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1  Introduction 

“I’d put my money on the sun and solar energy, what a source of power! I 

hope we don’t have to wait until oil and coal run out, before we tackle that.” 

Thomas Edison, 1931. 

1.1  The energy crisis 

The industrial revolution has introduced an exponential increase of the world‘s 

population, which is accompanied by an increasing demand for energy. Currently, 

there are more than 7 billion people in the world, consuming 15 TW of energy. By 

2050, it is estimated that ~9 billion people will populate the earth and 30 TW of 

energy is needed. Providing such a big amount of energy is a challenge that the society 

has to face. At the moment, more than 80% of our energy needs are met by fossil 

fuels, i.e. oil, coal and natural gas. However, these are finite natural resources, and we 

are depleting them at a rapid rate. While there are reports estimating that our fossil fuel 

reserves are enough for centuries, the effect of diminishing reserves will be felt much 

sooner. This is because many of these reserves are unconventional, which means the 

extraction process is much more challenging and expensive. As a result, the supply-

demand relationship is no longer elastic. In fact, the global production of oil has been 

capped at 75 million barrels per day since 2005, eventhough the world oil price has 

been fluctuating between US$ 40 to 130 per barrel.1 To further illustrate the urgency 

of the problem, the WWF recently launched a report stating that if everyone in the 

world used oil at the same rate as the average Saudi, Singaporean, or U.S. resident, the 

world‘s proven oil reserves would be used up in less than 10 years.2 

Even if the fossil fuel supplies were infinite, there is a far more compelling reason 

for an urgent switch from fossil fuels: climate change, which is already causing more 

than 150,000 deaths a year.2 The use of fossil fuels is accompanied by the emission of 

greenhouse gases, particularly carbon dioxide (CO2), which is the main cause of the 

climate change. The atmospheric CO2 level has recently passed 400 ppm in early May 
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2013,3 as compared to 280 ppm at the beginning of the industrial revolution, and it is 

rising with the rate of ~2 ppm/year. According to the International Panel on Climate 

Change (IPCC), this level has to be kept below 450 ppm to prevent the average global 

temperature rise to exceed 2 oC compared to pre-industrial temperatures and avoid 

devastating consequences.4 To have a chance of doing that, global greenhouse gas 

emissions need to start falling within the next five years, and the industrialized world 

level need to fall back to 20% of the 1990 levels.5 

 

 
Figure 1.1. Ecofys scenario for fossil fuel to renewable energy transition. Adapted 

from ref [2]. 

 

The task ahead is a huge one, but it is fortunately not an unattainable utopia. 

Recently, Ecofys presented a scenario to address this challenge based on practically 

possible solutions.2 This scenario is visualized in Figure 1.1. First, we need to 

implement an aggressive end-use energy savings and electrification strategy. It is then 

predicted that the energy demand in 2050 will be 15% lower than in 2005 and half of 

the business-as-usual situation. Secondly, a large-scale transition from fossil fuels 

towards sustainable and renewable sources of energy is needed. By 2050, it is 

expected that more than 90% of the energy needs are met by renewable sources, which 

would reduce the greenhouse gas emissions from the energy sector by about 80%.  

The above scenario might be motivating, but it is certainly not the only possible 

scenario. While it is generally agreed that collective efforts from all parties 

(governments, industries, scientists, etc.) are required and they have to begin now, the 

optimal transition route from fossil fuels towards renewable energy sources is still 

highly debated. The viability of a certain route needs to be analyzed based on its 

economical merits as well as technological considerations. 
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1.2  Photoelectrochemical (PEC) water splitting: the best possible solution? 

Figure 1.2 shows the estimated global power generation capacities of the various 

renewable energy sources. Depending on the availability and the geographical 

condition of a particular region, a mixture of these energy sources will form the most 

likely energy infrastructure of the future. Of all these sources, solar energy is the only 

one with the potential to meet all our energy needs. 120,000 TW of solar energy 

reaches the Earth‘s surface, out of which 36,000 TW is on land. This by far exceeds all 

other renewable sources combined. This means only 0.8% of the surface of the land on 

Earth needs to be covered with 10% efficient solar cells to generate 30 TW of power. 

 

 
Figure 1.2. Global power generating capacities of various renewable energy sources. 

Adapted from various sources.6-8 *Note that the solar power capacity is calculated 

based on covering 0.8% of the surface of the land on Earth with 10% efficient solar 

cells. 

 

Unfortunately, the intermittency of the sun is one major drawback of this energy 

source. The availability of solar energy is highly variable; it is subjected to a day/night 

cycle, the presence of clouds, geographical location, etc. To cope with that, electricity 

network operators might implement grid-based energy storage in the form of a ‗smart 

grid‘. However, at a certain point, the capacity of this grid system will be exceeded 

and alternative large-scale energy storage solutions need to be implemented. Table 1.1 

shows the energy density of the different energy storage systems. Compared to 

mechanical-based storage systems and capacitors or batteries, fuels provide the most 
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effective way of storing energy, with a 2-3 orders of magnitude higher energy density. 

This is because the energy is stored in the smallest possible configuration: chemical 

bonds. Storing solar energy in the form of chemical fuels is therefore an attractive 

possibility. 

 

Table 1.1. Gravimetric and volumetric (at 1 bar, unless specified) energy density of 

various energy storage techniques.7-9 

Gravimetric (MJ/kg) Volumetric (MJ/L)

Mechanical

Compressed air 0.512 0.16 (300 bar)

Pump water uphill 0.001 0.001

Capacitors

Supercapacitor 0.01 —

Ultracapacitor 0.0206 —

Batteries

Pb 0.14-0.17 —

NiCd 0.14-0.22 —

Li-ion 0.54-0.72 —

Fuels

Coal 24 —

Wood 16 —

Gasoline 44 35

Diesel 46 37

Methanol 20 18

Natural gas 54 0.036

0.011

5.6 (700 bar)

Energy storage
Energy density

Hydrogen 143
 

 

Examples of chemical fuels are shown in Table 1.1, such as methanol, methane, 

diesel, gasoline, and hydrogen. Most of these fuels require a source of carbon in their 

synthesis routes. In view of the environmental concerns outlined in the previous 

section, CO2 is an obvious candidate. However, direct conversion of CO2 to a fuel (e.g. 

methanol, methane) is a very challenging task. Its concentration in air is rather low 

(398 ppm), so one is probably bound to use point sources. Furthermore, the 

electrochemical conversion of CO2 to methanol and methane requires complex six- or 

eight-electron transfer reactions, respectively. The production of hydrogen, on the 

other hand, does not require a carbon source. Water can be used as the source of 

hydrogen through a water splitting reaction. This reaction requires 237 kJ/mol of 

energy, which can very well be provided by the energy of a visible-light photon. 
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Additionally, the reduction and oxidation half-reactions only require two and four 

electrons, respectively. While this is by no means trivial, it is much easier than the 

direct conversion of CO2 to fuels. 

Hydrogen has a very high gravimetric energy density, more than three times the 

energy density of gasoline. However, the problem lies in the volumetric energy 

density. At 1 bar, its volumetric energy density is only 0.011 MJ/L, 3 orders of 

magnitude lower than gasoline. This can be increased by storing H2 in high pressure 

containers―5.6 MJ/L is possible at 700 bar―but it comes with a ~10% energy 

penalty for hydrogen compression. Hydrogen can also be stored in the form of metal 

hydrides, such as MgH2. However, at the moment, the storage capacity of this system 

is still too low (< 2 wt% in any convenient pressure-temperature operating window). 

Alternatively, hydrogen can react with CO2 to produce chemical fuels. In this process, 

CO2 is indirectly converted into hydrocarbons, which is a much easier route than the 

direct electrochemical process. CO2 and hydrogen can be converted into CO using a 

reverse water-gas shift reaction. The CO and H2 form syngas, which can be converted 

to any liquid hydrocarbon fuels using well-known Fischer-Tropsch processes.10 This 

type of fuel is also easily transported; more than 80% of our current energy use is in 

the form of liquid hydrocarbons. This means that there is already a huge infrastructure 

available, which will ease the transition from fossil fuels. 

While there are many possible pathways for the conversion of water and sunlight 

into hydrogen,7, 11, 12 in this thesis we choose the photoelectrochemical (PEC) water 

splitting route because of the easy separation of the gasses and a suitable pressure-

temperature operating window. The technology for indirect PEC water splitting using 

coupled photovoltaic (PV) and electrolyzer systems is already commercially available, 

showing a solar-to-hydrogen (STH) efficiency of around 8%. However, direct PEC 

water splitting―this process will be discussed in the next section―offers three 

important advantages. First, due to the 50-100 times lower operating current density of 

the direct PEC water splitting, a much lower overpotential is needed. This relaxes the 

condition of the catalytic step in the process. Second, in order to achieve the potential 

needed for the electrolyzer (~1.9V), three (or more) PV cells are normally used in 

series. As a result, a larger area is needed to achieve the same current density, which is 

not the case for direct PEC water splitting. Finally, a direct PEC water splitting system 

requires fewer additional components (wires, frames, glass, etc.) than a combination of 

PV plus electrolysis since one can construct a monolithic device. This may lead to a 

significantly lower balance-of-system cost for producing hydrogen. Coupled PV-

electrolyzer is estimated to produce hydrogen at the cost exceeding US$ 8/kg, while a 

reasonable estimate of the direct PEC water splitting shows a cost in the range of US$ 

3-5/kg.13, 14 This compares very well with the US$ 2-4/kg target that is set by the US 

Department of Energy (DOE), and the EU‘s 5 €/kg H2 target for future hydrogen 

production pathways. 
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Direct PEC water splitting―after this point ―PEC water splitting‖ refers to the 

direct process―therefore offers the best possible solution to our growing concern, as 

outlined in section 1.1. The challenge lies in the efficiency improvement of this 

process, which is one of the central themes of this thesis. Additionally, the scale of the 

production also poses a challenging requirement. To illustrate this, a hydrogen 

production of ~127 Mega-moles per second is needed to fulfill the 30 TW energy 

demand by 2050. This means 10%-efficient H2 production devices need to be made 

non-stop (24/7/365) at a rate of ~500 m2/s until 2050. While this will not be 

thoroughly addressed in this thesis, this factor is taken into account here and should 

always be considered in the development of PEC water splitting process. 

1.3  Principle of PEC water splitting 

The main component in PEC water splitting is the semiconductor, which converts 

incident photons to electron-hole pairs. Therefore, in this section, the basic properties 

of a semiconductor will be discussed, followed by a description of the semiconductor-

electrolyte interface. Finally, a complete PEC cell and the relevant processes that 

occur will be described. 

1.3.1  Semiconductor 

Quantum mechanics states that electrons can only occupy discrete energy levels. 

Further restrictions apply due to the Pauli exclusion principle: no two electrons can 

have the same set of quantum numbers. Therefore, electrons in the same orbital must 

have opposite spins. When two atoms are brought together, the molecular orbitals 

combine to form bonding and anti-bonding energy levels. If more and more atoms are 

brought together, the spread in energies gives rise to closely spaced sets of allowed 

states known as energy bands. Two energy bands will be formed, corresponding to the 

bonding and anti-bonding energy levels, which are called the valence band and the 

conduction band, respectively. The valence band is filled with electrons, while the 

conduction band is mostly empty. In the valence band, electrons are effectively 

immobile, while they are mobile in the conduction band. The difference between the 

valence and conduction band is called the forbidden gap or bandgap, since no energy 

states are allowed to exist in this region. 

Materials are often classified by their electrical properties, which are determined by 

their respective bandgap size. Figure 1.3 shows the energy diagrams of three different 

classes of materials: metal, semiconductor and insulator. For metals, the valence bands 

overlaps with the conduction bands, i.e. no bandgap exists at all in metal. As a result, 
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there is always an abundance of carriers in metals, which make them good conductor. 

On the other hand, insulators have very wide bandgaps. As an example, SiO2 is an 

insulator and it has a bandgap size of ~8 eV. This gap is too large for room-

temperature thermal excitation of electrons from the valence band to the conduction 

band. Therefore, very few—if any—carriers exist inside insulators, which make them 

poor conductors. 

 

 
Figure1.3. Energy diagram of a metal, a semiconductor and an insulator. CB = 

conduction band, VB = valence band, Eg = bandgap energy, EF = Fermi energy, k = 

Boltzmann constant, T = temperature. 

 

Semiconductors stand in between metals and insulators. Their conduction bands 

and valence bands are separated by moderately sized bandgaps (in the order of 1-3 

eV). While this is still not small enough for room-temperature thermal excitation of 

electrons to occur, the bandgap size of the semiconductor is in the energy range 

provided by sunlight. This is a very special property of semiconductors which make 

them very suitable for solar cells and PEC water splitting applications. Upon 

illumination, electrons can therefore be excited from the valence band to the 

conduction band. This excitation will create two mobile carriers: a photo-generated 

electron in the conduction band and a photo-generated hole (missing electron) in the 

valence band. Both carriers have significant roles in PEC water splitting reaction, 

which will be discussed in section 1.3.3. 

Figure 1.3 shows a dashed line in the bandgap region of a semiconductor. This is 

the Fermi energy level, which is defined as the energy level at which the probability of 

it being occupied by an electron is exactly half. This energy can also be viewed as the 

electrochemical potential of the electrons in the semiconductor. Ideally, at absolute 

zero temperature (0 K), the valence band of a semiconductor is completely filled with 

electrons, whereas the conduction band is completely empty. Therefore, the Fermi 

energy level is located at exactly halfway between the valence and conduction band. 



 

12 

However, above 0 K, the chance for an electron to be thermally excited to the 

conduction band is larger than zero. The distribution of electrons over the energy 

levels can then be described by the Fermi-Dirac distribution and the density of states 

in the conduction and valence band. 

The Fermi-Dirac distribution (f(E)) determines the probability of an energy level E 

being occupied by an electron at a certain temperature T, which is given by the 

following equation: 

 

 
1

( )

exp 1


 
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F

f E
E E
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       (1.1) 

 

The density of states (g(E)) defines the number of available energy states at a certain 

energy level E, given for the conduction and valence band by the following equations: 
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me
* and mh

* are the effective masses of electrons and holes, respectively; ħ = h/2, h is 

the Planck‘s constant, and Ec and Ev are the energy levels of the conduction and 

valence band edge, respectively. The combination of the Fermi-Dirac distribution and 

the density of states therefore define the number of electrons at a certain energy level 

E (g(E)f(E)). Specifically, the number of electrons (n) and holes (p) in the conduction 

and valence band, respectively, is given by the following equations. 
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For a non-degenerate semiconductor, where the difference between the Fermi energy 

level and the conduction or valence band is more than 3kT, these two equations can be 

further simplified to the followings: 
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NC and NV are the effective densities of states in the conduction and valence bands, 

respectively. 

For practical applications, extremely pure semiconductors (also called intrinsic 

semiconductors) are often not desired, mainly due to the relatively poor conductivity. 

To rectify this, semiconductors are often doped with impurities. This type of 

semiconductors is also referred to as extrinsic semiconductors. Depending on their 

valency, there are two different types of dopants: donor and acceptor. In donor-doped 

semiconductors, an impurity with higher valency than the host atom is introduced, e.g. 

phosphorus or arsenic in silicon. The extra valence electron in the donor-type dopants 

can be excited to the conduction band and thereby improve the conductivity of the 

semiconductor. In contrast, acceptor-doped semiconductors have impurity with lower 

valency than the host atom, e.g. boron in silicon or Cr3+ on a Ti4+ site in TiO2. As a 

result, electrons can be excited from the valence band of the semiconductor to the 

acceptor-type dopants, creating holes in the valence band of the semiconductor. 

 

 
Figure 1.4. Energy diagram of extrinsic semiconductors: n-type (left) and a p-type 

(right). 
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A donor-doped semiconductor (n-type semiconductor) has electrons as the majority 

carriers, while holes are the majority carriers for an acceptor-doped semiconductor (p-

type semiconductor). Figure 1.4 shows the energy band diagram of an n-type and a p-

type semiconductor. Due to the large presence of electrons in the conduction band, the 

Fermi level in an n-type semiconductor is much closer to the conduction band. 

Similarly, the Fermi level in a p-type semiconductor is located close to the valence 

band, because of the high existence of holes. 

1.3.2  Semiconductor-electrolyte interface 

In PEC water splitting, the semiconductor will be immersed in aqueous electrolyte. 

When the semiconductor is brought into contact with water, a charge transfer reaction 

is happening between the semiconductor and the electrolyte until the electrochemical 

equilibrium condition is achieved. For example, Figure 1.5a shows the energy levels 

of an isolated n-type semiconductor and the redox potentials of the dominant redox 

species in the electrolyte. In the whole volume of an isolated semiconductor, the 

amount of ionized donor (+) equals the number of electrons. However, when the n-

type semiconductor is contacted with the electrolyte, electrons will be transferred from 

the semiconductor to the electrolyte, until it reaches equilibrium. This is when the 

Fermi level of the semiconductor is at the same level as the redox level of the 

electrolyte (Fig. 1.5b). As a result, an upward bending of the bands is created, and 

there is a region near the surface of the semiconductor where the concentration of 

electrons is depleted. This region is called the depletion layer or the space charge 

layer. 
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Figure 1.5. The formation of space charge layer in n-type semiconductor when it is 

immersed in the electrolyte. (a) represents the isolated band diagram of the 

semiconductor and the electrolyte, while (b) represents the equilibrated band diagram.  

 

A space charge layer is important in the context of PEC water splitting, since in this 

layer a potential drop (b) is present. This resulted in an electric field, which is 

beneficial for the separation of photo-generated electrons and holes. The width of the 

space charge (W) is determined by the following equation: 

 

02 r

b

D

kT
W

eN e

 

 
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 

       (1.8) 

 

ND is the concentration of ionized donors, 0 is the dielectric permittivity of vacuum 

and r is the relative dielectric permittivity of the semiconductor. For more detailed 

information on semiconductor properties, the effect of the pH of the electrolyte and the 

applied potential, etc, the reader is referred to several excellent textbooks on the topic 

(e.g. Bard and Faulkner,15 van de Krol and Grätzel7). 

1.3.3  PEC water splitting mechanism 

Figure 1.6a shows a schematic illustration of a PEC cell based on an n-type 

semiconductor and a metal counter electrode, both immersed in aqueous electrolyte. In 

an alkaline electrolyte, the reduction and oxidation reactions of water can be written as 

follows: 

 

2 24 4 2 4H O e H OH     Ered = -0.828 V vs NHE   (1.9) 



 

16 

 

2 24 4 2OH h H O O     Eox = -0.401 V vs NHE   (1.10) 

 

For an acidic electrolyte, the equations can be modified to the following: 

 

24 4 2H e H     Ered = 0.0 V vs NHE   (1.11) 

 

2 22 4 4H O h H O      Eox = -1.229 V vs NHE   (1.12) 

 

The overall water splitting reaction can therefore be written as the following: 

 

2 2 22 2 sunlightH O H O   G = 237 kJ/mol    (1.13) 

 

 

 
Figure 1.6. (a) Schematic diagram of a PEC cell setup. (b) Processes occurring in the 

semiconductor upon illumination. 

 

Upon illumination, the semiconductor absorbs light with an energy larger than its 

bandgap, and converts these photons to electron-hole pairs. The schematic processes 

in an n-type semiconductor are depicted in Fig. 1.6b. The absorption efficiency (abs) 

is defined as the ratio of the electron-hole pairs created to the amount of incident 

photons. These photo-generated electrons and holes are then separated by two possible 

transport mechanisms: (i) drift and (ii) diffusion. Drift is the motion of these charged-

particles in response to the electric field inside the semiconductor, while diffusion is 

associated with a gradient in the local concentration of the charged particles. In this n-

type semiconductor, the photo-generated holes are swept toward the 

semiconductor/electrolyte interface, and the photo-generated electrons are swept 

toward the semiconductor/transparent conductor interface. Depending on the mobility 



 

17 

of the carriers in the semiconductor, some of these electrons and holes will actually 

recombine before reaching their respective interfaces. The ratio between the amount of 

electrons and holes reaching the interfaces to the photo-generated electron-hole pairs is 

called the separation efficiency (sep). The holes that arrive at the 

semiconductor/electrolyte interface will undergo a water oxidation reaction, as 

described in equation 1.10 or 1.12. The amount of holes that undergo the water 

oxidation reaction normalized to the ones reaching the semiconductor/electrolyte 

interface is the catalytic efficiency (cat). On the other hand, the electrons will be 

transported by an external circuit to the metal counter electrode (e.g. platinum), where 

they will undergo the water reduction reaction (equation 1.9 or 1.11). The same 

processes occur for PEC water splitting using a p-type semiconductor, except that 

water is reduced on its surface and oxidized at the counter electrode. Based on the 

half-reactions at the surface, an n-type semiconductor in PEC water splitting is called a 

photoanode (oxidation) and a p-type semiconductor is called a photocathode 

(reduction). 

