catalytic activity therefore define the optimum coupling of the semiconductor and 

the co-catalyst, which will be discussed in the next section. 

 

 

Figure 5.4: a-b) Linear sweep voltammetry (LSV) measurements under chopped AM1.5 illumination for 

bare TaON and Ta3N5, and after the addition of co-catalysts (MnOx and 1 % Ni-doped MnOx). The thickness 

of both MnOx and Ni:MnOx is 4 nm. Both measurements were done in 0.1 M potassium borate buffer (KBi, 

pH ~ 9) while bubbling Ar. LSV measurements under chopped AM1.5 illumination for c) bare TaON, and 

after addition of the 4 nm MnOx and 4 nm 1 % Ni-doped MnOx and for d) bare Ta3N5, and after addition of 

the same co-catalysts. Both measurements were done in 0.1 M potassium borate buffer (pH ~ 9) with 0.5 M 

Na2SO3 as hole scavenger while bubbling Ar. 
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5.2.4. Relationship between the photoelectrochemical performance and 

interface energetics 

After ruling out both optical absorption and catalytic effects, we now turn our attention to the 

charge separation at the semiconductor/co-catalyst interface. We investigated the band bending in 

the systems by measuring the change in the open circuit potential upon illumination. Any additional 

band bending due to the deposition of the co-catalysts can be revealed by investigating the open 

circuit potential (OCP) measurement. In the dark, the Fermi level of the photoanode reaches 

equilibrium with the redox potential of the electrolyte and since the conduction and valence bands 

are pinned, band bending occurs at the interface. Under illumination, charge carriers accumulate 

and the bands flatten. As a result, any apparent changes of OCP (∆OCP) by comparing the bare 

thin films and the films covered with co-catalysts will shed light on the additional band bending of 

the semiconductor. For these measurements, we used borate buffer as electrolyte with Na2SO3, 

since the redox potential is well-defined; the redox potential of Na2SO3 as measured by a Pt 

electrode is shown in Figure C.3, Appendix C. Figure 5.5 shows the results of OCP measurements 

for both systems. For both TaON and Ta3N5 systems, the addition of MnOx and Ni:MnOx increases 

the ∆OCP as compared with the bare samples. A ∆OCP increase suggests that the band bending 

increases after co-catalysts deposition. The band bending results for both systems are summarized 

in Table C.2, Appendix C. The increase of band bending with co-catalyst deposition are in good 

agreement with the in-line XPS studies for a step by step deposition of the co-catalyst on the TaON 

samples [120]. As one might expect, we find that the photocurrent of the systems correlates very 

well with the ∆OCP, as shown in Figure 5.6. 
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We note that the change in ∆OCP may also be affected by the surface passivation properties of the 

co-catalyst. To investigate this, we deposited 0.5 nm thick MnOx on Ta3N5. Assuming that ALD 

Figure 5.5: Open circuit potential (OCP) measurements in dark (squares) and light (circles) for the bare and 

co-catalyst modified a) TaON and b) Ta3N5 photoelectrodes. The measurements were done in 0.1 M

potassium borate buffer (pH ~ 9) with 0.5 M Na2SO3 as a hole scavenger while bubbling Ar. The light 

source is a solar simulator with AM1.5 illumination intensity. 

Figure 5.6: Correlation between ∆OCP and photocurrent (jph) for bare, and MnOx and Ni:MnOx coated a) 

TaON and b) Ta3N5 films. The photocurrents were measured at an applied potential of 0.8 V vs. RHE under

AM1.5 illumination. The electrolyte was 0.1 M potassium borate buffer (pH ~ 9) with 0.5 M Na2SO3 as a

hole scavenger. 
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results in a conformal layer, this thickness should be enough to completely cover and passivate the 

surface of Ta3N5. The dependence of ∆OCP and photocurrent (see Fig. 5.5b and 5.6b) with the 

thickness of MnOx suggests that surface passivation does not play a major role in the overall 

photoelectrochemical performance of our Ta-O-N/MnOx system. 

In addition to band bending, the relative difference between the valence band maximum of the 

semiconductor and the co-catalyst (∆VBM) may also play an important role in determining charge 

transfer across the interface. The ∆VBM provides the driving force for the charge transfer from the 

semiconductor to the co-catalyst. As mentioned previously, the different valence band positions of 

our semiconductors (TaON, Ta3N5) and co-catalysts (MnOx with different thicknesses and Ni 

doping) allow us to investigate this hypothesis. 