The total efficiency of the PEC water splitting process (also called solar-to-

hydrogen or STH efficiency, STH) can therefore be defined as the product of all the 

efficiencies described above: 

 

     STH abs sep cat        (1.14) 

 

Alternatively, STH efficiency can also be defined as the ratio of the chemical energy 

in the generated hydrogen to the solar energy input: 

 

2
 




H

STH

G R

P A
        (1.15) 

 

where RH2 is the rate of hydrogen production, P is the incident power of the solar 

energy input (1000 W/m2 is normally used for standard AM1.5G condition), and A is 

the area of the electrode. If 100% Faradaic conversion efficiency is assumed, replacing 

the Gibbs free energy with the corresponding voltage (1.23 V) and the rate of 

hydrogen evolution with the photocurrent density (j), equation 1.15 can be modified to 

the following: 

 

1.23



STH

j

P
        (1.16) 

 

Finally, it is important to note that STH efficiency is the only efficiency term that 

can be used to describe the overall performance of a PEC water splitting device in 

terms of energy conversion. Other (quantum) efficiency expressions exist, but they 
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should only be carefully used for diagnostic purposes of a certain photoelectrode. 

These terms will be discussed in more detail in the following chapters and appendices 

of this thesis. 

1.4  Materials for PEC water splitting 

For a semiconductor to be considered as a good material for PEC water splitting, it 

needs to fulfill several requirements. First, it needs to have high visible light 

absorption. Most of the photons in sunlight, as shown in Fig. 1.7, are in the visible 

light regime. The absorption of a material is defined by its respective bandgap size. If 

we consider the minimum energy needed to thermodynamically split water to 

hydrogen and oxygen, photons with energy higher than 1.23 eV are of interest. This 

corresponds to the light absorption up to ~1000 nm (max). However, if the 

thermodynamic losses and the overpotentials required for sufficiently fast reaction 

kinetics are considered,16-18 the semiconductor needs to have a minimum bandgap of 

~1.9 eV (abs < 650 nm). To achieve the DOE target of 10% STH efficiency, a 

minimum photocurrent density of ~8 mA/cm2 is necessary (equation 1.16), which 

means a maximum bandgap of ~2.3-2.4 eV. Therefore, the optimum value of the 

bandgap should be between 1.9 and 2.4 eV. This is consistent with a prediction by 

Murphy et al. of a hypothetically ideal material with a bandgap of ~2.03 eV.18 

 

 
Figure 1.7. AM1.5 spectrum indicating the visible light regime. The maximum 

wavelength of light that is thermodynamically able to perform the water splitting 

reaction (max) is identified with the vertical dashed line. 

 

The second requirement for a single material to split water is that the band edges of 

the semiconductor need to be suitably positioned to enable reduction and oxidation 
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reaction of water. This means both the conduction and valence band need to straddle 

the redox potential of water (Ec > Ered and Ev < Eox). This way, the photo-generated 

electrons and holes will have enough driving force to perform the reduction and 

oxidation of water. Additionally, the charge transport within the semiconductor needs 

to be highly efficient. This is often determined by intrinsic properties of the material, 

such as electron and hole mobilities, but extrinsic properties (e.g. the presence of 

defects) often also play an important role. The fourth requirement is that the 

semiconductor has a high catalytic activity toward oxidation or reduction of water. For 

an n-type semiconductor, this means that the transfer of the photo-generated holes 

across the semiconductor/electrolyte interface should be relatively fast to avoid hole 

accumulation at the surface, which will increase the electron-hole recombination. 

The semiconductor must also have high chemical stability in the dark and under 

illumination. This requirement is very crucial, since many excellent photo-active 

materials are prevented from being a good material for PEC water splitting due to their 

instability, or by the formation of an electrically-insulating passivation layer (e.g. Si, 

GaAs, GaP, CdSe). The general rule for material‘s stability in PEC water splitting is 

shown in Fig. 1.8. For a stable photoanode (n-type semiconductor), the oxidation 

potential of the material in aqueous solution (ox) needs to be lower than the oxygen 

evolution potential. On the other hand, the reduction potential (red) of a photocathode 

(p-type semiconductor) needs to be higher than the hydrogen evolution potential for it 

to be stable. 

  

 
Figure 1.8. General stability rule of semiconductor in PEC water splitting. ox and red 

are the oxidation and reduction potential of the semiconductor in aqueous solution, 

respectively. 

 

Finally, the semiconductor must be economically viable. A recent techno-

economical analysis shows that the corresponding PEC device needs to cost less than 
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US$ 160 per m2.14 Combined with the large scale of the application, the semiconductor 

therefore must be composed of cheap, abundant materials. The production technique 

also needs to be largely scalable, as high production rate of the PEC device is required. 

A back-of-the-envelope calculation shows that a full conversion to a solar-driven 

society in 2050, based on 10% efficient devices, requires production rates in the order 

of 500 m2/s. This means the semiconductor for PEC water splitting will ideally be able 

to be synthesized by a large-scale technique, such as roll-to-roll printing and spray 

deposition. 

Due to these stringent requirements, it is very difficult to find an ideal 

semiconductor material for PEC water splitting. To some, this is even considered as 

the ‗Holy Grail‘ in photoelectrochemistry. Metal oxides are often considered as the 

class of material suitable for water splitting, mainly due to their general stability in 

aqueous solution and relatively low cost. However, they usually do not have very good 

semiconducting properties, such as carrier mobility, compared to III-V semiconductors 

or even silicon. The challenge is therefore to overcome these limitations while taking 

advantage of the stability and the low-cost of the metal oxides, which will be 

addressed in this thesis. 

1.5  Bismuth vanadate (BiVO4) as a photoelectrode material 

In the decades of study on metal oxide photoelectrodes, much emphasis has been 

placed on binary metal oxides. However, only few of these can be identified as 

promising (photocurrent density > 1 mA/cm2),19-21 and they even do not fulfill all the 

strict requirements described in the previous section. The development of more 

complex metal oxides, such as ternary metal oxides, can therefore not be avoided. 

Bismuth vanadate (BiVO4) is one of the most promising complex metal oxide 

photoanodes known to date, and the metal oxide of interest in this thesis. In this 

section, a brief overview of the crystal and electronic structures of BiVO4 in relation to 

the photoelectrochemical properties is presented. 

1.5.1  Crystal structure 

There are three polymorphs of BiVO4 crystal: pucherite, dreyerite and 

clinobisvanite. Pucherite is the form of BiVO4 found in nature, named after the 

location where it was found (Pucher Shaft, Wolfgang Maaen mine field, Schneeberg, 

Germany). It has an orthorhombic crystal structure (space group Pnca with a = 5.332 

Å, b = 5.06 Å and c = 12.02 Å).22 BiVO4 prepared in the laboratory normally does not 

have the pucherite structure. Dreyerite has a tetragonal (zircon-type) crystal structure 
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(space group I41/amd with a = b = 7.303 Å and c = 6.584 Å),23 while clinobisvanite 

has a monoclinic (scheelite-type) crystal structure (space group C2/c with a = 7.247 Å, 

b = 11.697 Å, c = 5.09 Å and  = 134.226o).24, 25 Figure 1.9 shows these different 

crystal structures for BiVO4. A scheelite-type tetragonal crystal structure also exists, 

which is a slight modification of the monoclinic clinobisvanite BiVO4 in terms of the 

atomic positions of Bi, V, and O (space group I41/a with a = b = 5.147 Å, and c = 

11.7216 Å).24 
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Figure 1.9. Crystal structures of different BiVO4 polymorphs: (a) pucherite 

(orthorhombic), (b) dreyerite (tetragonal zircon), (c) clinobisvanite (monoclinic 

scheelite). The side view (c axis) of the clinobisvanite structure is shown in (d). 
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Each V ion in all BiVO4 polymorphs is coordinated by four O atoms (tetrahedral), 

and each Bi ion is coordinated by eight O atoms (dodecahedral). In the scheelite 

structure, each BiO8 dodecahedral unit is surrounded by eight different VO4 units. 

Each oxygen atom is coordinated to two Bi centers and one V center. This is true for 

both monoclinic and tetragonal scheelite structure. However, in the monoclinic 

scheelite, more distortion in the local environments of Bi and V ions is observed. As a 

result, the four-fold symmetry is lost. It can be seen from the difference in bond angles 

between these two structures, as shown in Table 1.2. In a tetragonal scheelite, all four 

V-O bond lengths are equal (1.73 Å), and only two different Bi-O bond lengths exist 

(2.4 and 2.47 Å).24 On the other hand, there are two different V-O bond lengths (1.69 

and 1.76 Å) and four different Bi-O bond lengths (2.35, 2.37, 2.52 and 2.63 Å) in a 

monoclinic scheelite structure.24 This distortion in the monoclinic scheelite is claimed 

to be responsible for a higher photocatalytic activity when compared to the tetragonal 

scheelite structure, as shown by Tokunaga et al.26 This distortion enhances the local 

polarization, which improves the electron-hole separation and, thereby, the 

photocatalytic activity. 

  

Table 1.2. Bond lengths of Bi-O and V-O in different crystal structures of BiVO4. 

Monoclinic Scheelite Tetragonal Scheelite Tetragonal Zircon Orthorombic

2.35 2.2

2.37 2.4 2.41 2.31

2.52 2.47 2.55 2.53

2.63 2.73

1.69 1.76

1.76 1.95

Bi-O

V-O 1.73 1.7

Bond
Bond Length (Å)

 
 

In the zircon structure, each BiO8 dodecahedral unit is surrounded only by six VO4 

tetrahedral units. Two VO4 units provide two O atoms, while four units provide one O 

atom to Bi. Finally, each BiO8 unit is surrounded by seven VO4 units in the 

orthorhombic structure, since one VO4 unit gives two O atoms to Bi. The bond lengths 

for these two crystal structures can also be found in Table 1.2. 

The zircon-type structure is normally obtained from low-temperature synthesis, 

such as aqueous precipitation at room temperature, while the monoclinic scheelite 

structure is obtained by high-temperature preparation methods.27, 28 The zircon-type 

structure can be phase transformed irreversibly to monoclinic scheelite at ~400-

500oC.27, 29 The tetragonal scheelite phase is obtained at higher temperatures than the 

monoclinic scheelite phase. The transition between tetragonal and monoclinic 

scheelite occur reversibly at 255oC.27 
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1.5.2  Electronic structure 

The electronic structure of BiVO4 has a strong correlation to the photocatalytic 

activity. Early study by Kudo et al. showed that the monoclinic scheelite BiVO4 has a 

superior photocatalytic activity as compared to the zircon-type BiVO4.
27 They 

proposed that this is mainly caused by the enhanced photon absorption in the scheelite 

BiVO4, as a result of smaller bandgap (2.4 and 2.9 eV for scheelite- and zircon-type 

BiVO4, respectively). The charge transition in zircon-type BiVO4 occurs between O 2p 

orbitals and empty V 3d orbitals, whereas transition between Bi 6s or hybrid Bi 6s-O 

2p orbitals and empty V 3d orbitals occurs in scheelite-type BiVO4. This difference is 

illustrated in Figure 1.10. 

 

 
Figure 1.10. Schematic band structure of zircon- and scheelite-type BiVO4. 

 

Further analysis based on density functional theory (DFT) calculations and x-ray 

spectroscopy studies was performed in the last decade.25, 30-33 It was found that zircon-

type BiVO4 indeed has different arrangements of the density of states, as compared to 

the scheelite-type BiVO4. In zircon-type BiVO4, there is a strong interaction between 

Bi and O atoms, as indicated by the relatively shorter Bi-O bonds. The valence band 

maximum is composed of mainly O 2p orbitals, which is located quite low, causing 

poor photocatalytic response in the visible light regime.32 The analysis also confirmed 

that the scheelite-type BiVO4 has a smaller bandgap. However, these studies indicate 

that, despite the presence of Bi 6s above the O 2p orbital, the transition originating 

from visible light still occurs between O 2p and empty V 3d orbital. This distance is 

however decreased as a result of the crystal distortion, especially in monoclinic 

scheelite BiVO4, which pulls the O 2p states upwards and reduces the bandgap.25 This 

is in agreement with the indication that there is no overlap between the wave functions 

at the edges of the valence and conduction band, and the large spatial distance between 
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Bi and V atoms (~3.61-3.85 Å). Therefore, an electronic transition from the occupied 

Bi 6s to the V 3d states, as suggested earlier, is rather unlikely. The molecular orbital 

bonding diagram for the monoclinic scheelite BiVO4 is shown in Fig. 1.11. 

  

 
Figure 1.11. Molecular-orbital bonding diagram of monoclinic scheelite BiVO4. 

 

The effective masses of carriers of the monoclinic scheelite BiVO4 are also 

calculated to be lower than the other type of BiVO4. The minimum effective mass of 

electrons (me
*) at the bottom of the conduction band is ~0.9 m0 (m0: the rest mass of 

electron), while the minimum effective mass of holes (mh
*) at the top of the valence 

band is ~0.7 m0.
25 These values are smaller than that of the other oxide semiconductors 

for photocatalysis; for example, anatase TiO2 has the effective masses of electrons and 

holes of ~10 and 0.8 m0, respectively. Lighter carriers are desired since the probability 

to reach the interfaces is increased. This then serves as another factor in superior 

photocatalytic activity of monoclinic scheelite BiVO4, as compared to the other 

structures. 
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1.6  This thesis 

As mentioned above, photoanodes based on monoclinic scheelite BiVO4 thin films 

are investigated in this thesis. This material was chosen for two reasons. First, the 

initially reported photocatalytic activities, although still modest, were promising. 

Second, prior to the start of the work presented in this thesis, there were conflicting 

reports on the performance level of different BiVO4 photoanodes, i.e. there was 

limited understanding on the factors that affect its PEC performance. 

The aim of the work is two-fold: (i) to investigate the performance limiting 

factor(s) in BiVO4 thin film photoanodes, and (ii) to introduce and demonstrate 

simple, low-cost, yet effective strategies to overcome these limitations. These two 

aims are directed towards a bigger, more general objective, which is to achieve and 

demonstrate highly efficient unassisted photoelectrochemical water splitting, which 

will be presented at the end of the thesis. 

Two performance limiting factors of BiVO4 thin film photoanodes are identified. In 

chapter 2, hole accumulation is shown to be present at the BiVO4/electrolyte interface 

under AM1.5 illumination, as a result of slow hole transfer. This can be overcome by 

the electrodeposition of a low-cost cobalt phosphate (Co-Pi) co-catalyst at the surface 

of BiVO4. Additionally, the efficiency decrease of BiVO4 as a function of light 

intensity is explored, which suggests poor electron transport in BiVO4 causing electron 

accumulation and carrier recombination. The performance limiting factors are further 

addressed in chapter 3, where a complete analysis of the absorption, separation and 

catalytic efficiency is presented. The separation efficiency, which is related to the 

carrier transport properties, is shown to be limiting, and tungsten (W) is introduced as 

a donor-type dopant to improve the carrier concentration, and thus the conductivity. 

As a result, the separation efficiency as well as the photoelectrochemical performance 

is greatly improved. 

Despite the improvement by W-doping, the separation efficiency is limited to lower 

than 50%. In chapter 4, the origin of this limitation is investigated by time-resolved 

microwave conductivity (TRMC) measurements. It is shown that further improvement 

of efficiency is prevented due to the low intrinsic carrier mobility in BiVO4. The effect 

of W-doping to the carrier dynamics in BiVO4 is also discussed in detail. 

To overcome the poor carrier separation limitation, a simple and elegant strategy is 

introduced in chapter 5. A homojunction based on the gradient dopant concentration is 

shown to improve the carrier separation efficiency due to the presence of additional 

band bending. A record AM1.5 photocurrent of 3.6 mA/cm2 at 1.23 V vs RHE is 

demonstrated, which is more than 20-fold improvement of performance as compared 

to the photocurrent achieved before the start of the work.  

Additionally, a hybrid photoelectrode device based on this record BiVO4-based 

photoanode and an amorphous silicon solar cell is fabricated to avoid the need for 

additional bias potential. Solar-to-hydrogen efficiencies of 3.6% and 4.9% are 
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achieved for the device based on single junction and double junction amorphous 

silicon solar cell, respectively. 

The advantages of the hybrid photoelectrode concept are discussed in comparison 

to other PEC water splitting device architectures in chapter 6. Analysis from the point 

of view of the photoanode, the solar cell, and the device in conjunction are presented 

to formulate a general design rule for the highly efficient hybrid photoelectrode device 

for water splitting. 

Finally, it is important to note that although the strategies presented in this thesis 

are shown for BiVO4-based photoanodes, they are generally applicable in other 

semiconductor photoelectrode materials. This thesis can therefore be used as a 

guideline in the development of materials for PEC water splitting. Considering that the 

four-year effort in this thesis has resulted in a 20-fold performance improvement and 

efficiency of ~5%, the solar-to-hydrogen efficiency target of 10% should be within 

reach in the next few years. 
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2  Nature and Light Dependence of Bulk 

Recombination in Co-Pi-Catalyzed BiVO4 

Photoanodes 

BiVO4 is considered to be a promising photoanode material for solar water splitting 

applications. Its performance is limited by two main factors: slow water oxidation 

kinetics and poor charge separation. We confirm recent reports that cobalt phosphate 

(Co-Pi) is an efficient water oxidation catalyst for BiVO4, and report an AM1.5 

photocurrent of 1.7 mA/cm2 at 1.23 V vs. RHE for 100 nm spray-deposited, compact 

and undoped BiVO4 films with an optimized Co-Pi film thickness of 30 nm. The 

charge separation of these films depends strongly on light intensity, ranging from 90% 

at low light intensities to less than 20% at intensities corresponding to 1 sun. These 

observations indicate that the charge separation efficiency in BiVO4 is limited by poor 

electron transport, and not by the presence of bulk defect states, interface traps, or the 

presence of a Schottky junction at the back contact. 
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2.1  Introduction 

Photoelectrochemical water splitting has attracted widespread attention recently due 

to the potential for the clean production of H2 and O2 from water using sunlight. Most 

of these efforts have been focused on the development of binary metal oxides as 

semiconducting photo-electrode materials. This is mainly driven by the easy synthesis, 

generally good stability in aqueous solutions and relatively low cost. However, after 

numerous studies only a few candidates have emerged that show promising 

photocurrents (> 2 mA/cm2) under AM1.5 illumination: Fe2O3,
1 WO3

2 (photo-anodes) 

and Cu2O (photo-cathode).3 This rather limited number of options has sparked interest 

in the development of a new generation of photoelectrode materials based on ternary 

metal oxides, giving a huge number of additional possibilities. 

Among the relatively few ternary metal oxides that have been explored, bismuth 

vanadate (BiVO4) is one of the most promising photo-anode candidates showing 

visible light photoactivity.4, 5 The photoactive phase is the monoclinic scheelite phase 

with a bandgap of ~2.4 eV.6 This implies that as much as 11% of the solar spectrum 

can be absorbed, compared to 4% for the standard UV-sensitive TiO2 photocatalyst. 

Although several efforts have been reported in employing BiVO4 as a photoanode in 

the past 5 years,5, 7-10 significant improvements of its performance have been reported 

only very recently.11-14 Luo et al. have reported the highest photocurrent density so far: 

~2.8 mA/cm2 at 1.23 VRHE under AM1.5 illumination.14 In order to achieve this, they 

had to catalyze their Mo-doped BiVO4 with a prohibitively expensive rhodium oxide 

catalyst. Since rare-earth catalysts based on Ir, Rh or Ru are unlikely to be used in 

economically viable devices, many groups are now trying to develop alternative water 

oxidation catalysts based on earth-abundant materials, such as Co,15, 16 Fe,17 and Mn.18 

A particularly effective and easy-to-synthesize co-catalyst is the amorphous cobalt-

phosphate (CoPi) catalyst developed by Nocera et al.19 This catalyst has been shown to 

enhance the performance of Fe2O3,
20-22 WO3,

23 and several other photoanode materials 

under near-neutral pH conditions.24-26 Very recently, during the final phase of the 

preparation of this manuscript, Co-Pi was reported to successfully catalyze water 

oxidation at doped BiVO4 photoanodes.27-29 Zhong et al. achieved the highest AM1.5 

photocurrents so far for Co-Pi catalyzed BiVO4, reaching a value of 1.4 mA/cm2 at 

1.23 VRHE. They showed that the Co-Pi increases the efficiency of the water oxidation 

reaction to nearly 100%, and that the overall performance of their Co-Pi catalyzed 

W:BiVO4 is limited by bulk recombination processes.28 Bulk recombination is 

therefore the next bottleneck to be solved in the quest for efficient BiVO4-based 

photoanodes. The nature of this recombination process is, however, still unclear.    
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In this chapter, we report a new AM1.5 photocurrent benchmark of 1.7 mA/cm2 (at 

1.23 VRHE) for undoped, Co-Pi catalyzed BiVO4 photoanodes with a thickness of only 

100 nm. Moreover, we show that external quantum efficiencies as high as 90% can be 

reached at low light intensities, which rules out the possibility of defect-mediated bulk 

recombination as the main performance bottleneck in these films. Instead, we provide 

evidence that poor electron transport is the key issue to be addressed in BiVO4. 