We therefore determined the charge transfer efficiency across the semiconductor/co-catalyst 

interface (ηCT,sem-cat) by analyzing the transient jph response of the samples at several applied 

potentials. These experiments were done in the presence of hole scavenger. Since in this case the 

charge transfer to the electrolyte occurs very facile [56, 132], the overall charge transfer is limited 

by the step between the semiconductor and the co-catalyst. Figure 5.7 shows an example of the 

normalized photocurrent transient; the initial spike (j0) and the steady-state photocurrent (jss) are 

identified in the figure. The ratio of jss to j0 (i.e., jss/j0) is the ηCT,sem-cat. 
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Figure 5.8 shows the ηCT,sem-cat of various combinations of our semiconductors and co-catalysts 

(TaON and Ta3N5 with MnOx or Ni:MnOx) at two different applied potentials of 0.40 and 0.75 V 

vs. RHE. The ηCT,sem-cat values are plotted as a function of the difference between the valence band 

maximum of the semiconductor and the co-catalyst (∆VBM). While the absolute values are 

different, the trend is similar for the different potentials. ηCT,sem-cat increases with increasing ∆VBM 

until a certain critical ∆VBM value. Beyond this point, the ηCT,sem-cat begins to plateau. This 

suggests that at this critical value, the driving force for charge transfer between the semiconductor 

and the co-catalyst is already maximized, and increasing it further does not affect the interfacial 

charge transfer. 

Figure 5.7: A normalized photocurrent transient of Ni:MnOx-catalyzed Ta3N5 at 0.4 V vs. RHE. The 

measurements were done in the presence of Na2SO3 as a hole scavenger with 20 mV/s scan rate. The initial 

and steady-state photocurrents (j0 and jss, respectively) are shown. 
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5.3. Conclusion 

In this study, we successfully prepared semiconductor (Ta-O-N) and co-catalyst (Ni:MnOx) 

systems with tunable valence band positions. For the Ta-O-N semiconductor system, we controlled 

the partial pressure of N2 and O2 by adjusting flows of NH3, H2 and H2O during the ammonolysis 

process. We explored the required partial pressure window in the phase diagram to obtain pure 

Ta2O5, TaON and Ta3N5 without any impurities; this window for our thin films is found to be much 

smaller as compared with former reports on powders. HAXPES studies confirmed that the change 

in bandgap between the phases are caused by a shift of the valence band maximum from 3.8 to 2.3, 

and 2.1 eV with respect to the Fermi level for the pure phase Ta2O5, TaON, and Ta3N5, respectively. 

For the co-catalyst system, MnOx was chosen as the valence band maximum can be shifted from 

1.45 V vs. RHE for the undoped to 1.7 V vs. RHE for 1% nickel-doped (Ni:MnOx). We combined 

them to explore the roles of ALD MnOx and Ni:MnOx co-catalyst layers on Ta-O-N photoanodes 

Figure 5.8: Correlation between the relative valence band maximum difference of the semiconductor and

the co-catalyst (∆VBM) and the charge transfer efficiency at the semiconductors/co-catalysts interface 

(ηCT,sem-cat) at a) 0.40 and b) 0.75 V vs. RHE. The ηCT,sem-cat values were calculated from the transient analysis

shown in Figure 5.7. The semiconductor (TaON or Ta3N5) is represented by the color of the points, and the

shape of the points represents the different co-catalysts. The dashed line is to guide the eye. 
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and study the influence of interface energetics. An enhancement of the PEC performance (up to ~4 

times higher photocurrent as compared to the bare) was observed upon the deposition of the co-

catalysts. The deposition of MnOx led to higher photocurrent improvement as compared with 

Ni:MnOx. This result is interesting since the trend is the opposite for the dark electrocatalytic 

activity of these catalysts, i.e., the main role of these catalysts may not be of catalytic nature. 