2.2  Experimental details 

Preparation of BiVO4 thin film photoanode 

 

Dense thin films of BiVO4 were prepared by spray pyrolysis. The precursor 

solution was made by dissolving 4 mM Bi(NO3)3.5H2O (98%, Alfa Aesar) in acetic 

acid (98%, Sigma Aldrich), and adding an equimolar amount of vanadium in the form 

of VO(AcAc)2 (99%, Alfa Aesar) dissolved in absolute ethanol (Sigma Aldrich). The 

films were sprayed onto FTO-coated glass substrates (fluorine-doped tin dioxide, 15 

Ω/□, TEC-15, Hartford Glass Co.), which were cleaned by three successive 15 min. 

ultrasonic rinsing treatments in a Triton® solution, acetone and ethanol. The substrate 

temperature during spraying was maintained at 450oC, as measured by a thermocouple 

pressed to the top of the substrate surface. The spray deposition was carried out using 

an automated spray setup with Quickmist Air Atomizing Spray nozzle driven by an 

overpressure of 0.06 MPa of nitrogen gas. The nozzle-substrate distance was kept at 

20 cm. The precursor solution was placed 20 cm below the nozzle and fed to the 

nozzle via the siphoning effect induced by the nitrogen gas flow. Each spray cycle 

consisted of 5 seconds of spray time and 55 seconds of delay time to allow solvent 

evaporation, and a total of 100 cycles were used to deposit the films.  

Prior to deposition of the BiVO4, a SnO2 interfacial layer (~80 nm) was deposited 

onto the FTO substrate to prevent recombination at the FTO/BiVO4 interface.30, 31 A 

0.1 M SnCl4 (99%, Acros Organics) solution in ethyl acetate (99.5%, J. T. Baker) was 

used as the precursor solution. The SnO2 layer was deposited at 425oC using 5 spray 

cycles (5 s on, 55 s off) in a gravity-assisted siphoning mode, where the precursor 

solution was placed 30 cm above the nozzle.  

After deposition, the SnO2/BiVO4 samples were subjected to an additional 2-hour 

heat treatment in a tube furnace at 450oC in air. 

 

Co-Pi catalyst electrodeposition and characterization 

 

The Co-Pi catalyst was electrodeposited onto BiVO4 in an electrochemical cell 

using a three-electrode configuration. An aqueous 0.1 M KH2PO4 (99.5%, Fluka) 
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solution was first prepared and titrated to pH 7 with 1 M KOH (85%, J. T. Baker). 

Then, 0.5 mM Co(NO3)2 (99%, Acros Organics) was added, and the resulting solution 

was used as the electrolyte. The potential of the working electrode was controlled by a 

potentiostat (EG&G PAR 283). An Ag/AgCl electrode (XR300, saturated KCl+AgCl 

solution (KS120), Radiometer Analytical) and a coiled Pt wire were used as the 

reference and counter electrodes, respectively. The potentials vs Ag/AgCl were 

converted to the reversible hydrogen electrode (RHE) using the following relationship, 

 
0

/ / 0.059RHE Ag AgCl Ag AgCl NHEV V V pH        (2.1) 

 

where 0

/Ag AgCl NHEV 
 is 0.199 V at 25 oC. For the conversion to the normal hydrogen 

scale, NHE, the pH-dependent term of Eq. 2.1 should be ignored. The 

electrodeposition was carried out at constant voltage of 1.3 VNHE for varying 

deposition times. For thickness measurements, the Co-Pi catalyst was electrodeposited 

onto a bare FTO substrate following the same procedure. A profilometer (Dektak-3) 

was used to measure the thickness of the catalyst. The optical absorption of the 

catalyst was measured with a UV-Vis spectrometer (Perkin Elmer Lambda 900). 

 

Photoelectrochemical measurements 

 

Photoelectrochemical characterization was carried out in an aqueous 0.5 M K2SO4 

(99%, Alfa Aesar) solution buffered to pH ~5.6 with 0.09 M KH2PO4 (99.5%, 

Fluka)/0.01 M K2HPO4 (99%, J. T. Baker). The measurements were done in the same 

three-electrode configuration as described for the Co-Pi electrodeposition. White-light 

photocurrent measurements were performed under simulated AM1.5 solar illumination 

(100 mW/cm2) with a Newport Sol3A Class AAA Solar Simulator (type 94023A-

SR3). The spectrum of the simulator is shown in Figure A1 of Appendix A. The 

photocurrents for the Co-Pi thickness optimization experiments were measured with a 

different solar simulator (100 mW/cm2, EPS 1200S, KH Steuernagel Lichttechnik 

GmbH). Monochromatic photocurrents were measured with a 200 W quartz tungsten-

halogen lamp coupled into a grating monochromator (Acton SpectraPro 150i). An 

electronic shutter (Uniblitz LS6) was used, and a long-pass colored glass filter (Schott, 

3 mm thick) was placed between the monochromator and the sample to remove 

second-order diffracted light. The shutter was actuated every 10 seconds, and the 

photocurrent was taken as the difference between the current when the shutter is 

opened and closed (3 seconds integration time and ~1.5 nm step size). The light 

intensities ranged between 0.3 – 8 μW/cm2, as shown in Figure A2 of Appendix A. 

The Incident Photon to Current Efficiency (IPCE, sometimes called the External 

Quantum Efficiency or EQE) is then calculated based on the following formula: 
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The IPCE as a function of light intensity was measured using a combination of a 457 

nm cw argon ion laser (Coherent Innova 90C Series) and multiple neutral density 

filters (metal film, OD 0.1-3, Melles Griot). The illumination intensities from the 

argon ion laser and the tungsten halogen source were measured with a calibrated 

photodiode (Ophir PD300-UV). 

2.3  Results and discussion 

Photoresponse of unmodified BiVO4 

 

Figure 2.1 shows the absorption and IPCE as a function of wavelength for a spray-

deposited BiVO4 photoelectrode at an applied bias of 1.23 VRHE. At these low light 

intensities (few µW/cm2), illumination via the substrate (back-illumination) is found to 

give the highest efficiencies, with IPCE values exceeding 80% between 340 and 420 

nm. In the range between 360 and 440 nm, these values are nearly identical to the light 

harvesting efficiency (LHE). This implies internal quantum efficiencies of nearly 

100%, i.e., every absorbed photon yields an electron in the outer circuit. Such high 

charge carrier collection efficiencies indicate that bulk recombination is virtually 

absent in these films. Figure 2.1 also shows that front-side illumination results in ~2 

times lower quantum efficiencies than back-side illumination. Such a pronounced 

difference is a clear indication that the overall photoresponse is limited by the electron 

transport properties of the material.31, 32 

It should be noted that the films show some light scattering at longer wavelengths. 

This indicates that the films are not perfectly smooth, which is mainly due to the 

roughness of the FTO substrate (vide infra). Extrapolation of the LHE curve to shorter 

wavelengths suggests that the amount of scattering becomes negligible at wavelengths 

below 450 nm, consistent with similar observations in the literature.33, 34 Moreover, 

any contribution of scattering to the LHE below 450 nm would imply an internal 

quantum efficiency exceeding 100%, which is physically unrealistic. 
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Figure 2.1. Incident Photon to Current Efficiency (IPCE) of a BiVO4 photoanode 

under front- (black) and back-side illumination (red) at 1.23 VRHE. The dashed line 

represents the Light Harvesting Efficiency (LHE) of the same electrode, i.e., the 

absorptance spectrum. The inset shows the product of the IPCE of BiVO4 under back 

illumination with the AM1.5 solar spectrum. The dashed vertical line in the inset 

corresponds to the absorption edge of BiVO4. 

 

Multiplying the IPCE with the AM1.5 solar spectrum (red area in inset of Fig. 2.1) 

and subsequently integrating this over the appropriate wavelength range allows us to 

estimate the expected photoresponse under 1 sun illumination. The predicted AM1.5 

photocurrent density is 3.6 mA/cm2 at 1.23 VRHE, which is only a factor of 2 below the 

theoretical maximum value of 7.5 mA/cm2 for BiVO4 with a bandgap of 2.4 eV. The 

actual measurements shown in Figure 2.2a, however, reveal a much lower AM1.5 

photocurrent than predicted: at 1.23 VRHE, the photocurrent is 0.6 mA/cm2 (solid black 

curve), 6 times less than the predicted value. The large anodic current transient after 

switching on the light (Fig. 2.2b, black curve) indicates that the difference between the 

predicted and observed photocurrent density is caused by extensive electron-hole 

recombination.  

Initially, one might expect poor electron transport to be the cause of the 

recombination. However, in contrast to the IPCE results shown in Figure 2.1, the 

difference between front- and back-side illumination is found to be negligible under 

these high light intensity conditions (Figure A3, Appendix A). This means that poor 

electron transport can be ruled out as the cause of recombination. We attribute this to 

photodoping of the material. At high illumination intensities, the generation rate 

approaches or exceeds the rate at which the electrons can be transported to the back 

contact. The resulting accumulation of electrons increases the electronic conductivity 

of the material and thereby eliminates the electron transport limitation. 
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The main cause of recombination in these BiVO4 films at high illumination 

intensities is slow kinetics of water oxidation, i.e., slow hole transfer across the 

semiconductor/electrolyte interface. This causes photogenerated holes to accumulate 

near the surface, which increases the chance of recombination with the electrons. This 

explanation is supported by the photocurrent transients shown in Figure 2.2b (black 

curve). The decrease in photocurrent shortly after the light is turned on is due to 

recombination of the photogenerated electrons with the accumulated holes. When 

turning off the light, the accumulated holes react with free electrons in the conduction 

band. This causes electrons to be withdrawn from the external circuit, which explains 

the transient cathodic response. 

 

 
Figure 2.2. (a) AM1.5 (class AAA solar simulator) photocurrent vs. voltage for a 

BiVO4 photoelectrode (with and without H2O2 in the electrolyte) and a Co-Pi 

catalyzed BiVO4 photoelectrode at a scan rate of 50 mV/s. The reference curve for Co-

Pi coated FTO confirms the true photovoltaic nature of the photocurrents in BiVO4, 

and rules out that they are caused by photoconductivity effects. (b) Chopped AM1.5 

chronoamperometry plot of uncatalyzed and Co-Pi catalyzed BiVO4 photoelectrodes 

under back-side illumination at 1.23 VRHE. 

 

To confirm that slow oxidation kinetics are responsible for the poor photoresponse, 

0.5 M H2O2 was added into the electrolyte as a hole scavenger.35-37 H2O2 has a much 

higher oxidation rate constant than water, which is due to its more negative reduction 

potential (+0.68 VRHE vs. +1.23 VRHE, respectively),37 and the fact that only two holes 

are needed to oxidize it (vs. 4 holes for H2O oxidation). Figure 2.2a shows an AM1.5 

photocurrent density of 1.8 mA/cm2 at 1.23 VRHE after adding H2O2, which represents 

an impressive ~3-fold increase. This proves that slow water oxidation kinetics are 

indeed the performance-limiting factor for BiVO4 under high light intensities. 

Interestingly, only a minor increase in photocurrent is observed for IPCE 

measurements in the presence of H2O2 (not shown). The reason is that these 

measurements were carried out using much lower light intensities (few µW/cm2), and 
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under these conditions the rate of both H2O and H2O2 oxidation can still keep up with 

the supply of photo-generated holes. 

It should be noted that the addition of H2O2 into the electrolyte may be 

accompanied by current doubling,38-40 a phenomenon that causes the oxidized form of 

H2O2 to be oxidized again through injection of an electron into the conduction band of 

BiVO4. The oxidation steps are illustrated in Scheme 2.1 and can be described by the 

following reactions: H2O2+h+2H++O2
- ; O2

-O2+e-. Although the possibility of 

current doubling cannot be completely ruled out, the 3-fold increase in photocurrent at 

1.23 VRHE clearly shows that hole scavenging by H2O2 improves the photocurrent by at 

least a factor of 1.5. 

 

Scheme 2.1. Illustration of current doubling in the presence of H2O2, in which the 

oxidized form of H2O2 (a superoxide anion) is oxidized again by electron injection into 

the conduction band of the semiconductor. 

 
 

Co-Pi catalyst deposition and properties 

 

In order to improve the performance of the photoelectrode without the addition of 

sacrificial agents such as H2O2, a Co-Pi catalyst is deposited on the surface of the 

BiVO4 photoelectrode. Following the approach introduced by Nocera et al.,19 we 

electrodeposited Co-Pi on BiVO4 in a 0.1 M KPi + 0.5 mM Co(NO3)2 electrolyte 

solution at 1.3 VNHE (1.7 VRHE) for different deposition times. Typical cyclic 

voltammetry and chronoamperometry plots of the Co-Pi electrodeposition step are 

shown in Figure A4 and A5 of Appendix A, respectively.  

 Since Co-Pi films have a brownish color, they should be kept thin enough to allow 

enough light to reach the underlying BiVO4 film. Figure 2.3a shows the absorption 

spectrum of Co-Pi, measured for a 275 nm thick film deposited on FTO. Based on an 

average absorption coefficient of ~3  106 m-1, the Co-Pi thickness should be less than 

35 nm to ensure that >90% of the incident light reaches the BiVO4. 
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Now that the absorption coefficient of Co-Pi is known, the growth of the Co-Pi film 

can be monitored in situ and in a quantitative manner by optical transmission 

measurements. As shown in Figure 2.3b, the thickness increases linearly with the 

amount of charge at a deposition potential of 1.1 VNHE (1.5 VRHE). This confirms that 

at this potential, little or no interference from water oxidation occurs.41 Assuming that 

all the charge is used to oxidize the Co2+ ions in the electrolyte to Co3+ in the Co-Pi, 

and assuming a Co:K:P composition of 2.7:1:1 in Co-Pi,42, 43 we estimate the effective 

gravimetric density of the Co-Pi film to be ~3 g/cm3. 

 

 
Figure 2.3. (a) Absorption coefficient of Co-Pi catalyst as a function of wavelength. 

(b) Correlation of Co-Pi catalyst thickness to the charge consumed during 

electrodeposition at 1.1 VNHE (1.5 VRHE). 

 

Photoresponse of Co-Pi catalyzed BiVO4 

 

Figure 2.4a shows that a Co-Pi thickness of 30 nm, obtained after 15 min. of 

electrodeposition (Fig. A5, Appendix A), gives the highest photocurrent density and is 

therefore the optimum thickness for Co-Pi on BiVO4. A cross-section SEM image of 

the sample, shown in Figure 2.4b, reveals complete coverage of the BiVO4 surface. A 

likely explanation for the optimum of 30 nm is that thinner films may give incomplete 

coverage, while hole transport through the Co-Pi layer may become a problem for 

thicker films.  

It should be noted that the thickness values in Fig. 2.4a are determined by step 

profilometry on CoPi films deposited on FTO. Deposition of these films on BiVO4 

under the same conditions (potential, deposition time, electrolyte) result in the same 

film thickness. This is evidenced by the nearly identical I-V curves of Co-Pi 

deposition on FTO and on BiVO4 (Fig. A4, Appendix A), and confirmed by the fact 

that the same thickness (~30 nm) was found for CoPi deposited at 1.3 VNHE for 15 

min. on FTO and BiVO4 (Figs. A5b and c, Appendix A). 
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Figure 2.4. (a) Photocurrent density as a function of Co-Pi catalyst thickness on a 

BiVO4 photoanode, indicating that 30 nm is the optimum thickness of the catalyst. The 

photocurrents were measured under simulated sunlight (100 mW/cm2) using back-side 

illumination. (b) Cross-section Scanning Electron Microscope (SEM) image of a 30 

nm thick Co-Pi catalyzed BiVO4 photoelectrode. 

 

As shown in Figure 2.2a (red curve), a 30 nm Co-Pi catalyst film on BiVO4 

increases the AM1.5 photocurrent by a factor of ~3, resulting in a value of 1.7 mA/cm2 

at 1.23 VRHE. This photocurrent can be reproducibly achieved with our spray recipe, 

with variations less than 10% for different samples. Although the shift of the 

photocurrent onset potential is less pronounced than for the H2O2 curve, the steeper 

increase in photocurrent at potentials positive of the onset potential clearly illustrates 

the improved catalytic activity for water oxidation. This strongly reduces the amount 

of hole accumulation near the semiconductor/electrolyte interface, as evidenced by the 

much less pronounced photocurrent transients shown in Figure 2.2b (red curve). While 

the photocurrent reported here is lower than the state-of-the-art photocurrent density of 

2.8 mA/cm2 recently reported for RhO2-catalyzed Mo:BiVO4,
14 our result has been 

obtained for a 10-times thinner compact film (~100 nm) and a low-cost, earth-

abundant co-catalyst. Moreover, no dopant was used for the BiVO4. The photocurrent 

we report here exceeds the recently reported values of 1.1 and 1.4 mA/cm2 (both also 

at 1.23 VRHE) for Co-Pi catalyzed Mo- and W-doped BiVO4, respectively.28, 29 

To ensure that the Co-Pi catalyst itself is not oxidized by the photo-generated holes, 

we compare the photocurrent with the amount of charge needed to electrodeposit the 

Co-Pi. Integration of the photocurrent density recorded during a cyclic voltammogram 

gave a total charge of 234 mC/cm2, which is ~40 times larger than the charge needed 

to deposit the 30 nm-thick catalyst film (Figure 2.3b). This confirms that the Co-Pi 

indeed acts as a catalyst. 
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Light intensity dependence 

 

To further elucidate the influence of light intensity on the photoresponse of BiVO4, 

we measured the Absorbed Photon to Current Efficiency (APCE, sometimes called 

Internal Quantum Efficiency or IQE) at different light intensities with a 457 nm cw 

argon ion laser in combination with multiple neutral density filters. The resulting 

APCE values as a function of the number of absorbed photons (which is proportional 

to the number of photo-generated charge carriers and the light intensity) are shown in 

Figure 2.5. The APCE decreases with increasing light intensity for both non-catalyzed 

and Co-Pi catalyzed BiVO4 photoelectrodes. However, at an electron-hole generation 

rate that corresponds to 1 sun (~1016 s-1cm-2), the Co-Pi catalyzed BiVO4 shows a 3 

times higher APCE than the non-catalyzed BiVO4. This is indeed consistent with the 

3-fold increase in photocurrent observed in Figure 2.2a. The Co-Pi catalyst thus 

clearly provides an alternative, faster pathway for water oxidation at the surface of the 

BiVO4 photoelectrode. 

 

 
Figure 2.5. APCE of BiVO4 and Co-Pi catalyzed BiVO4 photoelectrodes as a function 

of the number of photons absorbed, measured with a 457 nm cw argon ion laser at a 

potential of 1.23 VRHE. 

 

Despite the improvements by the Co-Pi, the data shown in Figure 2.5 indicate that a 

significant fraction (~80%) of the photo-generated charge carriers still recombine at 

high light intensities. Assuming that the H2O2 captures 100% of the holes arriving at 

the surface,28, 37 the data in Figure 2.2a suggest that little—if anything—can be gained 

from further optimization of the water oxidation catalyst. Further efforts to improve 

BiVO4 should therefore be directed towards improving charge separation in the bulk.28 
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Possible factors affecting the charge separation efficiency are i) charge trapping at 

the interface with the back-contact, ii) recombination at bulk defects, iii) the presence 

of a Schottky barrier at the back-contact, or iv) charge accumulation due to slow 

electron and/or hole transport kinetics. In our case, charge trapping at the interface 

with the FTO back-contact is prevented by the presence of an interfacial SnO2 layer 

between the FTO and the BiVO4. We recently showed that this layer prevents 

recombination by acting as a ―hole mirror‖.31 Recombination via trapping at bulk 

defects or through electron accumulation in the bulk due to the presence of a Schottky 

barrier can also be ruled out; these effects would also occur at low light intensities, 

which is inconsistent with the high internal quantum efficiencies (~100%) that we 

observe in Figure 2.1.  

Instead, we believe that the bulk recombination in Co-Pi catalyzed BiVO4 at high 

light intensities is caused by electron accumulation in the conduction band. Electron 

transport in BiVO4 is known to be slow,
31

 and at high illumination intensities the 

generation rate may exceed the rate at which they can be transported to the back 

contact. The electrons then accumulate in the conduction band, which decreases the 

space charge width, reduces the charge separation efficiency, and therefore increases 

the recombination rate. 

We can now summarize our findings as follows. The photoresponse of unmodified 

BiVO4 at low light intensities is limited by the poor electron transport properties of the 

material. At high light intensities, electron accumulation in the conduction band 

increases the conductivity of the material (photodoping) and slow oxygen evolution 

kinetics now limit the performance. This limitation can be removed by depositing a 

Co-Pi catalyst on the surface of BiVO4. Under these conditions, slow electron 

transport again limits the performance. 

Finally, it is important to realize that the bias voltage needed to get reasonable 

photocurrents from BiVO4 severely reduces the overall energy conversion efficiency 

(any claims of which should only be made for two-electrode measurements under 

short-circuit conditions44). A bias voltage of 1.23 V vs. RHE—the somewhat arbitrary 

potential used by most researchers to allow easy comparison of results from different 

labs—corresponds to the thermodynamic potential for water splitting, and the solar-to-

hydrogen conversion efficiency for a single BiVO4 photoelectrode biased at this 

potential is therefore zero. This is of course true for all metal oxide photoanodes, 

including Fe2O3 and WO3, but this important point is not always mentioned in the 

literature. The photoanode does, however, provide the overpotential that is needed to 

drive the kinetics of the water oxidation reaction. To illustrate the importance of this 

contribution, Figure 2.2a also shows a voltammogram in which the BiVO4 photoanode 

is replaced by a Co-Pi coated FTO electrode, which has a high electro-catalytic 

activity for water oxidation. The current at 1.23 V vs. RHE is only ~10 µA/cm2, and a 

potential of 2 V is required to achieve a water splitting current of 1.7 mA/cm2. 
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For practical energy conversion devices, metal oxide photoanodes such as BiVO4 

should be operated in a tandem cell configuration. The bias voltage in such a device is 

generated by a photovoltaic cell placed behind the photoanode, using the unabsorbed 

light that passes through. In such a configuration, our compact BiVO4 films show an 

important advantage over most other highly efficient photoanodes: they are not 

nanostructured and show little light scattering (~15% at  > 500 nm). Although 

extensive scattering can sometimes be avoided in nanostructured electrodes,45 this is 

not always possible. Any scattering would prevent the unabsorbed light to reach the 

PV cell behind the photoanode, and greatly reduce the overall efficiency.46 When 

combined with a PV cell that generates 1.23 V from light transmitted by BiVO4, solar-

to-hydrogen conversion efficiencies of 2.1% (1.23 V × 1.7 mA/cm2 / 100 mW/cm2) 

can be readily achieved with the Co-Pi-catalyzed BiVO4 electrode reported here. 

2.4  Conclusions 

In summary, we have demonstrated AM1.5 photocurrents of 1.7 mA/cm2 at 1.23 

VRHE for low-cost spray-deposited BiVO4 films catalyzed with a 30 nm Co-Pi water 

oxidation catalyst. These dense compact films show little scattering, which is an 

important advantage in tandem device configurations based on a BiVO4 photoanode 

placed in front of a PV junction. The high internal quantum efficiencies (close to 

100%) at low light intensities indicate efficient charge separation. Trapping at bulk 

defects or interface states is negligible for these films, and the presence of a Schottky 

barrier at the back contact can be ruled out. The extensive recombination observed at 

high light intensities is due to the poor electron transport properties of BiVO4. Future 

efforts on this material should therefore be aimed to address this key issue. Recent 

studies show that doping with W or Mo improves the properties to some extent.28, 29 

However, to fully realize the potential of BiVO4, additional strategies based on guest-

host nanostructures47 in combination with plasmonic or resonance absorption 

enhancement48 should be explored. 
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3  Efficient BiVO4 Thin Film Photoanodes 

Modified with Cobalt Phosphate Catalyst and 

W-doping 

Bismuth vanadate (BiVO4) thin film photoanodes for light-induced water oxidation are 

deposited by a low-cost and scalable spray pyrolysis method. The resulting films are 

of high quality, as indicated by an internal quantum efficiency close to 100% between 

360 and 450 nm. However, its performance under AM1.5 illumination is limited by 

slow water oxidation kinetics. This can be addressed by using cobalt phosphate (Co-

Pi) as a water oxidation co-catalyst. Electrodeposition of 30 nm Co-Pi catalyst on the 

surface of BiVO4 increases the water oxidation efficiency from ~30% to more than 

90% at potentials higher than 1.2 V vs RHE. Once the surface catalysis limitation is 

removed, the performance of the photoanode is limited by low charge separation 

efficiency; more than 60% of the electron-hole pairs recombine before reaching the 

respective interfaces. Slow electron transport is shown to be the main cause of this low 

efficiency. We show that this can be remedied by introducing W as a donor type 

dopant in BiVO4, resulting in an AM1.5 photocurrent of ~2.3 mA/cm2 at 1.23 V vs 

RHE for 1% W-doped Co-Pi-catalyzed BiVO4. 
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3.1  Introduction 

In order to achieve a 100% renewable energy-driven society by 2050, as recently 

envisioned by WWF,1 the quest for new sustainable energy sources remains one of the 

biggest challenges. Sunlight has always been the most promising option, giving 

enough energy in an hour to fulfil the world‘s annual energy need. However, finding 

highly efficient and economically viable routes to harvest and use this energy source 

presents a formidable scientific challenge. One of the most elegant methods is 

photoelectrochemical water splitting, which produces hydrogen and oxygen. 

Hydrogen, the most simple of all solar fuels, can then be re-oxidized in a fuel cell or a 

combustion engine. The products of this oxidation process are energy and pure water, 

which makes this cycle both sustainable and renewable. To photo-electrochemically 

produce hydrogen, one needs to find a semiconductor material that absorbs light, 

separates the charge carriers, and catalyzes the water splitting half-reactions at the 

surface. Moreover, the material needs to be stable in aqueous solutions, and should not 

be prohibitively expensive.2 The challenge is to find a material that fulfils all these 

requirements simultaneously. 

Metal oxide semiconductors have drawn significant attention as photoelectrode 

materials. Although their semiconducting properties are usually rather poor compared 

to group IV or III-V semiconductors, they are generally stable in aqueous solutions, 

easily synthesized, and cheap. Their low carrier mobilities and short carrier lifetimes 

can be overcome by adopting suitable nanostructured morphologies. This approach 

has been particularly successful for -Fe2O3 and WO3.
3, 4 In fact, the numerous studies 

on metal oxide photoelectrodes in the past few decades have been focused almost 

exclusively on binary metal oxides. Only a few of these, most notably Fe2O3, WO3 and 

Cu2O, can be identified as promising,5-7 and none meet all the stringent requirements 

outlined above.2 We therefore need to expand our materials database and include more 

complex multinary metal oxides. 

Bismuth vanadate (BiVO4) is one of the most promising complex metal oxide 

photoanodes known thus far. Kudo et al. first showed that the monoclinic phase of 

BiVO4 shows high visible light photoactivity.8, 9 The material has a bandgap of 2.4 

eV,10 and can absorb up to 11% of the solar spectrum. This means BiVO4 can 

theoretically generate an AM1.5 photocurrent of 7.5 mA/cm2, assuming all photons 

with energies higher than 2.4 eV are absorbed. This corresponds to a solar-to-

hydrogen energy conversion efficiency of 9%. Moreover, its conduction band edge is 

located close to the reversible hydrogen electrode (RHE) level,11-13 which enables 

water splitting at modest external bias potentials. Nevertheless, the first efforts to 

apply BiVO4 as a photoelectrode material have been hampered by fairly small 
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efficiencies, resulting in AM1.5 photocurrents less than 1 mA/cm2.11, 14-17 Very 

recently, its performance has been greatly enhanced by modifying the material with 

oxygen evolution co-catalysts.18-26 These include traditional noble metal catalysts such 

as IrO2 and RhO2,
27-29 but also several exciting new oxygen evolution catalysts based 

on earth-abundant elements.23, 30 However, little is known about the factor(s) that limit 

the performance of BiVO4 after the slow water oxidation kinetics are addressed.    

Our efforts have focussed on the use of a low-cost spray pyrolysis technique to 

deposit high-quality BiVO4 films.26, 31, 32 This technique is highly scalable, an 

important requirement for large-scale production of solar energy conversion devices. 

To illustrate this: for a full conversion to a solar-driven society in 2050 based on 10% 

efficient devices and with 24/7/365 production starting now, production rates in the 

order of 500 m2/s are required. This is one order of magnitude higher than the global 

spray-paint rate in the automotive industry (15 m2/s);33 challenging, but certainly not 

impossible.  

 In this chapter, we demonstrate the high photocurrents that can be achieved with 

spray-deposited BiVO4. We first confirm earlier observations by showing that poor 

electronic conductivity and slow water oxidation kinetics are also limiting the 

performance of the latest generation of BiVO4 films presented here. Next, quantitative 

insight into these limitations is obtained by unravelling the charge separation and 

water oxidation efficiencies, following an interesting approach that was recently 

reported by others. Based on these insights, we then address the poor electronic 

conductivity of BiVO4 by doping our films with tungsten. We show that this results in 

a new performance record for BiVO4 modified with a low-cost, earth-abundant water 

oxidation catalyst. 

3.2  Experimental details 

Preparation of BiVO4 and W-doped BiVO4 thin film photoanodes 

 

Dense thin films of BiVO4 were prepared by spray pyrolysis. A BiVO4 precursor 

solution was prepared by dissolving Bi(NO3)3.5H2O (98%, Alfa Aesar) in acetic acid 

(98%, Sigma Aldrich) and VO(AcAc)2 (99%, Alfa Aesar) in absolute ethanol (Sigma 

Aldrich). The Bi solution was then added to the V solution, and the mixture was 

diluted to 4 mM with excess ethanol. For the preparation of W-doped BiVO4 films, 

varying amounts of W(OC2H5)6 (5% w/v in C2H5OH, 99.8% Alfa Aesar) were added 

to the precursor solution of Bi and V, resulting in a mixture containing Bi:(V+W) in a 

1:1 ratio. To prevent premature oxidation by trace amounts of water, 1 vol% of triethyl 

orthoformate (TEOF, 98%, Fluka Analytical) was added to the mixture (TEOF 

converts to ethanol when reacting with water). The substrates are FTO-coated glass 



 

50 

(15 Ω/□, TEC-15, Hartford Glass Co.), which had been cleaned by three successive 15 

min. ultrasonic rinsing steps in 10 vol% Triton®, acetone, and ethanol. The substrates 

were placed on a heating plate that was set to 450 oC during deposition. The spray 

nozzle (Quickmist Air Atomizing Spray) was placed 20 cm above the heating plate 

and driven by an overpressure of 0.6 bar of nitrogen gas. A pulsed deposition mode 

was used, with one spray cycle consisting of 5 seconds of spray time followed by a 

delay of 55 seconds to allow solvent evaporation. The BiVO4 thickness was controlled 

by the number of spray cycles, with a deposition rate of ~1 nm per cycle. Prior to 

BiVO4 or W-doped BiVO4 deposition, an ~80 nm SnO2 layer was spray-deposited 

onto the FTO substrate to prevent recombination of electrons and holes at the 

FTO/BiVO4 interface.26, 32 As a final step, the SnO2/BiVO4 and SnO2/W-doped BiVO4 

samples were annealed for 2 hours at 450 oC in air to further improve the crystallinity. 

 

Co-Pi catalyst electrodeposition 

 

A 30 nm Co-Pi catalyst was electrodeposited on the surface of BiVO4 or W-doped 

BiVO4 according to the recipe from Kanan and Nocera.30 The electrolyte is made by 

dissolving 0.5 mM Co(NO3)2 (99%, Acros Organics) in a 0.1 M KPi solution (pH~7). 

The potential of the working electrode was controlled by a potentiostat (EG&G PAR 

283). A coiled Pt wire and an Ag/AgCl electrode (XR300, saturated KCl and AgCl 

solution, Radiometer Analytical) were used as the counter and reference electrodes, 

respectively. The electrodeposition was carried out at a constant voltage of 1.3 VNHE 

(1.7 VRHE) for 15 minutes. 

 

Photoelectrochemical measurements 

 

Photoelectrochemical characterization was carried out using the same three-

electrode configuration as described above. Two different electrolytes were used: (i) 

an aqueous 0.5 M K2SO4 (99%, Alfa Aesar) solution buffered to pH ~5.6 with 

K2HPO4 (99%, J.T. Baker) and KH2PO4 (99.5%, Fluka), and (ii) an aqueous 0.1 M 

KPi solution (pH~7). White-light photocurrent measurements were performed under 

simulated AM1.5 solar illumination (100 mW/cm
2
) with a Newport Sol3A Class AAA 

solar simulator (type 94023A-SR3). Monochromatic photocurrents were measured 

with a 200 W quartz tungsten-halogen lamp coupled into a grating monochromator 

(Acton SpectraPro 150i). The monochromatic light intensities were measured with a 

calibrated photodiode (Ophir PD300-UV) and ranged between 0.3 and 8 μW/cm2. 
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3.3  Results and discussion 

Photoelectrochemical characterization of BiVO4 thin films 

 

Figure 3.1a shows a photograph of a 100 nm BiVO4 film on an F-doped SnO2 

(FTO) substrate (left) next to a bare FTO substrate (right). The yellow color indicates 

the presence of BiVO4, and only a small amount of scattering is shown by the sample. 

The microstructure of the film is characterized using planar and cross-sectional 

scanning electron microscopy, shown in Figure 3.1b and c, respectively. A typical 

particle size of ~100 nm is observed, which is much smaller than that of earlier 

samples prepared by less well-defined glass spray nozzles.32 

Despite the simplicity of spray pyrolysis process, high quality BiVO4 films can be 

made with this technique. This is evidenced by the high absorbed photon-to-current 

efficiency (APCE, also referred to as the internal quantum efficiency)34 values shown 

in Figure 3.1d. In the wavelength range between 360 and 450 nm, the APCE values 

exceed 90% under back-illumination (illumination via the substrate). This implies that 

almost every absorbed photon yields an electron in the outer circuit. Such high carrier 

collection efficiencies indicate that there are few – if any – bulk and/or interface 

defects in the film that act as recombination centers.26  

Another important observation from Figure 3.1d is that back-illumination results in 

~2 times higher efficiencies than front-illumination (illumination via the electrolyte). 

The difference between the front- and back-illumination experiments is the location in 

the sample where the electron-hole pairs are generated; all other experimental 

conditions are the same. Under front-illumination, the holes are generated close to the 

semiconductor/electrolyte interface, while the electrons have to traverse the entire film 

in order to reach the back-contact. For back-illumination the situation is reversed; now 

the holes have to travel the longest distance. The observation that front-illumination 

gives the lowest photocurrent implies that electron transport is the performance-

limiting factor in this material.26, 32 

It should be noted that the APCE values were measured under relatively low light 

intensities of a few μW/cm2. When extrapolating these quantum efficiencies to 1 sun 

(100 mW/cm2),35 a photocurrent of 3.6 mA/cm2 is predicted at 1.23 V vs. RHE. 

However, the actual measurements shown in Figure 3.2 (black curve) show a 

photocurrent of 0.7 mA/cm2, which is a factor of ~5 lower. This is due to the slow 

water oxidation kinetics at the surface of BiVO4; at these high light intensities, charge 

transfer across the semiconductor/electrolyte interface simply cannot keep up with the 

rate at which the holes are generated. The oxidation kinetics can be greatly enhanced 

by electro-depositing a cobalt phosphate (Co-Pi) catalyst at the surface of the BiVO4. 

As shown by the red curve in Figure 3.2, this results in a ~2.6-times increase in 

photocurrent to ~1.8 mA/cm2 at 1.23 V vs RHE. At lower potentials, the relative 
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increase is even higher, up to a factor of ~30 at 0.75 V vs RHE. This clearly 

demonstrates the exceptional water oxidation activity of the Co-Pi catalyst. 

 

 

Figure 3.1. (a) Photograph of 100 nm thick BiVO4 on an FTO-substrate (left) and a 

bare FTO-substrate (right). (b) Planar, and (c) cross-section scanning electron 

microscopy images of 100 nm thick BiVO4 sample. (d) Absorbed photon-to-current 

efficiency (APCE) of a BiVO4 photoanode under front-side (black) and back-side (red) 

illumination at 1.23 V vs RHE. 

 

 
Figure 3.2. Chopped AM1.5 photocurrent-voltage measurement of uncatalyzed 

(black) and Co-Pi-catalyzed (red) BiVO4 (200 nm thick) under back-side illumination. 

The scan rate is 10 mV/s. 

 

In spite of the large enhancement of the catalytic activity, the red curve in Figure 

3.2 still shows pronounced photocurrent transients at potentials lower than ~1.2 V vs 

RHE. Such transients are a signature of slow water oxidation kinetics.[33] We attribute 
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this to sub-optimal coverage of the BiVO4 with Co-Pi during the electrodeposition 

process. It has been shown that this problem can be remedied by performing photo-

assisted electrodeposition of the Co-Pi, which ensures that the Co-Pi is deposited at 

those surface sites where the photo-generated holes are most readily available.18, 21, 36 

 

Performance-limiting factor of Co-Pi-catalyzed BiVO4 

 

To further improve the performance of the photoanode, it is important to first 

determine the rate-limiting factor of the Co-Pi-catalyzed BiVO4. An elegant way to 

analyze the performance of a photoelectrode has recently been reported by Dotan et 

al.37 The total water splitting photocurrent can be described by the following equation: 

 

2H O abs separation catalysisJ J           (3.1) 

 

where 
absJ  is the photon absorption rate expressed as a current, separation  is the charge 

separation efficiency, and catalysis  is the catalytic efficiency for water oxidation at the 

surface. When hydrogen peroxide (H2O2) is added into the electrolyte, it acts as a 

highly effective hole scavenger.37-39 This results in a 100% surface catalytic efficiency 

( 1catalysis  ) resulting in the following expression: 

 

2 2H O abs separationJ J          (3.2) 

 

Based on equations 3.1 and 3.2, the charge separation efficiency and the surface 

catalytic efficiency can now be obtained from the following equations: 

 

2 2H O

separation

abs

J

J
          (3.3) 

 

2

2 2

H O

catalysis

H O

J

J
          (3.4) 

 

absJ  is determined by multiplying the AM1.5G spectrum with the absorption 

spectrum, followed by integration over the wavelength. 
2 2H OJ  and 

2H OJ  must be 

measured. Figure 3.3a shows continuous photocurrent-voltage curves of 100 nm thick 

BiVO4 sample in a normal electrolyte (black curve) and in the presence of 0.5 M H2O2 

(blue curve). The photocurrent of a Co-Pi-catalyzed sample is also shown (red curve). 

The rather positive onset potential of ~0.6 V vs RHE—BiVO4‘s conduction band edge 
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is reported to be close to the RHE level11-13—is due to the overpotentials needed to 

compensate internal potential drops and to enhance the reaction kinetics at the surface. 

Based on these curves, the catalytic efficiency and the charge separation efficiency 

values of the samples are calculated using Eqs. 3.3 and 3.4. The results are shown in 

Figure 3.3b. At potentials positive of 1.2 V vs RHE, the catalytic efficiency exceeds 

90%, i.e., it is nearly ideal.  At low potentials, however, the catalytic efficiency drops 

sharply. This is consistent with the photocurrent transients observed in Figure 3.2, 

where the presence of both positive and negative spikes represent a signature of hole 

accumulation at the semiconductor/electrolyte interface.34, 40, 41 As mentioned earlier, 

improvement may be achieved by performing photo-assisted electrodeposition of Co-

Pi. The low catalytic efficiency and poor charge separation efficiency at potentials 

below ~0.75 V vs RHE also explain why the addition of the Co-Pi only results in a 

modest negative shift of the photocurrent onset potential. 

 

 

Figure 3.3. (a) AM1.5 photocurrent vs voltage for a 100 nm thick BiVO4 photoanode 

(with and without H2O2 in the electrolyte) and a Co-Pi-catalyzed BiVO4 photoanode. 

The scan rate is 50 mV/s. The black dashed line represents the dark current. (b) 

Efficiencies for water oxidation catalysis and charge separation for uncatalyzed and 

Co-Pi-catalyzed BiVO4 as a function of applied bias. The inset illustrates both 

processes. 

 

In contrast to the catalytic efficiency, the charge separation efficiency is not 

affected by the electrodeposition of Co-Pi on the surface of BiVO4. Figure 3.3b shows 

that the charge separation efficiency (magenta curve) is the main problem to be 

addressed. About 60-80% of the electron-hole pairs recombine before reaching the 

interfaces.  

To further confirm this, we measured the charge separation efficiency as a function 

of the thickness of BiVO4. The results are shown in Figure 3.4. Apart from the 50 nm 

film, the separation efficiency clearly increases with decreasing BiVO4 thickness. This 

is consistent with the notion that electron transport is slow in BiVO4. In thinner films, 

electrons have to travel shorter distances which decreases the chance of recombination 
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and increases the separation efficiency. As shown in Figure 3.4, this trend is broken 

for the thinnest film (50 nm). We tentatively attribute this to the presence of a photo-

inactive ―dead‖ layer near the substrate/BiVO4 interface, as previously shown for α–

Fe2O3.
39, 42, 43 The exact physical origin of this dead layer is still unclear. Possible 

causes are substrate-film mismatch or the presence of high defect concentrations in a 

thin ionic space charge near the substrate/BiVO4 interface.44, 45 

 

 
Figure 3.4. Charge separation efficiency of BiVO4 photoanode as a function of the 

film thickness at applied bias of 1.23 V vs RHE. 

 

W-doped BiVO4 photoanodes 

 

In order to improve the electron transport properties of BiVO4, its electron 

conductivity needs to be increased. The conductivity of a material is a function of the 

carrier concentration and the carrier mobility, µ: 

 

e h ene pe ne             (3.5) 

 

Here, e is the elementary charge, and n and p are the electron and hole concentrations, 

respectively. Since BiVO4 is an n-type semiconductor, p << n so that the contribution 

of holes to the conductivity can be safely neglected. The carrier mobility of a material 

is mainly determined by its electronic band structure, and cannot be easily tuned. To 

increase the electronic conductivity of BiVO4, one therefore has to increase n. We do 

this by introducing W as a donor-type dopant. When tungsten (6 valence electrons) 
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substitutes for vanadium (5 valence electrons), the additional (free) electron 

significantly enhances the conductivity. 