Instead, we found two interesting correlations. First, the deposition of MnOx and NiMnOx on Ta-

O-N increases the band bending, as evident from the ∆OCP measurements, which results in a better 

separation efficiency and photocurrent. Indeed, the higher the ∆OCP in the TaON and Ta3N5 

systems, the higher the photocurrent. Second, transient photocurrent analysis in the presence of 

hole scavengers reveal that the charge transfer efficiency between the semiconductor and co-

catalysts (ηCT,sem-cat) can be correlated with the  difference between the valence band maximum of 

the semiconductor and the co-catalyst (∆VBM). ηCT,sem-cat increases until a critical ∆VBM is 

reached, beyond which the driving force for charge transfer is already maximized and the ηCT,sem-

cat value levels off.  Overall, although quantitative distinction between the influence of band 

bending and ∆VBM still requires further experiments and analysis, our findings confirm the 

fundamental importance of interface energetics to the charge transfer properties at the 

semiconductor/co-catalyst interface. This study therefore helps rationalizing the design of an 

optimum semiconductor/co-catalyst photoelectrode for solar energy conversion. 
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Chapter 6. Concluding remarks and future research  
 

6.1. Overview of completed work  

In this thesis we explored the interfacial properties of semiconductor/co-catalyst systems for 

photoelectrochemical water splitting. We first investigated the interface between a model system 

of atomic layer deposited MnOx co-catalysts and BiVO4 photoanodes for the water oxidation 

reaction (Chapter 3). The thickness of the co-catalyst was adjusted to help understand the role of 

the co-catalyst. Through a series of X-ray photoemission spectroscopy measurements, we found 

that the main role of the MnOx co-catalyst was to increase the band bending at the interface. This 

enhances the charge separation, decreases interfacial recombination, and is in agreement with the 

increasing photocurrent up to the optimum MnOx thickness of 4 nm. Beyond this thickness, the 

photocurrent starts to decrease; we attributed this to the existence of shunting pathways due to 

pinholes in our spray-pyrolyzed BiVO4 films (i.e., direct contact between the exposed FTO and the 

MnOx), which led to the internal recombination of electron and holes.  

After the above clarification on the role of MnOx on BiVO4, we attempted to modify the valence 

band position of BiVO4 by incorporation of nitrogen atoms (Chapter 4). Two methods were 

utilized: modification of the spray precursors (chemical) and nitrogen ion implantation (physical). 

These efforts resulted in a slight shift of the absorption edge. However, we found that the shift is 

not caused by the expected substitution of oxygen atoms in BiVO4 lattice by nitrogen atoms. 

Instead, the nitrogen was incorporated in the molecular form (i.e., N2), forming an extra intra-

bandgap state under the conduction band minimum. The state acts as a recombination center and 

did not lead to a shift of photoactivity to longer wavelengths.   
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We therefore shifted our focus on another material system that allows the modification of its 

valence band maximum: the Ta-O-N material system (Chapter 5). Introducing nitrogen resulted in 

a bandgap reduction, which is a direct result of the valence band shift from 3.8 eV below the Fermi 

level for Ta2O5 to 2.3 eV for TaON and 2.1 eV for Ta3N5. As the next step, the role of a co-catalyst 

with adjustable valence band positions (Ni-doped MnOx) and its influence at the interface was 

investigated. A summary of the band alignment and interface energetic study done in this 

dissertation is shown in Figure 6.1. The tunability of the valence band positions of both the 

semiconductor and the co-catalyst allows us to reach the aim of this dissertation, which is to 

investigate the influencing factors for the charge transfer from semiconductor to the co-catalyst, 

and to unravel the energetic effects at the interface. Photocurrents for each Ta-O-N photoanodes 

were improved upon the deposition of the co-catalysts, and the trends were investigated. We found 

that the electrocatalytic activity of the co-catalysts does not play a major role; instead the properties 

of the interface between the semiconductor and the co-catalyst does. We found two interesting 

correlations. First, the photocurrent of the photoanodes scales with the additional band bending as 

a result of depositing different co-catalysts. Second, a correlation was established between the 

relative valence band maximum positions of the semiconductor to those of the co-catalysts and the 

interfacial charge transfer properties between the semiconductor and co-catalyst. After a certain 

point, a further increase of ΔVBM does not lead to higher charge transfer rates.  

Overall, in this dissertation, a better understanding of the charge transfer processes at the 

semiconductor/co-catalyst/electrolyte interface was achieved. Our findings conclusively show that 

the interface energetics play a more important role than the electrocatalytic activity of the catalyst 

in improving water oxidation for semiconductor-catalyst systems. The results of this dissertation 

will be helpful to others conducting research in the field of photoelectrochemistry. Finally, the 
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findings in this dissertation are not only important to the photoelectrochemistry community, but 

also to the broader solar energy conversion (e.g., photovoltaics, photocatalysis) and materials 

chemistry communities, in which many researchers are working on systems with multiple 

interfaces.  