However, extra care has to be taken in terms of dopant incorporation in complex 

metal oxides such as BiVO4.
34 Simply adding W in the form of, for example, WO3 

does not produce the desired results. This is illustrates by the following defect-

chemical reactions, written in the commonly-used Kröger-Vink notation:46, 47 

 
4BiVO /// • × ••

3 Bi V O OWO V +W +3O +V       (3.6) 

 

4BiVO/ /// • ×

3 2 Bi V O

1
WO O (g) 2 V +W +4O

2
e       (3.7) 

 

In reaction (3.6), the W substituent is compensated by two electrically-charged 

vacancies, which is energetically unfavorable. In the electronic compensation reaction 

(3.7), the oxygen vacancy is removed. However, the consumption of electrons actually 

decreases the conductivity of BiVO4. These problems can be avoided by co-doping 

BiVO4 with equal amounts of W and Bi:  

 

42BiVO × • × /

3 2 3 Bi V O 2

1
2WO +Bi O 2Bi +2W +8O + O (g)+2e

2
    (3.8) 

 

This preserves the 1:1 stoichiometry of Bi and (W+V) sites, resulting in an overall 

composition of Bi(V1-xWx)O4. 

The effect of adding a W dopant is illustrated by the photocurrent-voltage curves in 

Figure 3.5a. The 1% W-doped BiVO4 (red curve) indeed shows significantly higher 

photocurrents than the undoped film (black curve). This improvement is in agreement 

with previous reports on W-doping of BiVO4.
25, 32, 48-50 We then modified the W-doped 

BiVO4 with the Co-Pi catalyst (blue curve). This gives an even larger boost to the 

performance, resulting in a photocurrent of 2.3 mA/cm2 at 1.23 V vs. RHE. This is 

significantly higher than the 1.7 mA/cm2 we recently reported for Co-Pi-catalyzed 

undoped BiVO4, which demonstrates the beneficial influence of W-doping on the 

charge separation efficiency.    

The influence of the tungsten concentration on the performance of BiVO4 is shown 

in Figure 3.5b. For both uncatalyzed and Co-Pi-catalyzed BiVO4, 1% is the optimum 

W concentration. A lower concentration does not provide enough free electrons, while 

a higher concentration reduces the photocurrent due to e.g. lattice strain or even 

segregation of a WO3 phase. An alternative, but less likely explanation for the 

decrease at high concentrations is that it reduces the width of the space charge region, 

W. This is the region where the separation of photo-generated electrons and holes is 

greatly enhanced due to the presence of an electric field. However, all efforts in the 
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literature to measure the donor density of BiVO4 indicate rather high values, in the 

order of 10
19

-10
20

 cm
-3

.
16, 49, 51

 For such high values (which one would indeed expect 

for dopant concentrations of 0.1-1%) the width of the space charge is just a few 

nanometers. It is doubtful that a decrease in the width of this already very narrow 

region significantly affects the photocurrent. Figure 3.5b also shows that the 

photocurrents under front- and back-illumination are about the same. This illustrates 

that for W-doped samples, electron transport no longer limits the photocurrent under 

high light intensities. 

 

 
Figure 3.5. (a) AM1.5 photocurrent vs voltage for BiVO4, 1% W-doped BiVO4, and 

Co-Pi-catalyzed 1% W-doped BiVO4 photoanodes at a scan rate of 50 mV/s. All films 

are 200 nm thick. The reference curve for Co-Pi coated FTO is also shown as a 

confirmation of photovoltaic effect in BiVO4. (b) AM1.5 photocurrent as a function of 

W concentration in uncatalyzed (■,■) and Co-Pi catalyzed (▲,▲) BiVO4 photoanodes 

under front-side (red) and back-side (black) illumination at 1.23 V vs RHE. 

 

We now briefly compare the results of Figure 3.1d with those of Figure 3.5b for 

uncatalyzed, undoped BiVO4 (0% W). In Figure 3.1d, the light intensity is very low 

(few μW/cm2), and the surface reaction kinetics can easily keep up with the supply of 

photo-generated holes from the bulk. Under those conditions, the photocurrent is 

limited by slow electron transport in the bulk of the material, which leads to a large 

difference between front- and back-side illumination. In Figure 3.5b, on the other 

hand, the light intensity is much higher (100 mW/cm2). Under such light intensities, 

the surface reaction kinetics can no longer keep up with the supply of photo-generated 

holes. Slow surface reaction kinetics then become the limiting factor, and this is not 

affected by the direction of illumination. For the Co-Pi catalyzed samples with 0% W 

in Figure 3.5b, the comparison is a bit more complicated. We believe that under these 

high light intensities, photo-doping can occur. This greatly enhances the electronic 

conductivity of the material, and explains why there is no longer a large difference 
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between front- and back-side illumination. For the undoped samples in Figure 3.1d, 

the light intensity is simply too low for photo-doping to occur.  

Finally, it is important to separate the contributions of the applied bias potential and 

the photoanode to the overall photocurrent. Figure 3.5a also shows the photocurrent of 

a photo-inactive Co-Pi coated FTO electrode, which has a high electrocatalytic activity 

for water oxidation. In order to achieve a water splitting current of ~2.3 mA/cm2, a 

potential of ~2 V vs RHE is required. This confirms the true photovoltaic nature of the 

photocurrents in BiVO4 and eliminates the possibility that they are caused by 

photoconductivity effects. 

3.4  Conclusions 

We have shown that high quality BiVO4 films with internal quantum efficiencies 

approaching 100% can be made with a low-cost and scalable spray pyrolysis method. 

As previously reported, the efficiency is limited by the poor catalytic activity for 

oxygen evolution, which can be solved by electrodepositing a cobalt phosphate 

catalyst layer. The photocurrent of these catalyzed samples is then limited by a low 

charge separation efficiency due to the inherently slow electron transport in BiVO4. To 

solve this, W-doping is employed, and we found that 1% is the optimum W 

concentration. The combination of a Co-Pi catalyst and W-doping results in an AM1.5 

photocurrent of 2.3 mA/cm2 at 1.23 V vs RHE. To the best of our knowledge, this is 

the highest value reported thus far for a doped BiVO4 photoanode modified with an 

earth-abundant catalyst. An important observation is that the catalytic efficiency for 

water oxidation is ~90%. This means that little can be gained from further 

improvements of the catalyst. Instead, future efforts to improve the performance of 

BiVO4 should be focused on enhancing the charge separation efficiency. Possible 

strategies to achieve this are the use of nanostructured heterojunctions43 and/or 

plasmonic- or resonance-enhanced optical absorption improvements that would allow 

the use of thinner films.52, 53 
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4  The Origin of Slow Carrier Transport in BiVO4 

Thin Film Photoanodes: a time-resolved 

microwave conductivity study 

We unravel for the first time the origin of the slow carrier transport in BiVO4, a 

promising metal oxide photoanode for solar water splitting, through a time-resolved 

microwave conductivity (TRMC) study. The measurements reveal a carrier mobility 

of ~2.75 × 10-2 cm2/Vs at incident photons per pulse of 1011 cm-2, which is relatively 

low for a photoanode material. We show that this low mobility is related to the 

occurrence of higher order recombination in BiVO4 at these high intensities. These 

results thus confirm and quantify the poor carrier transport nature in BiVO4. However, 

the carrier lifetime of 40 ns translates to a relatively long diffusion length of 70 nm, 

consistent with the high photocurrents reported for BiVO4 photoanodes. Tungsten (W) 

doping is found to decrease the carrier mobility in BiVO4 significantly, which we 

attribute to the introduction of intermediate-depth donor defects as carrier traps. 

Finally, we relate the knowledge obtained in the TRMC study to explain the difference 

of the current-potential (J-V) characteristics between an undoped and a W-doped 

BiVO4. TRMC is thereby shown to be a very informative tool in analyzing metal oxide 

photoelectrodes for solar water splitting.  
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4.1  Introduction 

Photoelectrochemical (PEC) water splitting provides an attractive way of 

converting solar energy to chemical energy by forming hydrogen and oxygen. 

Hydrogen can be used directly as a fuel, or it can serve as a feedstock material in the 

formation of hydrocarbons by a Fischer-Tropsch process.1 PEC water splitting takes 

advantage of semiconductor materials to absorb sunlight and perform the water 

splitting reactions at ambient temperature and pressure. Among the different classes of 

materials, a lot of emphasis is placed on metal oxides—due to their general stability 

and low cost—, and one of the most promising metal oxide photoelectrodes is bismuth 

vanadate (BiVO4). BiVO4 absorbs UV and visible light up to 520 nm, having a direct 

bandgap of 2.4 eV.2 The material is stable in aqueous solutions with pH between 3 and 

11.3 The conduction and valence band are reported to straddle the water reduction and 

oxidation potentials.4, 5 BiVO4 is, however, limited by poor carrier transport properties. 

At high light intensities such as AM1.5 (100 mW/cm2), this limitation causes 

extensive carrier accumulation and recombination.6 Tungsten (W) has been 

implemented as a donor type dopant to improve the conductivity. However, carrier 

transport remains an issue, as suggested by the modest carrier separation efficiency.7, 8 

The underlying cause of the slow carrier transport is unclear, and quantitative data on 

e.g. carrier mobility and lifetimes is still lacking. In this chapter we investigate the 

nature of the carrier transport in BiVO4 to address these issues. 

The time resolved microwave conductivity (TRMC) technique is a contactless 

measurement of the change in reflected microwave power from a microwave cell 

containing the sample upon nanosecond pulsed laser illumination.9-11 Based on this 

measurement, the sample‘s photo-conductance―and essentially its carrier 

mobility―can be determined. The technique is widely applied in analyzing TiO2-

based systems, such as dye-sensitized solar cells and nanoparticles,11-13 amorphous and 

microcrystalline silicon,14, 15 organic solar cells,16, 17 and carbon nanotubes;18, 19 

however, few TRMC studies have yet been reported on photoelectrode materials for 

PEC water splitting. 

Here, we report on a TRMC study on undoped and 1% W-doped BiVO4 

photoanode thin films. The measurements reveal a carrier mobility value for BiVO4 

which is few orders of magnitude lower than typical metal oxides, confirming the poor 

carrier transport nature in BiVO4. Other than increasing the carrier concentration, W-

doping also introduces intermediate-depth donor states which act as carrier traps. 

Based on these findings, the PEC behaviors of undoped and W-doped BiVO4 can be 

explained, showing that TRMC is a simple yet informative tool to analyze metal oxide 

photoelectrodes for PEC water splitting. 
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4.2  Experimental details 

Synthesis of BiVO4 thin films 

 

Dense thin films of BiVO4 and 1% W-doped BiVO4 were prepared by spray 

pyrolysis. A BiVO4 precursor solution was prepared by dissolving Bi(NO3)3.5H2O 

(98%, Alfa Aesar) in acetic acid (98%, Sigma Aldrich) and VO(AcAc)2 (99%, Alfa 

Aesar) in absolute ethanol (Sigma Aldrich). The Bi solution was then added to the V 

solution, and the mixture was diluted to 4 mM with excess ethanol. In the case of 1% 

W-doped BiVO4 films, 1 at% of W(OC2H5)6 (5% w/v in C2H5OH, 99.8% Alfa Aesar) 

were added to the precursor solution of Bi and V, resulting in a mixture containing 

Bi:V+W in a 1:1 ratio. 1 vol% of triethyl orthoformate (TEOF, 98%, Fluka Analytical) 

was added to the mixture to prevent undesired hydrolysis in the presence of small 

amounts of water. Bare quartz substrates (S1-UV fused silica, Esco Products) were 

used for the TRMC study, whereas F-doped SnO2 glass (15 /sq., TEC-15, Hartford 

Glass Co.) was used for the photocurrent measurements. Prior to the deposition, the 

substrates were cleaned in successive 15 min. ultrasonic rinsing steps in acetone and 

isopropanol. The substrates were placed on a heating plate that was set to 450 oC 

during deposition. The spray nozzle (Quickmist Air Atomizing Spray) was placed 20 

cm above the heating plate and driven by an overpressure of 0.6 bar of nitrogen gas. A 

pulsed deposition mode was used, with one spray cycle consisting of 5 seconds of 

spray time and 55 seconds of delay time to allow solvent evaporation. Each deposition 

was done for 200 cycles, with a deposition rate of ~1 nm per cycle. After the 

deposition, both samples were annealed for 2 hours at 450 oC in air to further improve 

the crystallinity. 

BiVO4 photoanodes for the AM1.5 photocurrent-voltage measurement were 

prepared with the same spray pyrolysis recipe; except that ~80 nm SnO2 layer was 

spray deposited prior to BiVO4 deposition according to the previously reported 

procedure.6, 7 

 

TRMC technique 

 

For the TRMC measurements, the samples were mounted in a microwave cavity 

cell and placed within the setup described elsewhere.11, 12 The X-band (8.2-12.4 GHz) 

microwaves are generated using a Gunn diode. The presented experiments were 

carried out at 8.44 and 8.43 GHz for undoped and 1% W-doped BiVO4, respectively; 

these frequencies were found to be the resonant frequencies of the loaded cavity. 

During the measurements, a change in the microwave power reflected by the cavity 

upon nanosecond pulse laser excitation (3.5 ns FWHM), ΔP/P, was monitored and 

correlated to the photoinduced change in the conductance of the sample, ΔG, by 
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where K is the sensitivity factor derived from the resonance characteristics of the 

cavity and the dielectric properties of the medium. The change in conductance is then 

associated with the product of the ratio of mobile charge carriers normalized to the 

number of absorbed photons (ϕ) and the sum of their mobility (∑µ) according to 

 

0 A

G

I eF
 




                 (4.2) 

 

where I0 is the incident intensity per pulse, e is the elementary charge, β is a factor 

related to the inner dimensions of the waveguide, and FA is the fraction of incident 

photons attenuated within the sample. 

 

Other experimental details 

 

Photoelectrochemical characterization was carried out using a three-electrode 

configuration, with an aqueous 0.1 M KPi solution (pH~7) as the electrolyte. The 

potential of the working electrode was controlled by a potentiostat (EG&G PAR 283). 

A coiled Pt wire and an Ag/AgCl electrode (XR300, saturated KCl and AgCl solution, 

Radiometer Analytical) were used as the counter and reference electrodes, 

respectively. White light photocurrent measurements were performed under simulated 

AM1.5 solar illumination (100 mW/cm2) with a Newport Sol3A Class AAA solar 

simulator (type 94023A-SR3). Structural analysis was performed with a Bruker D8 

Advance X-ray diffractometer (Co-Kα, λ = 0.178897 nm) equipped with a LynxEye 

detector in a Bragg-Brentano configuration. Scanning electron micrographs were taken 

with JEOL JSM 6500F Scanning Electron Microscope. The UV-vis absorption was 

measured inside an integrating sphere using a Perkin Elmer Lambda 900 spectrometer. 

4.3  Results and discussion 

Time-resolved microwave conductivity of undoped and 1% W-doped BiVO4 

 

Figure 4.1 shows the microwave conductance transients of undoped and 1% W-

doped BiVO4 obtained after a 3.5 ns laser pulse of 450 nm with an intensity of 1.3 × 

10-5 J/cm2. The photon energy used is well above the bandgap of BiVO4; hence, the 

optical excitation leads to the formation of free electrons and holes in the conduction 
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and valence bands, respectively. The microwave conductance is given by the product 

of the absorbance-normalized quantum yield (ϕ) and the mobility of the carriers (Σμ). 

The maximum mobility of the carriers can be obtained from the peak of the measured 

signal, and the lifetime of the carriers can be deduced from the decay of the signal.20 

 

 
Figure 4.1. Time resolved microwave conductance signals recorded for undoped and 

1% W-doped BiVO4 thin films using a 450 nm nanosecond laser pulse of 1.3 × 10-5 

J/cm2. 

 

The maximum mobility of the carriers (ϕΣμ) of undoped BiVO4 as a function of 

incident photons per laser pulse is shown in Figure 4.2a. A carrier mobility value of 

~2.75 × 10-2 cm2/Vs is obtained at incident photons per pulse of 1011 cm-2, which is the 

lowest intensity that still gives a good signal-to-noise ratio.  The value of ϕΣμ 

decreases as the laser intensity increases, which is attributed to fast non-geminate 

electron-hole recombination. Based on the slope of the logarithmic plot (ϕΣμ ~ I0
1-α, 

where α is the reciprocal of the order of electron-hole recombination), a combination 

of first and second order recombination takes place in this undoped BiVO4 thin film (α 

= 0.7). Assuming that this recombination mechanism also occurs under AM1.5 

illumination (~109 photons/cm2 per pulse21), we can extrapolate the carrier mobility in 

Fig. 4.2a to arrive at a value of ~4.4 × 10-2 cm2/Vs. This is a few orders of magnitude 

lower than typical semiconductors used for photoelectrodes in PEC water splitting.22-27 

This observation thus supports the poor carrier transport properties and the strong 

dependence of the quantum efficiency of BiVO4 to the light intensity that we reported 

previously.6 
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Figure 4.2. Maximum observed TRMC signals as a function of incident photons per 

laser pulse for (a) undoped BiVO4 on excitation at 450 nm, and (b) 1% W-doped 

BiVO4 on excitation at 300 (■), 450 (●), and 475 nm (▲). AM1.5 illumination is 

equivalent to an incident number of photons per pulse of ~109 cm-2. 

 

Although the carrier mobility is low, Fig. 4.1 indicates that the lifetime of the 

carriers is relatively long. An exponential carrier lifetime of ~40 ns is estimated for 

undoped BiVO4, using fitting procedure previously reported in ref. 20 to the 

microwave conductance transient shown in Fig. 4.1 and taking into account the 

response time of the cavity. Based on the carrier lifetime, , and the carrier mobility, 

µ , we estimate a carrier diffusion length L, given by L=(D)1/2 with D=kTµ/e, of ~70 

nm. This suggests that despite their slow nature, the carriers are still able to reach the 

back and front interfaces in a thin film. 

Table 4.1 summarizes the carrier lifetimes and mobilities of other promising 

photoelectrode materials, such as Fe2O3, WO3 and Cu2O, which are in the range of few 

picoseconds to few nanoseconds.28-32 Although they show 1-2 orders of magnitude 

higher carrier mobilities, their lifetimes are 1-3 orders of magnitude shorter as 

compared to BiVO4. From this, it appears that the relatively high quantum efficiencies 

reported for undoped BiVO4,
6, 7 are primarily due to the long lifetimes of the 

photogenerated charge carriers in the material. 

The microwave conductance transient changes significantly upon doping with 

tungsten (W), as shown in Fig. 4.1. At a laser pulse intensity of 1.3 × 10-5 J/cm2, the 

maximum ϕΣμ for 1% W-doped BiVO4 is only ~2.2 × 10-4 cm2/Vs, a factor of 20 

lower than what is observed for undoped BiVO4. Moreover, the lifetime of the carriers 

is reduced to ~5 ns, and the TRMC signal levels off to zero after ~50 ns. Despite the 

significant decreases in both lifetime and mobility of the photogenerated charge 

carriers, W-doped BiVO4 consistently show higher photocurrents than undoped 

samples.7, 8, 33-35 The only way we can explain these seemingly contradictory results is 

by the enhanced electronic conductivity of the material due the tungsten dopant. This 
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is indeed consistent with our earlier assertion that poor electron transport limits the 

performance of BiVO4. 

 

Table 4.1. Comparison of carrier mobility, lifetime, and diffusion length of several 

promising metal oxides 

Photoelectrode 

material 

Carrier 

mobility, μ 

(cm
2
/Vs) 

Carrier 

lifetime,  

Diff. length, L 

(nm) 
References 

Fe2O3 0.5* 3 ps 2-4 [28-30] 

WO3 10 1-9 ns* 150-500 [31] 

Cu2O 6 147 ps  20 [32] 

BiVO4 0.044 40 ns  70 this study 
* These values are calculated based on the other two reported properties 

 

To understand the cause of the lower ϕΣμ values in W-doped BiVO4, the TRMC 

signal of 1% W-doped BiVO4 was measured at different laser pulse intensities. The 

resulting plot of ϕΣμ as a function of incident photons per pulse is shown in Fig. 4.2b. 

Interestingly, the behavior is very different from what is observed for undoped BiVO4 

(Fig. 4.2a). At a laser excitation wavelength of 450 nm, a clear maximum of ~4 × 10-4 

cm2/Vs is observed at 5 × 1014 photons/cm2/pulse. A similar dependence of ϕΣμ on the 

light intensity has been observed in compact and mesoporous TiO2 films,10, 11, 13 where 

it is attributed to the competition between electron trap filling and higher-order 

recombination. We believe the same explanation applies in the case of our W-doped 

BiVO4. Below a flux of 5 × 1014 photons/cm2/pulse, the concentration of electron traps 

is higher than the number of absorbed photons. In this regime, the TRMC signal 

increases with light intensity since the chance of an electron being trapped decreases 

as a larger fraction of the traps get filled. When the signal reaches a maximum, the 

number of absorbed photons is comparable with the number of electron traps. At 

higher light intensities, the mobility decreases again due to the same higher order 

(non-geminate) recombination observed in undoped BiVO4.  

Since evidence of carrier trapping is only observed in the TRMC signal of the W-

doped samples, it is reasonable to assume that the nature of the traps is related to the 

tungsten dopant or an associated defect. Indeed, an incident intensity of 5 × 1014 

photons/cm2 in these 200 nm thick films corresponds to a carrier concentration of 2.5 × 

1019 cm-3, which is in the order of the reported carrier concentration of W-doped 

BiVO4.
36, 37 Structural or morphological explanations for the decrease in carrier 

mobility can be ruled out, since no significant differences in the x-ray diffractograms, 

UV-vis absorption spectra or scanning electron micrographs are observed between the 

undoped and 1% W-doped BiVO4 (Figs B1-3, Appendix B). 

To further confirm the presence of electron traps in 1% W-doped BiVO4, the ϕΣμ 

values are also measured at different laser excitation wavelengths of 300 nm and 475 
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nm (Fig. 4.2b). Since the absorption coefficient of BiVO4 decreases with longer 

wavelengths,
38

 one would also expect the maximum of the ϕΣμ curve to shift to higher 

photon fluxes with longer wavelengths. This is indeed observed in Fig. 4.2b; the peak 

value of ϕΣμ is at 1014 and 1015 photons/cm2 for excitation wavelengths of 300 and 

475 nm, respectively. 

Since the trap levels are unambiguously related to the presence of tungsten and 

spatially distributed throughout the entire film, we hypothesize that the electron traps 

are ionized (i.e., empty) tungsten donor states. Trapping of an electron in this empty 

donor state can be described as follows: 

 
4BiVO• / x

V VW e W         (4.3) 

 

In order for this trapping process to be effective, the donor states cannot be too 

shallow and would have to be located at more than ~2kT below the conduction band 

edge. This implies that these intermediate-depth donor states are only partially filled, 

and that the Fermi level is located within the density-of-states (DOS) of the trap level. 

At the surface of the material, however, the donor level is expected to be mostly empty 

(ionized) due to the presence of a depletion layer. This layer usually forms upon 

hydroxylation of the metal oxide surface when exposed to air. No depletion layer is 

expected to form at the back contact due to the passivating nature of the SiO2 

substrate. The band diagram shown in Scheme 4.1 illustrates the partial occupation of 

the intermediate-depth donor states. The empty states (open circles) represent active 

electron traps, and it is clear from the diagram that their concentration is highest near 

the surface. 
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Scheme 4.1. Schematic energy band diagram of tungsten-doped BiVO4, showing the 

presence of defect states that could act as carrier traps. Black circles represent filled 

traps ( x

VW ), and white circles represent empty tramps (
VW ). CB is conduction band, 

VB is valence band, and EF is Fermi energy level. 

 

 
 

To test this model, we compare the Σμ values for 1% W-doped BiVO4 under 

front- and back-side illumination. To ensure a sufficiently sharp photon intensity 

profile in the film, an excitation wavelength of 300 nm was chosen; at this wavelength, 

the absorption depth (1/) ~ 100 nm and most of the light is absorbed near one of the 

interfaces (Fig. B4, Appendix B). The results are shown in Fig. 4.3a. We find that 

front-side illumination results in ~30% lower Σμ values compared to back-side 

illumination. This is indeed consistent with a larger concentration of electron traps at 

the surface of the material, as illustrated in Scheme 4.1. No differences between front- 

and back-side illumination are observed in the Σμ values for undoped BiVO4 (Fig. 

4.3b). This is indeed expected, since no electron traps are present in the undoped 

material. 

 



 

72 

 
Figure 4.3. Maximum observed TRMC signals obtained for (a) 1% W-doped and (b) 

undoped BiVO4 films under front- and back-side laser pulse illumination (λ=300 nm). 

 

Photoelectrochemical performance of undoped and 1% W-doped BiVO4 

 

Finally, we relate the knowledge obtained in this study to the actual PEC 

performance of the BiVO4 photoanodes under continuous illumination. Figure 4.5 

shows the AM1.5 photocurrent-voltage (J-V) curve of both an undoped and a 1% W-

doped BiVO4 photoanode. Both photoanodes are modified with 30 nm thick 

electrodeposited cobalt phosphate (Co-Pi) catalyst to ensure fast water oxidation 

kinetics.7 At V > 1.5 V vs RHE (reversible hydrogen electrode), the photocurrent of 

both photoanodes approaches a plateau. The photocurrent plateau of the 1% W-doped 

BiVO4 is ~30% higher than that of the undoped BiVO4. This is consistent with the fact 

that poor electron transport is known to limit the photocurrent,6 and that W-doping can 

solve this by increasing the concentration of free electrons.7   

At potentials below 1 V vs RHE, however, the situation is reversed. Moreover, the 

photocurrent onset potential for the 1% W-doped BiVO4 is ~200 mV more positive 

than for the undoped BiVO4. The lower photocurrents at modest applied potentials are 

tentatively attributed to trapping of the photogenerated electrons in the intermediate-

level donor states, followed by recombination. The comparatively steep increase of the 

photocurrent at more positive potentials might be a result of field-induced emission 

from these electron traps. One possibility is a Poole-Frenkel-type emission process, 

although it seems somewhat doubtful that a sufficiently strong electric field could 

develop in the bulk of the highly doped W:BiVO4. Another possibility is that under 

sufficiently large band bending, trapped electrons in the (narrow) depletion layer 

tunnel to nearby empty conduction band states in the bulk of the material. Further 

elucidation of the exact nature of these processes is beyond the scope of this study, and 

calls for further investigation. 
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Figure 4.5. AM1.5 photocurrent-voltage curve of undoped and 1% W-doped BiVO4 

photoanodes measured under three-electrode configuration in a 0.1 M KPi (pH~7) 

electrolyte solution at a scan rate of 50 mV/s. Both photoanodes were modified with a 

30 nm thick cobalt phosphate water oxidation catalyst. 

4.4  Conclusions 

In conclusion, our time-resolved microwave conductivity study quantitatively 

confirms previous reports of poor carrier transport in BiVO4 photoanodes. Undoped 

BiVO4 shows an extrapolated carrier mobility of ~4 × 10-2 cm2 V-1 s-1 under ~1 sun 

illumination conditions, which is at least 1-2 orders of magnitude lower than in typical 

semiconductor photoelectrodes for water splitting. Despite the low mobility, high 

quantum efficiencies can nevertheless be achieved in BiVO4 due to the long lifetime of 

the photogenerated charge carriers (~40 ns), which leads to relatively long carrier 

diffusion lengths. The long lifetime implies that there are few intrinsic recombination 

centers, from which we conclude that BiVO4 is a highly ―defect-tolerant‖ material. 

Doping with tungsten significantly improves the photocurrent of the material, despite 

the fact that it decreases the carrier lifetime and mobility with ~1 order of magnitude 

due to (de-)trapping in intermediate-level W donor states. This confirms that bulk 

electronic conductivity is the main performance bottleneck for BiVO4.  Finally, these 

results clearly demonstrate the rich and complex nature of the carrier dynamics in 

BiVO4, and illustrate the need for further studies to complete our understanding of the 

BiVO4 photoanode. 
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5  Efficient Solar Water Splitting with a Silicon 

PV-biased Gradient-doped Oxide 

Homojunction Photoanode 

We describe a simple yet efficient water splitting device based on a compact, non-

porous metal oxide photoanode connected to a single- or double-junction amorphous 

silicon cell in a tandem configuration. Metal oxides are generally very stable in 

aqueous solutions and cheap, but their photochemical performance is usually limited 

by poor charge carrier separation. We show that this problem can be solved by 

introducing a gradient dopant concentration in the metal oxide film, thereby creating a 

distributed n+-n homojunction. This concept is demonstrated with a low-cost, spray-

deposited W-doped BiVO4 photoanode in which carrier separation efficiencies of up to 

80% are achieved. By combining this state-of-the-art photoanode with an earth-

abundant cobalt phosphate water oxidation catalyst and a double- or single-junction 

amorphous Si solar cell, stable short-circuit water splitting photocurrents of ~4 

mA/cm2 and 3 mA/cm2, respectively, are achieved under 1 sun illumination. The 4 

mA/cm2 photocurrent corresponds to a solar-to-hydrogen (STH) efficiency of 4.9%, 

which is the highest efficiency yet reported for a stand-alone water splitting device 

based on a metal oxide photoanode. 

 

 

 

 

 

 

 

 

 

This chapter has been published: F. F. Abdi, L. Han, A. H. M. Smets, M. Zeman, B. 

Dam and R. van de Krol, Nat. Commun. 4:2195 (2013) 
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5.1  Introduction 

The development of solar water splitting devices has been the focus of many 

researchers recently, since the realization of such devices provides an attractive route 

to convert sunlight into a chemical fuel in the form of hydrogen. Various tandem 

device configurations have been proposed, but the optimal design is still not clear.1-6 

One approach is to combine a solar cell with hydrogen and oxygen evolution catalysts. 

Devices with a solar-to-hydrogen (STH) efficiency of up to 2.5%, consisting of triple-

junction amorphous silicon (3-jn a-Si) solar cells with hydrogen and oxygen evolution 

catalysts, were demonstrated as early as 20 years ago.5, 6 Based on the same concept, 

along with a breakthrough in the development of cobalt-based water oxidation 

catalysts that work in near-neutral pH conditions,7 Nocera and coworkers 

demonstrated an improved STH efficiency of up to 4.7%.8 In  all these cases, however, 

a photovoltaic (PV) cell with a rather high open circuit potential (>1.6 V) is needed in 

order to provide the thermodynamic potential for water splitting (1.23 V) plus the 

necessary overpotentials.9 Since the catalytic efficiency of the cobalt-based water 

oxidation catalyst is already close to one,10 any major efficiency improvements for this 

approach would require PV devices with higher operating voltages and currents. 

Considering that triple-junction a-Si solar cells are already quite complex, the 

feasibility of such a strategy is doubtful. 

Alternatively, one may replace one or two of the p-i-n junctions in a 3-jn a-Si solar 

cell with a single semiconducting metal oxide film. Metal oxides are generally stable 

in water and form a junction at the semiconductor/water interface, providing an 

elegant, simple, and low-cost alternative to the p-i-n junction. Moreover, the larger 

bandgap of the metal oxide allows better use of the solar spectrum and can lead to 

higher efficiencies than a pure Si-based device. Miller et al. have argued that such a 

‗hybrid photoelectrode‘ has the potential of achieving 16% STH efficiency. By 

combining a 2-jn a-Si solar cell and a tungsten trioxide (WO3) photoanode, they 

predicted a 2.2% STH efficiency and demonstrated a practical efficiency of 0.6%.4 

Later, they improved the performance and demonstrated an efficiency of 3%.11 In a 

similar concept, Brillet et al. recently showed a 3.1% efficient system by combining a 

WO3 photoanode and a dye-sensitized solar cell.12 The rather modest efficiency of 

these efforts is a result of the low conduction band energy and the large bandgap of the 

WO3 photoanode. In order to achieve the 10% STH efficiency target, a metal oxide 

with a maximum bandgap of 2.3-2.4 eV is required. 

Here, we demonstrate a solar water splitting device based on the combination of a 

W-doped BiVO4 photoanode and a double-junction amorphous silicon (2-jn a-Si) solar 

cell. By introducing a gradient in the dopant profile it is possible to create a distributed 
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n+-n homojunction in BiVO4 which greatly enhances the charge separation efficiency, 

thereby effectively removing its main performance bottleneck. In combination with an 

efficient earth-abundant water oxidation catalyst and an amorphous silicon solar cell 

connected in tandem, this provides a new and highly effective strategy for developing 

efficient solar water splitting devices. 

5.2  Experimental details 

Synthesis 

 

Dense thin films of BiVO4 were prepared using spray pyrolysis. The preparation of 

the precursor solution and the spray pyrolysis setup are described elsewhere.10, 13 The 

spray deposition rate is ~1 nm per cycle. The 1% W-doped BiVO4 sample was 

prepared by spraying 200 cycles of the BiVO4 precursor solution containing 1 at% of 

W. The W:BiVO4 homojunction was prepared by spraying 100 cycles of  the BiVO4 

precursor solution containing 1 at% of W, followed by 100 cycles of the BiVO4 

precursor solution. This sequence was reversed for the deposition of the W:BiVO4 

reverse homojunction. To deposit the gradient-doped W:BiVO4, the concentration of 

W in the BiVO4 precursor solution was changed in step every 20 cycles, starting from 

1 at% to 0 at%. Prior to every deposition, ~80 nm of SnO2 layer was deposited onto 

FTO substrate to prevent recombination of electrons and holes at the FTO/BiVO4 

interface.14 The substrates used are either TEC-15 (15 /sq, Hartford Glass Co.) or 

Asahi UV (8 /sq, Asahi Glass Co.) FTO-coated glass. After the deposition, all 

samples were annealed for 2 hours at 450 oC in air to further improve the crystallinity. 

30 nm Co-Pi catalyst was electro-deposited according to the recipe from Kanan and 

Nocera.7 The electro-deposition was performed at a constant voltage of 1.7 V vs RHE 

for 15 min. Care was taken to always keep the electrodeposited Co-Pi layer wet, as 

intermediate drying of the Co-Pi was found to adversely affect the stability.   

The 2-jn a-Si and 1-jn a-Si solar cells were deposited on Asahi UV substrates. For 

the 2-jn a-Si, boron doped hydrogenated amorphous silicon carbide (a-SiC:H(B)), 

intrinsic a-SiC:H and hydrogenated amorphous silicon (a-Si:H) are used as p-layers, 

buffer-layers and i-layers, respectively. The n-layer of the top cell is a single layer of 

phosphorus-doped microcrystalline silicon oxide (µc-SiOx:H(P)) whereas the n-layer 

of the bottom cell is a double layer of µc-SiOx:H(P) and phosphorus-doped 

hydrogenated amorphous silicon (a-Si:H(P)).  For the 1-jn a-Si solar cell, boron doped 

hydrogenated amorphous silicon carbide (a-SiC:H(B)) is used as the p-layer, while the 

i-layer and n-layer are intrinsic hydrogenated amorphous silicon (a-Si:H) and 

phosphorus-doped hydrogenated amorphous silicon (a-Si:H(P)), respectively. These 

various silicon alloys were deposited using the radio frequency plasma enhanced 
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chemical vapor deposition (RF-PECVD) technique in a multi-chamber tool. After the 

deposition of the silicon thin films, the front contact (300 nm Al) and the back contact 

(100 nm Ag, 30 nm Cr, 400 nm Al) were deposited by a rotating Provac evaporator. 

The metal back contacts have a diameter of 7 mm and a size of 1×1 cm for the 2-jn a-

Si and 1-jn a-Si, respectively. 

The gradient-doped BiVO4 photoanode and the amorphous silicon solar cell were 

then assembled to fabricate an integrated ―hybrid photoelectrode‖ device (as shown in 

Fig. 5.5 and Fig. C9 of Appendix C) using an ultra-clear two-component epoxy 

adhesive (Loctite Hysol 3430), pasted on the glass side of each devices. 

 

Photoelectrochemical characterization 

 

Photoelectrochemical characterization was carried out in an aqueous 0.1 M 

potassium phosphate electrolyte solution (KPi, pH~7.3). The potential of the working 

electrode was controlled by a potentiostat (EG&G PAR 283). In three electrode 

measurements, a coiled Pt wire and an Ag/AgCl electrode (XR300, saturated KCl and 

AgCl solution, Radiometer Analytical) were used as the counter and reference 

electrodes, respectively. Two-electrode measurements were conducted by connecting 

the working electrode lead of the potentiostat to the BiVO4 photoanode and the 

reference and counter electrode leads of the potentiostat to the coiled Pt wire. Cyclic 

voltammetry measurements were performed with a scan rate of 50 mV/s. White light 

photocurrent measurements were performed under simulated AM1.5 solar illumination 

(100 mW/cm2) with a Newport Sol3A Class AAA solar simulator (type 94023A-SR3). 

Electrical contact to the sample was made using a silver wire and a graphite paste. A 

Keithley 2001 multimeter was used as the ammeter in the current vs time 

measurement of the tandem device. 

 

Physical characterization 

 

Structural analysis was performed with a Bruker D8 Advance X-ray diffractometer 

(Co-Kα, λ = 0.178897 nm) equipped with a LynxEye detector in the Bragg-Brentano 

configuration. Scanning electron micrographs were taken with JEOL JSM 6500F 

Scanning Electron Microscope at an accelerating voltage of 15 kV. The UV-vis 

absorption was measured with a Perkin Elmer Lambda 900 spectrometer. 
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5.3  Results and discussion 

Gradient-doped W:BiVO4 homojunction 

 

In the monoclinic phase, BiVO4 is an n-type photoactive semiconductor with a 

bandgap of 2.4 eV,15-17 with a conduction band positioned close to the hydrogen 

evolution potential.18 In the last two years, the photoelectrochemical performance of 

BiVO4 has been significantly improved.13, 19-22 This has been largely due to the 

development of novel water oxidation catalysts based on e.g. cobalt- and iron 

oxyhydroxide-based materials.7, 19 As a result, the best-performing BiVO4 photoanodes 

are no longer limited by slow water oxidation kinetics, but by poor carrier separation 

due to slow electron transport in BiVO4.
13 Although the introduction of a donor type 

dopant, such as W or Mo,20-23 can increase the conductivity of BiVO4, this is by itself 

not sufficient because of the low intrinsic mobility of BiVO4.
24 Since one cannot easily 

modify the intrinsic mobility, a different strategy is needed to improve the carrier 

separation. 

To achieve good carrier separation in a semiconductor photoanode, the presence of 

a built-in electric field (band bending) is required. One of the most common ways to 

enhance band bending in a photoanode is by combining it with another semiconductor, 

creating a heterojunction.18, 24, 25 It is, however, not always trivial to find materials with 

suitably aligned energy levels, and a clean heterostructure can be difficult to 

synthesize. Improper growth conditions may lead to the presence of large amounts of 

defects at the interface that might act as carrier traps and recombination centers.26, 27 

Moreover, the high carrier concentration in doped BiVO4—which is needed to address 

its low intrinsic mobility—reduces the extent of the space charge region to just a few 

nm. 
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Figure 5.1. Energy band schematic of W-doped BiVO4 and BiVO4 (left), showing the 

valence band (VB), conduction band (CB), and the Fermi level energy (EF). When 

they are brought into contact, the Fermi level energy will equilibrate and additional 

band bending is introduced, on top of the existing one at the space charge region 

(SCR), forming a BiVO4 homojunction (right). 

 

To avoid these complications, we introduce a step in the dopant concentration to 

generate additional band bending in the bulk of the sample, and thereby improve the 

carrier separation. The principle is illustrated in Fig. 5.1. Undoped BiVO4 is an n-type 

semiconductor, and donor-doping it with tungsten (W) raises its Fermi level. When W-

doped and undoped BiVO4 are brought into contact, the Fermi energy levels 

equilibrate by electron transfer from the W-doped part to the undoped part of the 

material. A modest depletion layer at the interface between W-doped and undoped 

BiVO4 is then formed that enhances charge separation. In contrast to a heterojunction, 

the synthesis of a homojunction is usually trivial, and the extent of the band bending 

can be tailored by simply varying the dopant concentration.  

The use of a homojunction to enhance carrier separation is a well established 

concept in semiconductor physics. Both p-n homojunctions and homojunctions in 

which a gradient in the composition causes a corresponding gradient in the band gap 

(e.g. InxGa1-xN, CdS1-xSex, Ga1-xAlxAs) are well known methods to enhance bulk 

carrier separation. The physical principles are, however, somewhat different than the 

one we employ here. Our approach resembles the Back Surface Field (BSF) method,28 

which is usually implemented as a p+-p junction near the back contact of a Si or GaAs 

solar cell that reflects the minority carriers and minimizes recombination at the 

interface. The main difference is that our distributed n+-n homojunction enhances 

charge separation throughout the bulk of the material, not just at the interface. To the 

best of our knowledge, this concept has not yet been reported before. This is perhaps 

not as surprising as it seems, since this approach only makes sense for very highly 
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doped semiconductors, a class of materials that is not typically used as a light 

absorber. 

 

 
Figure 5.2. (a) 1% W-doped BiVO4, (b) W:BiVO4 homojunction, (c) W:BiVO4 

reverse homojunction, and  (d) gradient-doped W:BiVO4. In all cases, the light enters 

from the right-hand side (through the electrolyte) and the FTO back-contact is situated 

on the left. The space charge region at the semiconductor/electrolyte interface is not 

depicted for clarity. 