 

 

6.2. Ongoing and future work  

Despite the additional understanding we achieved within this dissertation, additional efforts are 

still needed to push the efficiencies of solar water splitting cells and compete with electrolyzers 

indirectly coupled with solar cells. One way is to explore more novel complex metal oxides with 

similar properties to BiVO4, but a smaller bandgap (ideally 1.8-1.9 eV). For this purpose, 

combinatorial and high-throughput methodologies should be applied [163, 164]. Furthermore, the 

Figure 6.1: A summary of the band alignment and interface energetic study done in this dissertation. 
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properties of well-developed materials such as BiVO4 can be tuned in a way to act more efficient. 

Since their properties and their limitations for oxidizing water are well-known, adjusting the 

properties should be feasible or at least more facile as compared with new systems. This would 

allow these systems to reach their full theoretical potential. As mentioned in chapter 4, strategies 

to reduce the bandgap of BiVO4 which also effectively extend the onset of photoactivity, need to 

be explored further. For instance, incorporation of other elements such as sulfur [50], antimony 

[54], or selenium [162] can potentially reduce the bandgap of BiVO4. Alternatively, other potential 

photoactive materials with tunable band positions such as Ta-O-N needs to be studied in more 

detail. Recently, novel oxynitride and Ta3N5 films have shown promising efficiencies and are 

relatively stable in oxidizing water [66, 67, 178, 179]. Thus, further study on these systems is 

worthwhile. 

Also, as one of the limitations of metal oxide photoanode materials has been identified as the poor 

charge transfer, investigating efficient co-catalysts is expected to be impactful. However, the 

energy levels at the interfaces need to be carefully optimized (as discovered in chapter 5). We also 

emphasize that fundamental studies on the interfaces are not only beneficial for the studied system 

(i.e., BiVO4/Ta-O-N and MnOx) but also necessary for designing other semiconductor and co-

catalyst systems. A more thorough understanding of the interactions between co-catalysts and 

absorber materials is clearly necessary for any individual system. Furthermore, the lack of earth-

abundant and long-lasting co-cataysts, especially in acidic electrolytes, is also a problem. In the 

MANGAN project, to which this dissertation study contributed, 25 research groups in 15 sub-

projects were involved in manganese-based catalysts for water splitting and team work on different 

aspects of this material unraveled its performance as a catalyst or co-catalyst. Other earth-abundant 

materials should be explored as well. 
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Last but not least, the most important finding in this dissertation is that the (dark) electrocatalytic 

activity of the catalyst itself does not always play a role when it is deposited on a semiconductor. 

Instead, the main factor in a semiconductor/co-catalyst system is the interfacial energetics (i.e., 

band bending, band mismatch). This has been observed convincingly in our investigations, but to 

confirm the generality and better understanding, more systems (beyond Ta-O-N and MnOx) need 

to be explored. In this regard, additional experiments are currently ongoing.  
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Appendix A: Supplemental information for Chapter 3 
 

The role of MnOx co-catalyst thickness on the BiVO4 photoanodes  
 

 

   

Figure A.1: a) X-ray diffractograms for the quartz substrate and 6 and 20 nm MnOx samples deposited on 

quartz. b) The absorptance of the quartz substrate and different thickness of MnOx films (6 and 20 nm) 

deposited on quartz.   

Figure A.2: Cyclic voltammetry of MnOx films with different thicknesses (2.5, 3.5, 9, 12, 20 nm) on 

p++Si/1.5 nm SiO2 substrate measured in 0.1 M KOH electrolyte. The measurement was taken with a scan

rate of 2 mV/s, after a conditioning step of 8 current-voltage sweeps between 0.8 and 1.3 VRHE with a scan 

rate of 20 mV/s. 
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Figure A.3: IMPS spectra of bare BiVO4 photoanode and BiVO4 coated with 2, 4, 6 nm thicknesses of MnOx 

co-catalyst under 1 VRHE applied potentials.  