 

To demonstrate this concept, ~200 nm thick BiVO4 photoanode samples with 

different dopant profiles were synthesized by spray pyrolysis. We first compare a 1% 

W-doped BiVO4 sample (Fig. 5.2a) with a homojunction of 1% W-doped / undoped 

BiVO4 (Fig. 5.2b). Due to the additional band bending in the W:BiVO4 homojunction, 

we expect an enhanced carrier separation. In order to quantify the carrier separation 

efficiency, we use an elegant formulation first reported by Dotan et al.29: 

 

ph abs sep catJ J            (5.1) 

 

where Jph is the total photocurrent density, Jabs is the photon absorption rate expressed 

as current density, ηsep is the carrier separation efficiency, and ηcat is the catalytic 

efficiency for water oxidation. The differences between the internal/external quantum 

efficiencies and the carrier separation efficiency are explained in Appendix C. When a 

highly effective hole scavenger such as hydrogen peroxide (H2O2) is added into the 

electrolyte, the catalytic efficiency can be assumed to be ~100% (ηcat =1).29-31 This 

allows one to directly calculate the separation and oxidation efficiencies from the 

measured photocurrents with and without hydrogen peroxide: 
2 2sep H O absJ J   and 

2 2 2cat H O H OJ J  .29 As expected, the carrier separation efficiency of the W:BiVO4 

homojunction is higher than that of the W:BiVO4 reference sample (Fig. 5.3), 

indicating that the dopant concentration difference can indeed be used to create 

additional band bending and thus improve carrier separation. 
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Figure 5.3. Carrier separation efficiency (ηsep) as a function of applied potential for 

1% W-doped BiVO4 (▲), W:BiVO4 homojunction (▼), W:BiVO4 reverse 

homojunction (●), and gradient-doped W:BiVO4 (■). 

 

To confirm the presence of the homojunction, we also prepared a reverse 

homojunction in which the W-doped side is now closest to the electrolyte (Fig. 5.2c). 

In this case, the band bending is present in the opposite direction and should act as a 

barrier for carrier separation. As shown in Fig. 5.3, the carrier separation efficiency 

indeed decreases and is even lower than that of the homogeneously-doped reference 

sample. The decrease is, however, not as big as one might have expected; the reason is 

that this barrier is actually small enough for a few electrons to overcome thermally 

(see Appendix C). Nevertheless, this observation provides compelling support for our 

claim that the improvement in carrier separation efficiency is caused by the additional 

band bending at the W:BiVO4 / BiVO4 homojunction interface. 

To fully leverage this effect, we synthesized a BiVO4 photoanode with a 10-step 

gradient in W-doping, starting from 1% W at the interface with the back contact to 0% 

W at the semiconductor/electrolyte interface (Fig. 5.2d). This extends the presence of 

band bending over the entire thickness of the photoanode. As a result, we find that the 

carrier separation efficiency increases to ~60% at 1.23 V vs RHE (Fig. 5.3, blue 

curve), compared to ~38% for homogeneously doped BiVO4. This 1.6× improvement 

shows that a gradient in dopant concentration can be used as a simple, yet highly 

effective method to enhance the carrier separation in highly-doped semiconductor 

photoelectrodes. 

To further correlate the improvement in carrier separation efficiency to the presence 

of band bending, we measure the change in open circuit potential (ΔOCP) upon 

AM1.5 illumination. At this illumination intensity, the number of carriers is 

sufficiently high to cause the bands to flatten (Fig. C1, Appendix C). The difference 
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between the open circuit potentials with and without illumination thus represents the 

maximum amount of band bending in the photoanode. The ΔOCP value systematically 

increases when going from the reference sampleW:BiVO4 homojunction 

samplegradient-doped W:BiVO4 sample (Fig. C2, Appendix C). This observation 

thus confirms the presence of additional band bending in the homojunction and the 

gradient-doped samples. 

One would expect that the W:BiVO4 homojunction sample and the gradient-doped 

W:BiVO4 sample will have the same amount of band bending and thus a similar 

ΔOCP value, since the difference in dopant concentration is the same (Fig. 5.2b and 

5.2d, both from 0%  1%). However, the fact that the gradient-doped W:BiVO4 

sample shows a higher ΔOCP clearly indicates that there is less recombination in this 

sample. This is consistent with the larger number of space charge regions, one for each 

step in the concentration (Fig. 5.2d). We also observe in Fig. C2 that the ΔOCP for the 

W:BiVO4 reverse homojunction sample reaches the same value as that of the reference 

sample. This is as expected, since in both cases the maximum amount of band bending 

is determined by the space charge region in the 1% W-doped BiVO4 next to the 

semiconductor/electrolyte interface. Finally, we note that the appearance, optical 

absorption, morphology, and crystal structure of all samples are the same, i.e., these 

properties are not affected by the tungsten dopant (Figs. C3-6, Appendix C). 

 

 
Figure 5.4. Three-electrode AM1.5 photocurrent vs voltage (J-V) curve of 

uncatalyzed gradient-doped W:BiVO4 on TEC-15 (black), Co-Pi-catalyzed gradient-

doped W:BiVO4 on TEC-15 (red) and on Asahi conducting glass (blue). The dark 

current is shown as a dashed black curve. The electrolyte used is 0.1 M potassium 

phosphate (KPi) buffer at pH ~7.3. 
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Under AM1.5 illumination, the gradient-doped W:BiVO4 shows a photocurrent of 

~1.1 mA/cm
2
 at 1.23 V vs RHE (Fig. 5.4, solid black curve). To improve the oxygen 

evolution kinetics, we electro-deposited a 30 nm thick cobalt phosphate (Co-Pi) 

catalyst layer. Based on our previous study,13 this thickness gives an optimum catalytic 

improvement for BiVO4 and ensures that more than 90% of the incident light reaches 

the BiVO4. This results in a ~3-fold improvement of the AM1.5 photocurrent, up to 3 

mA/cm2 at 1.23 V vs RHE (Fig. 5.4, red curve). To improve the performance even 

further, we replace the standard TEC-15 substrate with a textured Asahi UV 

conducting glass substrate. As a result of higher absorption and effective surface area 

(Fig. C7, Appendix C), this further improves the AM1.5 photocurrent to ~3.6 mA/cm2 

at 1.23 V vs RHE (Fig. 5.4, blue curve). This is the highest photocurrent ever reported 

for BiVO4, and represents a ~1.6 improvement compared to the best Co-Pi catalyzed 

W:BiVO4 photoanode reported previously.10 It also exceeds the highest AM1.5 

photocurrents reported at this potential for -Fe2O3
32

 and WO3
33

 (both ~3 mA/cm
2
) by 

a considerable margin, which firmly establishes BiVO4 as the new leading performer 

amongst oxide photoanodes. 

 

Hybrid photoelectrode 

 

To fabricate a complete device for solar water splitting that does not depend on an 

externally applied bias potential, we combined the state-of-the-art CoPi-W:BiVO4 

photoanode with a 2-jn a-Si superstrate photovoltaic cell  placed behind the PEC cell, 

as shown in Fig. 5.5. Details of the photovoltaic cell and a photograph of the hybrid 

device are shown in Figs. C8 and C9 of Appendix C, respectively. In this tandem 

configuration, photons with energies less than the bandgap of the BiVO4 are absorbed 

by the a-Si/a-Si PV structure (Fig. C11, Appendix C). Figure 5.6a shows the J-V curve 

of the 2-jn a-Si solar cell (black curve) which has been optimized—by tuning the 

thickness of the individual absorber layers—to match the two-electrode J-V curve of 

the state-of-the-art BiVO4 photoanode (blue curve). It should be noted that the J-V 

curve of the BiVO4 photoanode in the two-electrode measurement of Fig. 5.6a shows 

slightly larger photocurrents than the curve in the three-electrode measurement of Fig. 

5.4; the reason for this is explained in the Appendix C. Based on the intersection of the 

two curves in Fig. 5.6a, an operating photocurrent of ~4 mA/cm2 is predicted for the 

integrated device. 

 



 

87 

 
Figure 5.5.  (a) Schematic diagram of the combined device of gradient-doped 

W:BiVO4 and a-Si solar cell. (b) The corresponding band diagram of the hybrid 

photoelectrode device. 
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Figure 5.6b shows the AM1.5 photocurrent of the tandem PEC/PV device as a 

function of time. A stable photocurrent of ~4 mA/cm
2
 is achieved, which indeed 

corresponds to the working point of the J-V curve of Fig. 5.6a. Since the Faradaic 

efficiency of this system is 100%,21 this corresponds to a STH conversion efficiency of 

~4.9%, which is a 60% improvement compared to a similar device based on 2-jn a-Si / 

WO3 reported by Miller et al.4, 11 This efficiency is also superior to the 4.7% efficiency 

benchmark recently reported by Nocera et al.8, who were the first to report on the 

remarkable efficiency of the CoPi catalyst under pH-neutral conditions.7 While the 

water oxidation catalyst that we use is the same, the double-junction a-Si cell we use is 

much easier to fabricate than the triple-junction device reported in ref [8]. 

 

 
Figure 5.6. (a) Two-electrode AM1.5 J-V curve of Co-Pi-catalyzed gradient-doped 

BiVO4 on Asahi TCO glass (gradient-doped BiVO4, blue curve). Also shown are the J-

V curves of double-junction a-Si (black) and single-junction a-Si (red) solar cells 

placed behind the CoPi-BiVO4:W photoanode. The intersection of the BiVO4 curve 

with either one of the a-Si curves indicates the operating point of the combined water 

splitting device. (b) Current vs. time for the CoPi-BiVO4:W/2-jn a-Si device and the 

CoPi-BiVO4:W/1-jn a-Si device in the hybrid photoelectrode configuration under 

AM1.5 illumination. The electrolyte used is 0.1 M potassium phosphate (KPi) buffer 

at pH ~7.3. 

 

To illustrate that the gradient-doped W:BiVO4 generates part of the total 

photovoltage, the same AM1.5 photocurrent measurement was done with the 2-jn a-Si 

cell connected to a Co-Pi film deposited directly on FTO (i.e., without the BiVO4). 

This results in a much lower photocurrent of ~1.5 mA/cm2 (Fig. C12, Appendix C), 

despite the fact that the Co-Pi/FTO electrode transmits a much larger part of the solar 

spectrum to the underlying 2-jn a-Si cell. This confirms that BiVO4 provides 

additional electromotive driving force, and that the CoPi-W:BiVO4 / 2-jn a-Si device 

is effectively a triple-junction system. 
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An important advantage of using BiVO4 instead of other metal oxides in the hybrid 

photoelectrode configuration is its higher conduction band energy. This translates into 

a modest photocurrent onset potential of +0.25 V vs RHE for BiVO4 (Fig. 5.4). For 

comparison, the photocurrent onset potentials for Fe2O3 and WO3 are +0.8 V vs RHE 

and +0.5 V vs RHE, respectively.33, 34 A lower onset potential directly relaxes the 

demand on the voltage provided by the PV cell, and allows simpler and cheaper 

designs to be pursued. In fact, based on the intersection of the J-V curves, Fig. 5.6a 

suggests that photocurrent of 3 mA/cm2 can be achieved by combining the gradient-

doped BiVO4 with a single-junction a-Si solar cell (Fig. C8, Appendix C). This 

photocurrent is indeed obtained for an actual hybrid 1-jn a-Si / CoPi-W:BiVO4 device, 

as shown by the red curve in Fig. 5.6b. This relatively simple device shows a 3.6% 

STH efficiency with no sign of degradation within the 1-hour measurement period. 

Another advantage of BiVO4 is that high photocurrrents can be obtained for 

compact, thin film electrodes. In contrast, many other metal oxide photoelectrodes 

require highly optimized nanostructures to ensure that the minority carriers can reach 

the surface before they recombine, or to avoid limitations due to slow surface reaction 

kinetics. Apart from the fact that they are easier to make, compact films also avoid 

potential mass transport problems that may arise due to gas bubble formation within 

mesoporous structures. Another advantage of non-porous electrodes is the limited 

amount of light scattering, which may prevent the low-energy photons from reaching 

the bottom cell. This was found to be a problem for tandem water splitting devices 

based on nanostructured -Fe2O3 electrodes and dye sensitized solar cells (DSSCs). 

These devices showed efficiencies of 1.36%, significantly below the predicted value of 

3.3%.35 Recently, the EPFL group solved these problems and reported STH 

efficiencies of 1.17 and 3.1% for stand-alone water splitting devices based on 

nanostructured Fe2O3/DSSC and WO3/DSSC devices, respectively.12 

The shapes of the J-V curves of the a-Si / BiVO4 devices shown in Fig. 5.6a 

indicate that little or no further improvement can be gained from improving the 

currents delivered by the silicon PV devices. Instead, future efforts should initially 

focus on improving the light absorption and carrier separation efficiency in BiVO4. 

The current films absorb 75% of the incident AM1.5 light with h > Eg, while the 

carrier separation efficiency is still below 60% at the working point of the device—

despite the large improvement by the gradient doping profile. Based on the near-unity 

internal quantum efficiencies that can be achieved in this defect-tolerant material,10 

addressing these remaining issues may lead to AM1.5 photocurrents that are close to 

the theoretical value of 7.5 mA/cm2. 

Further development of these efficient hybrid photoelectrodes into practical solar 

water splitting modules requires several engineering challenges to be solved. While 

the near-neutral pH of the electrolyte solution ensures that the BiVO4 is 

photochemically stable,36 proton transport is markedly slower than in strongly alkaline 

or acidic electrolytes. The consequences of such mass transport limitations are clearly 
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illustrated by the results of Nocera et al.8, who showed that their solar-to-H2 efficiency 

dropped from 4.7% to 2.5% when changing the cell configuration from two electrodes 

that face each other, to a configuration in which H2 and O2 evolve from opposite sides 

of an ‗artificial leaf‘. The design of new device architectures that efficiently manage 

proton transport and avoid local pH changes in near-neutral solutions thus represents 

an important challenge for future photoelectrochemical energy conversion studies. 

Once the optimal device configuration is chosen, the evolved gasses need to be 

transported away efficiently without the risk of mixing. Finally, the platinum counter 

electrode that we used here for convenience needs to be replaced by an earth-abundant 

alternative. Such alternatives, for example in the form of NiMo(Zn),8 CoMo, or 

NiFeMo alloys,37 are already available and show high activities at modest 

overpotentials. 

5.4  Conclusions 

In summary, we have shown that the poor carrier separation efficiency in BiVO4 

photoanode can be overcome by implementing a multi-step gradient in the tungsten 

dopant concentration, resulting in the formation of a series of homojunctions in the 

bulk of the material. A 10-step gradient-doped Co-Pi-catalyzed W:BiVO4 photoanode 

generates an AM1.5 photocurrent of 3.6 mA/cm2 at 1.23 V vs RHE, representing a 

~60% improvement over the same electrode with a homogeneous W dopant 

concentration.10 Combining this electrode with a 2-jn a-Si solar cell results in a water 

splitting device with a ~4.9% STH efficiency. This represents a significant 

improvement over other oxide-based tandem devices that have been reported 

recently,11, 12 and sets a new performance benchmark for hybrid photoelectrodes for 

water splitting. It also exceeds the efficiency of more complicated silicon-based PEC 

devices based on three p-i-n junctions.8 Replacing one p-i-n stack (and the 

accompanying tunnel junction) with a single wide-bandgap metal oxide absorber both 

simplifies the design and increases the efficiency that can be achieved. Further 

improvements require a better utilization of the solar spectrum by BiVO4, especially 

for wavelengths close to the band edge, and plasmonic- and/or resonance-enhanced 

optical absorption38, 39 seem promising routes to achieve this. Finally, the distributed 

n+-n homojunction concept represents a generally applicable strategy for improving 

carrier separation in any high-donor density photoelectrode material. Combined with 

the hybrid photoelectrode concept, this offers new pathways toward low-cost, efficient 

devices for solar hydrogen generation. 
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6  Design Rules for Hybrid Photoelectrodes for 

Solar Water Splitting 

Considering the limitations of existing materials for solar water splitting, a tandem 

configuration is most likely required for a highly efficient device. Here, we propose 

that a ‗hybrid photoelectrode‘—where a photoanode and a photovoltaic (PV) cell are 

combined—is the best configuration to achieve high efficiency. Currently, ~5% stable 

solar-to-hydrogen (STH) efficiency has been demonstrated based on this 

configuration, with a combination of a bismuth vanadate (BiVO4) photoanode and a 

double-junction amorphous silicon PV cell. To further improve the efficiency, we 

identify important factors in the optimization steps, from the standpoint of the 

photoanode, the PV cell, and the combined device. From the photoelectrode 

perspective, a low onset potential and a high slope of the J-V curve are essential. A 

semiconductor with a high-energy conduction band edge is preferred in order to have a 

low onset potential, while the slope can be greatly enhanced by improving the catalytic 

and carrier separation efficiencies. We show experimental examples of these 

improvements in the case of BiVO4 photoanodes. Additionally, the PV cell in the 

hybrid photoelectrode configuration should be optimized for illumination with light 

transmitted through the photoanode, instead of the AM1.5 spectrum. Due to this 

optical inter-relation between the photoanode and the PV cell, general absorption 

improvement techniques commonly used for photoelectrodes (nanostructuring, 

substrate texturing, etc.) may not be suitable. We instead propose several light 

management techniques which take this inter-relation into consideration. This chapter 

should thus aims to provide some general design guidelines towards achieving a 

highly-efficient low-cost solar water splitting device. 
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6.1  Introduction 

In the search for a low-cost renewable energy source to replace fossil fuels, there 

are three hard facts that need to be considered. First, sunlight is by far the most 

abundant and sustainable energy source available to mankind, with 36,000 TW 

reaching the land on the Earth‘s surface.1 Second, considering the intermittency of this 

energy source and the world‘s current energy demand,2 we need to store this solar 

energy on a TW-scale. Finally, the energy- and power-densities of chemical fuels are 

significantly greater than other storage solutions, and are thus hard to beat. For 

example, the specific energy-density of batteries is less than 1,000 Wh/kg, while it is 

close to 10,000 Wh/kg for gasoline.3 Combining all these facts, using solar energy to 

produce chemical fuels (solar fuels) seems to be one of the most viable options to 

provide the world‘s future large scale energy needs. In addition, more than 80% of the 

total world‘s energy is consumed in the form of fuels, while only less than 20% is 

directly used in the form of electricity.4 This means that there is already a huge 

infrastructure available for fuels, which will ease the transition from fossil fuels to 

solar fuels. 

A very attractive route for the production of solar fuels is photoelectrochemical 

(PEC) water splitting, where photons from sunlight are utilized to oxidize and reduce 

water to form oxygen and hydrogen, respectively. Hydrogen can then be used directly 

as a fuel, either stored in pressurized tanks or in other forms (e.g. metal hydrides, 

liquefied hydrogen). Alternatively, it can be used as an intermediate in the production 

of more complex hydrocarbon fuels. For example, hydrogen can be fed to a Fischer-

Tropsch reactor, together with carbon monoxide, to form several hydrocarbons such as 

methane or methanol.5 

Despite the promising features of PEC water splitting, its implementation is 

currently hindered by the high cost and low efficiency of such a process. It has been 

estimated that the current technology of PEC water splitting through coupled 

photovoltaic (PV)-electrolyzer produces hydrogen at the cost of >US$ 8 per kg or gge 

(gallons gasoline equivalent, 1 kg of H2  1 gge). This is much higher than the US$ 2-

4/kg target that is set by the United States Department of Energy for future hydrogen 

production pathways. Several techno-economic studies on direct PEC water splitting 

have been performed,6, 7 which identify the solar-to-hydrogen (STH) efficiency as the 

factor that most strongly affects the ultimate price per kg of hydrogen. If 10% STH 

efficiency could be achieved, combined with US$ 160 per m2 production cost and 15 

years of lifetime, the cost of hydrogen in the range of US$ 3-5/kg would be feasible. 

The biggest challenge in reaching the 10% STH target efficiency lies in finding the 

optimal semiconductor material to be used as the photoelectrode. This ideal material 
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needs to fulfill many requirements,8-12 and four decades of research efforts suggest that 

this is unlikely to be achieved by one single material. To circumvent this, more than 

one material can be combined to achieve highly efficient PEC water splitting. In fact, 

reports in the literature show that all systems with efficiency larger than 1% were 

achieved only in tandem configurations.13-22 In these tandem arrangements, three or 

more components with different functionalities (light absorption, oxygen evolution, 

and hydrogen evolution) are combined to perform the overall PEC water splitting. 

Various architectures and materials have been proposed for the tandem 

configurations,13-18 but the optimal device design is still not obvious. 

In this chapter, we aim to elucidate the fundamental requirements that are necessary 

for an optimal tandem configuration for a PEC water splitting device. We propose that 

a hybrid photoelectrode concept―a system where a photoanode is integrated with a 

photovoltaic (PV) cell―is the best possible option to achieve highly efficient PEC 

water splitting. This is mainly driven by the better materials, cost, and optoelectronic 

perspectives that this configuration has to offer, as compared to other architectures. 

Additionally, rules and guidelines for the design of photoanode and PV cells for this 

hybrid photoelectrode concept are discussed. Here, we limit our scope to the 

application of thin film silicon PV cells, although we do not fully omit the possibility 

of using other types of cheap and efficient PV cells. This is mainly due to the 

relatively low-cost, high abundance, and vast knowledge on silicon-based solar cells, 

as well as the high degree of flexibility of the thin film silicon PV cells in terms of the 

optical and electrical characteristics. Finally, several issues from the point of view of 

the integrated device are outlined and addressed, revealing the optimized tandem 

configuration design. 