Figure A.4: Charge transfer (ktr) and surface recombination (krec) rate constants for BiVO4 samples with 

different thicknesses of MnOx co-catalyst at 1 V vs. RHE, as obtained from the complex photocurrent

Nyquist plots in Figure A.2. The dashed line is added as a guide to the eye. 
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Figure A.5: a) Nyquist plots for EIS data measured for 4 nm MnOx coated BiVO4 in KPi (pH~7.38). Various 

potentials (0.63, 1.03, 1.23, and 1.63 V vs. RHE) have been applied. b) A comparison between the Nyquist

plot of the 4 and 6 nm MnOx in BiVO4/MnOx system at 1. 23 V vs. RHE. Both experiments were performed

under a 455 nm LED with 20 mWcm-2 power density. The inset shows the equivalent circuit that was 

employed for fitting.  
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Appendix B: Supplemental information for Chapter 4 
 

The Nature of Nitrogen Incorporation in BiVO4 Photoanodes: Chemical and 
Physical approaches 

 

 

 

 

 

Figure B.1: a) X-ray diffraction and b) optical absorptance spectra of the BiVO4 samples, annealed in air or 

N2 at 460 oC for 2 hours. 

Figure B.2: Lattice fringe spacing of 0.36 nm corresponding to the (200) plane of BiVO4 in an HR-TEM 

image of the N:BiVO4 (chem.) sample. 
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Figure B.3: Optical absorptance spectra of the pristine and chemically incorporated N: BiVO4 (samples were 

annealed in N2 at 460 oC for 2 hours). Inset graph shows a magnification of the absorption tail. 

Figure B.4: Cross-section scanning electron micrographs (SEM) of the a) pristine and b) chemically

incorporated nitrogen samples, both annealed in N2 at 460 oC for 2 hours. 
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Figure B.5: Scanning electron micrographs (SEM) of the N:BiVO4 (phys.) sample, a) as-implanted at 40 

keV 1017 cm-2 and b) after post-implantation annealing in N2 at 460 oC for 2 hours. 

Figure B.6: A comparison of N1s core-level XPS spectra of chemically incorporated N:BiVO4 sample, 

before and after photoelectrochemical measurements.  
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Table B.1: DFT-based optimized lattice parameters of BiVO4 and the most relevant BiVO4N0.125 structure 

with incorporated N2 bridging between two vanadium sites. 

System 
Lattice Parameters 

a b c α β γ 

BiVO4 7.22 11.56 5.10 90.00 134.88 90.00 

N: BiVO4 7.23 11.57 5.12 89.99 134.34 90.00 

 

 

 

 

Figure B.7: Optimized DFT-based candidate structures of BiVO4N0.125 where N2 is bridged between a) two 

Bi atoms in the same layers b) two V atoms in the same layer, c) one Bi and one V atoms in two layers.  

Figure B.8: Imaginary parts of the dielectric function for BiVO4 (black) and the BiVO4N0.125 where N2 is 

bridged between two V atoms (blue) as obtained using the HSE06 functional. 
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Figure B.9: Raman spectra of pristine and N:BiVO4 (Chem.) films. Both films are annealed in N2 at 460 °C 

for 2 hours. νs and νas show symmetric and asymmetric vibrational modes of V-O bond, respectively. νs and 

νas are assigned to symmetric and asymmetric deformation mode of the VO4 tetrahedron. The presence of

V-N bond, in agreement with reference [160], is observed at wavenumber ~900 cm-1 in the N:BiVO4 (chem.) 

film. 
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Appendix C: Supplemental information for chapter 5 
 

Interfacial charge transfer in semiconductor-co-catalyst model system with 
tunable energetics: tantalum (oxy)nitride/nickel-doped manganese oxide 
 

Table C.1: The gas flow parameters as used during the ammonolysis process to synthesize different phases 

in the Ta-O-N system.  
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Figure C.1: a-c) Tauc plots obtained from the optical absorptance spectra of Ta2O5, TaON, and Ta3N5. Both 

direct, (Ahν)2 vs. hν, and indirect, (Ahν)0.5 vs. hν, transitions are examined, and the direct and indirect 

bandgaps are identified. 

Figure C.2: Absorptance spectra of bare, MnOx and Ni:MnOx-catalyzed TaON. The deposition of the co-

catalysts does not significantly affect the absorptance of TaON. 
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Table C.2: ΔOCP values for TaON and Ta3N5 systems modified with co-catalysts. 

 

 

 

 

 

 

 

Figure C.3: The redox potential of Na2SO3. The measurement was done by immersing a Pt working electrode

in a borate electrolyte. The Pt electrode is assumed to equilibrate with the sulfate species and adopts its

equilibrium redox potential. 
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