6.2  Hybrid photoelectrode configurations 

Several tandem designs for highly efficient PEC water splitting have been proposed 

in the past two decades,13-18 and three particular configurations have emerged as viable 

options to reach high solar to hydrogen conversion efficiencies; (i) PV-electrocatalyst 

tandem, (ii) PV-photoelectrode tandems, and (iii) photoanode-photocathode tandems 

(shown in Figure 1). However, some of these devices are less promising compared to 

others due to issues of cost and scalability. For example, Licht et al. showed a solar 

water splitting device based on AlGaAs/Si and RuO2/Ptblack.
13 While the STH 

efficiency for this PV-electrocatalyst system is very high (18.3%), the complexity of 

such architectures and the costs of the materials prohibit large-scale practical 

applications. The pros and cons of each device configuration will be discussed below 

in order to determine the performance limiting factors for each tandem system.  
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Emphasis will be placed on the application of low-cost, abundant materials as the 

building blocks of these tandem devices. 

 

Photovoltaic-Electrocatalyst (PV-EC) 

 

Figure 6.1a shows the schematic structure and band diagram for the PV-

electrocatalyst tandem device. In this configuration, a triple-junction amorphous 

silicon (a-Si) solar cell is used as the photovoltaic element in the system. This method 

has been demonstrated almost thirty years ago by Delahoy et al.14 The combination of 

a 3-jn a-Si solar cell, RuO2 as the oxygen evolution catalyst, and Pt as the hydrogen 

evolution catalyst, resulted in an STH efficiency of 1.8% for this device. One decade 

after this initial effort, Rocheleau et al. demonstrated a 7.8% efficient wired device 

using a 3-jn a-Si solar cell combined with Co-Mo hydrogen evolution catalyst as the 

cathode, and Ni-Fe-O as the anode.
20

 Yamada et al. later showed an integrated 

(wireless) device based on similar materials, having a much lower efficiency of 

2.5%.21 These early efforts however were performed in highly acidic or alkaline 

conditions, which is rather undesired for large scale applications. Using the same 

concept, along with the discovery of cobalt-based water oxidation catalysts that work 

in near-neutral pH conditions,23 Reece et al. recently demonstrated an STH efficiency 

of 4.7% and 2.5% in wired and wireless configurations, respectively.15 
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Figure 6.1. Schematic structure and band diagram of (a) PV-electrocatalyst tandem, 

(b) PV-photoelectrode tandem, and (c) photoanode-photocathode tandem 

configurations. 

 

Although the progress in improving the efficiency of these PV-electrocatalyst 

tandem devices seems promising, the feasibility of significant further improvements in 

performance is doubtful. To illustrate this, Figure 6.2 shows the J-V curves of a 

cobalt-based oxygen evolution catalyst (Co-OEC, solid black curve) and a 3-jn a-Si 

solar cell (solid red curve). The intersection of these two curves represents the 

operating point of an electrocatalyst-PV tandem device, similar to what is shown 

recently by Nocera and coworkers.15 Based on the onset potential of the Co-OEC J-V 

curve, which is determined from the thermodynamic overpotential required for water 

splitting,24 a solar cell with an open circuit potential of at least 1.6 V is needed. The 

application of a 3-jn a-Si solar cell in this device is therefore an essential requirement. 

This is confirmed by a recent modeling study by Winkler et al.,25 where they indicated 

that three or four amorphous silicon solar cells are needed in series for an 
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electrocatalyst-PV tandem configuration. If a simpler solar cell such as a double-

junction a-Si (2-jn a-Si, Fig. 6.2 dashed red curve) were used, the STH efficiency of 

the resulting device would be greatly diminished (~1.5% STH maximum). It is 

therefore clear that the solar cell‘s performance is the limiting factor in this 

configuration and that any major improvements would require PV devices with higher 

operating voltages and currents. Considering that the 3-jn a-Si solar cells are already 

highly optimized and quite complex, it is unlikely that an electrocatalyst-PV tandem 

device with better performance and good economic viability can be developed. 

 

 
Figure 6.2. Current-voltage characteristics of cobalt-based oxygen evolution catalyst 

(solid black),26 state-of-the-art BiVO4 photoanode (solid blue),22 state-of-the-art Cu2O 

photocathode (dashed blue),27 and triple-junction (solid red), double-junction (dashed 

red), and single-junction (dotted red) amorphous silicon solar cells. The J-V curves of 

the amorphous silicon solar cells are measured at the Photovoltaic Materials and 

Devices (PVMD) laboratory, TU Delft. The vertical dashed line indicates the 

thermodynamic potential for water oxidation. 

 

Photovoltaic-Photoelectrode (PV-PEC) 

 

In the second tandem configuration (Fig. 6.1b), a PV device is combined with a 

semiconductor photoelectrode to perform the water splitting reactions. Either a water 

oxidation (photoanode) or a water reduction (photocathode) photoelectrode can be 

applied in this configuration with hydrogen evolution catalysts (e.g. Pt, RuO2, MoS2) 

serving as the counter electrodes in either case. Upon illumination, the photoelectrode 

absorbs the short wavelength part of the solar spectrum due to the relatively large 

bandgap of these materials. The transmitted light not absorbed by the photoelectrode is 

then used by the PV device to provide the photoelectrode with the needed additional 

potential for water splitting. This configuration is also called a ―hybrid 
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photoelectrode‖, a term first coined by Miller et al.28 To illustrate the potential of this 

method, Khaselev and Turner demonstrated a monolithic PV-PEC device which has 

12.4% STH efficiency as early as 15 years ago.16 However, the device consisted of 

high-quality GaAs and GaInP2 materials, which are expensive and unstable in aqueous 

electrolytes. Although efforts are ongoing in reducing the cost and improving the 

stability of this device, these particular materials are not going to be considered in this 

paper. 

To address the stability issue, Miller et al. proposed a hybrid photoelectrode 

concept based on a cheap semiconducting metal oxide photoelectrode and an 

amorphous silicon solar cell.18, 28, 29 A tandem device consisting of a 2-jn a-Si solar cell 

and a tungsten trioxide (WO3) photoanode with a projected 2.2% STH efficiency and 

0.6% demonstrated efficiency was reported.18 This configuration has recently been 

improved using a combination of molybdenum-doped and undoped WO3, and an STH 

efficiency of 3% has been achieved.
19

 

Based on the same concept, we also recently reported a tandem device consisting of 

a 2-jn a-Si solar cell and a bismuth vanadate (BiVO4) photoanode with 4.9% STH 

efficiency,22 see also Chapter 5. The BiVO4 can give higher efficiencies than the WO3 

due to the smaller bandgap. The key to achieve high photocurrents for BiVO4 was to 

enhance the carrier separation as well as its catalytic efficiency.  

While the reported efficiency for this device configuration is still lower than the 

10% STH efficiency target,7 the hybrid photoelectrode concept based on a cheap 

semiconducting metal oxide photocatalyst and a 2-jn a-Si solar cell has several distinct 

advantages. As compared to the 4.7% efficient electrocatalyst-PV tandem,15 the hybrid 

photoelectrode achieved slightly higher efficiency (4.9%), while replacing four layers 

(the p-i-n layers of the a-Si and the tunnel barrier) with a single cheap metal oxide 

photoelectrode. The performance of the hybrid photoelectrode is generally limited by 

the metal oxide photoelectrode, as opposed to the PV materials in the PV-EC 

configuration. Figure 6.2 shows the J-V curve of the BiVO4 photoanode (solid blue) 

and 2-jn a-Si solar cell (dashed red), and once again the intersection of these curves is 

the operating point for the tandem device. Based on these two curves, significant 

improvement is not expected by replacing the solar cell with a more complex one (e.g. 

3-jn a-Si). Instead, to increase the operating current of the device, it is obvious that one 

would need to improve the performance of the BiVO4 photoanode. The maximum 

photocurrent one could theoretically obtain from BiVO4 is ~7.5 mA/cm2 (~9.2% STH 

efficiency), so there is still room for significant improvement. This means that the 2-jn 

a-Si/BiVO4 device can be improved by at least another 50% without increasing the 

complexity of the device. In fact, further improvements of the BiVO4 may lead to an 

even simpler PV device based on a single a-Si junction. We recently obtained an STH 

efficiency of 3.6% by combining the state-of-the-art BiVO4 photoanode and a 1-jn a-Si 

solar cell.22 Brillet et al. also recently reported a 3.1% efficient tandem device based 

on a WO3 photoanode and a dye-sensitized solar cell (DSSC).17 Clearly, these much 
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simpler PV devices cannot be used for the PV-electrocatalyst their open circuit 

voltages are too low (<1.0 V). 

Utilizing the hybrid photoelectrode configuration therefore offers better 

perspectives for improved PEC water splitting as compared to the PV-electrocatalyst 

tandem configuration. Based on the J-V curve of a 1-jn a-Si solar cell (Fig. 6.2, dotted 

red curve), a photocurrent of ~ 17 mA/cm2 is available at potentials of ~0.6 V. Further 

improvement of the STH efficiency of the hybrid photoelectrode device can be 

achieved by the application of a metal oxide photocatalyst with a smaller bandgap. 

Assuming that a metal oxide with a 1.9 eV bandgap can be found with a quantum 

efficiency above 50% and a sufficiently low onset potential, an STH efficiency of 10-

15% is within reach. 

 

Photoanode-Photocathode (PEC-PEC) 

 

Finally, one could combine two photoelectrodes to make a tandem device: an n-

type semiconductor photoanode and a p-type photocathode. This configuration simply 

replaces the solar cell in the hybrid photoelectrode with a second photocatalyst. The 

schematic and band structure diagram for such a device are depicted in Fig. 6.1c. In 

this device, the shorter wavelength light will be absorbed by the first photocatalyst and 

the transmitted light by the second. While this method arguably offers the simplest 

architecture among the three discussed here, the performance of such devices is still 

very low.30-33 This is mainly caused by the relatively low open circuit voltage of the 

photocathode (< 0.5 V) as well as the poor fill factor (the ratio of the maximum 

obtainable power to the product of the open circuit voltage and the short circuit 

current). The highest efficiency reported for a PEC-PEC tandem device is only 0.22%, 

achieved by combining a WO3 photoanode and a Cu2O/NiOx composite 

photocathode.31 Moreover, most highly efficient photocathodes suffer from having 

poor stability (GaInP2, Cu2O, CuGaSe2, etc.). Recent efforts are ongoing in stabilizing 

these materials using protective overlayers. However, these overlayers are usually 

deposited with a technique which is more difficult for large scale operation (e.g. 

atomic layer deposition), increasing the device complexity and cost. Figure 6.2 shows 

the J-V curve of the state-of-the-art Cu2O photocathode (dashed blue), as reported by 

Paracchino et al.27 Considering that the current density in this photocathode is much 

lower than that of the PV devices—as a result of the generally lower photovoltage than 

for a Si based p-n junction—and is considerably more complex than a simple PV 

device, it is therefore currently more sensible to simply use a PV device in a hybrid 

photoelectrode concept, which has proven to already give much higher efficiency. 

We can now summarize our analysis as follows. A PV-electrocatalyst tandem offers 

relatively high efficiency, however its progress is hindered by the need for more 

complex solar cells. A PV-photoelectrode tandem (hybrid photoelectrode) is currently 

capable of delivering the same level of efficiency with a simpler and relatively cheaper 
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architecture, and there is a potential of much higher efficiency if the photoelectrode 

performance can be improved. This also relaxes the requirement for the type of solar 

cell needed. A photoanode-photocathode tandem is the simplest architecture; however 

the efficiency is much lower than for the other two configurations due to the low 

photovoltages, while the performance is further limited by the poor stability of the 

photocathode. It is therefore concluded that the hybrid photoelectrode is the optimal 

design to achieve low-cost, highly-efficient photoelectrochemical water splitting. The 

challenge then lies in the optimization of the photoelectrodes, solar cells, and other 

device components which is addressed in the following sections. 

6.3  Optimum photoelectrode for hybrid photoelectrode 

As mentioned above, the efficiency of the hybrid photoelectrode is limited by the 

performance of the metal oxide photoelectrode. The requirements for an ideal 

semiconductor for PEC water splitting has been outlined and discussed previously, 

needing to meet the following criteria:8-12 (i) high solar absorption, (ii) suitable band 

edge positions for water reduction/oxidation, (iii) high catalytic activity, (iv) efficient 

charge separation, (v) high stability, and (vi) low cost. While all the requirements 

should be applicable to the metal oxide photoelectrode for the hybrid photoelectrode 

configuration, some are more important than others. In this section, we will 

extensively discuss these important parameters to achieve an optimum photoelectrode 

that is suitable for integration in a highly efficient hybrid photoelectrode for solar 

water splitting.  For simplicity, we will focus our discussion on the use of photoanodes 

in combination with PV cells, and not discuss the integration of photocathodes with 

solar cells in detail. 
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Figure 6.3.Typical current-potential (J-V) curves of a photoanode (black) and a PV 

cell (red), including the important parameters in the hybrid photoelectrode 

measurement. JSC: short-circuit current; VOC: open circuit potential; Vonset: onset 

potential; Jplateau: plateau photocurrent. 

 

Before we discuss the specific requirements for the metal oxide photoelectrodes, it 

is important to first identify the performance metrics used to assess the hybrid 

photoelectrode. Figure 6.3 shows a typical two-electrode current-potential (J-V) curve 

of a photoanode and a PV cell under illumination. In the hybrid photoelectrode, the 

intersection of these two curves is the operating point. From the photoanode point of 

view, there are three important parameters in the J-V curve: (i) the onset potential 

(Vonset), (ii) the slope of the J-V curve, and (iii) the photocurrent plateau (Jplateau). In 

addition, the important parameters for the solar cell are also shown: open circuit 

potential (VOC) and short-circuit current (JSC). A third important parameter is the solar 

cell‘s fill factor, which plays a comparable role to the slope of the photoanode‘s J-V 

curve. For an optimum operation of the hybrid photoelectrode, the photoanode should 

have a Vonset that is much lower than VOC, a high slope, and a Jplateau which is close to 

the JSC. 

The application of a photoanode material with a low Vonset is essential for a hybrid 

photoelectrode. The lower the Vonset, the more relaxed the requirements are for the 

adjoining solar cells. A very important property of the photoanode material that 

defines the Vonset is the position of the conduction band, as illustrated in Fig. 6.4. 

Figure 6.4a shows the position of the conduction and valence bands of the three most 

promising metal oxide photoanodes: Fe2O3, WO3, and BiVO4. The valence band levels 

of these oxides are low enough for oxygen evolution to occur, however their 

conduction band levels are lower than the hydrogen evolution potential. While this 

implies that unassisted solar water splitting cannot occur for these materials as a single 
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photoelectrode, it is possible in the hybrid photoelectrode configuration. This is 

because the additional potential that is needed to overcome the difference between the 

conduction band edge and the hydrogen evolution potential can be supplied by the 

solar cell. The onset potential is determined by this difference in energy level and the 

needed overpotential for hydrogen evolution (~0.1-0.3 V). An additional 0.4 V is 

usually needed before appreciable photocurrent is achieved, due to the generally 

modest slope of the J-V curve. Therefore, to ensure that the application of a simple PV 

cell is sufficient (VOC < 1.0 V), the conduction band edge should not be located more 

than 0.5 V below the hydrogen evolution potential. Figure 6.4b shows the J-V curve of 

a state-of-the-art Fe2O3,
17 WO3,

17 and BiVO4
22 photoanode. The onset potential is 

decreasing in the order of Fe2O3 WO3 BiVO4. This trend is consistent with the 

trend in the difference between hydrogen evolution potential and the conduction band 

edge (Fig. 6.4a). When combined with a simple single-junction a-Si solar cell, a 

BiVO4-based hybrid photoelectrode therefore has the highest efficiency, despite all of 

them having similar Jplateau (Fig. 6.4b). The application of a photoanode which has a 

conduction band edge close to the hydrogen evolution potential is therefore very 

important for realizing a high efficiency tandem water splitting device. 

 

 
Figure 6.4. (a) Position of conduction (blue) and valence (green) band of Fe2O3, WO3, 

and BiVO4 at pH 0. (b) J-V curve of a single-junction a-Si solar cell (black), a Fe2O3 

(red), a WO3 (blue), and a BiVO4 (green) photoanode. The horizontal dashed lines 

represent the operating points, and thus the respective efficiencies of the combined 

devices. 

 

The second important parameter in the J-V curve of the photoanode is its slope, as 

indicated in Fig. 6.3. An ideal photoanode will have a slope of  (infinity), which 

means that the photocurrent goes instantaneously to Jplateau, as soon as the potential 

goes above Vonset. While this is not possible in practice, we would like to have the 
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slope of the photocurrent as steep as possible. Reichman derived the expression for the 

current-potential characteristics of semiconductor-electrolyte junction as the 

following:34 
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where J is the photocurrent density, J0 is the saturation current density, Φ is the 

incident photon flux, α is the absorption coefficient, q is the elementary charge, V is 

the potential, k is Boltzmann constant, T is temperature, L is the carrier diffusion 

length, I0 is the carrier exchange current parameter across the semiconductor-

electrolyte interface, and W is the width of the depletion layer, which is given by the 

following relationship: 
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where εr is the dielectric constant, ε0 is vacuum permittivity, ϕb is the equilibrium 

band bending voltage, and N is the carrier density. 

Although equation (6.1) seems quite complicated, it can be broken down into three 

simple components: carrier generation (photon absorption), carrier injection from the 

semiconductor to the electrolyte (catalysis) and carrier separation in the 

semiconductor. A simplified equation can therefore be written: 

 

( ) ( )abs cat sepJ J V V          (6.3) 

 

where Jabs is the absorbed photons expressed as current density, cat(V) is the catalytic 

efficiency as a function of potential, and sep(V) is the carrier separation efficiency as a 

function of potential. Since Jabs is not affected by potential, to improve the slope of the 

J-V curve, it is important to improve the catalytic efficiency and charge separation of 

the photoanode material. 

To illustrate this, we show the examples of the slope improvement in BiVO4 

photoanodes. Poor surface catalysis has been identified as the performance limiting 

factor in BiVO4 photoanodes,35-38 reflected by a small slope in the J-V curve of BiVO4 

(Fig. 6.5, black). To improve this, a cobalt phosphate (Co-Pi) catalyst was 

electrodeposited onto the surface of BiVO4. Co-Pi is known to be an effective water 

oxidation catalyst on BiVO4, and other semiconductor photoanodes (Fe2O3, etc.).35, 36 
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As a result, the slope of the J-V curve is improved significantly (Fig. 6.5, red). In 

addition, poor carrier separation caused by the slow electron transport is also known to 

limit the performance of BiVO4 photoanode.36, 37 We recently reported that gradient-

doping of tungsten―which replaces the vanadium―in BiVO4 can improve the carrier 

separation significantly.22 This improvement results in a steeper rise of the J-V curve, 

as shown in Fig. 6.5 (blue). For a hybrid photoelectrode, this means that although the 

onset potential is relatively constant, the operating photocurrent is much higher when a 

high slope of the photoanode‘s J-V curve is achieved. To the best of our knowledge, 

this is the first time that the slope of the J-V curve is explicitly defined and 

demonstrated to be a function of the catalytic and the carrier separation efficiency. 

 

 
Figure 6.5.AM1.5 photocurrent vs voltage of BiVO4 (black), Co-Pi-catalyzed BiVO4 

(red) and gradient-doped Co-Pi-catalyzed W:BiVO4 (blue) photoanode in 0.1 M 

potassium phosphate buffer electrolyte (pH ~7.3). The dark current is shown as dashed 

black curve. 

 

Finally, if the onset potential and the slope of the J-V curve would have been 

optimized, increasing Jplateau will improve the performance of the hybrid 

photoelectrode even further. This, too, can be partially achieved by improving the 

carrier separation, as illustrated in Fig. 6.5 (red vs blue curve); however, a more 

significant factor to increase Jplateau is to increase the light absorption. Nanostructuring, 

bandgap engineering, and other light management techniques can therefore be applied. 

One, however, needs to be careful in the efforts of improving light absorption of the 

photoanode in the hybrid photoelectrode, since more light absorbed in the photoanode 

may result in less photons being available for the PV cell. This delicate trade-off 
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between light absorption in the photoanode and the PV cell will be discussed in a later 

section of this chapter. 

6.4  Optimum PV cell for hybrid photoelectrode 

In order to achieve a highly-efficient hybrid photoelectrode, the PV cell used in 

conjunction with the photoanode should be designed carefully. Although we do not 

completely ignore the possibility of other cheap and efficient solar cells, the discussion 

in this paper is limited to thin film silicon solar cells. Silicon is earth-abundant, non-

toxic, relatively low-cost and widely investigated both in academic research and 

industry. Additionally, the parameters in thin film silicon solar cells (VOC, JSC, fill 

factor) can be highly tuned by employing various multi-junctions of silicon (e.g. 

amorphous-amorphous, micromorphous tandem structures) or different silicon alloys 

(e.g. silicon-germanium, silicon oxide, silicon carbide). This high degree of flexibility 

allows the application of a more optimized solar cell with respect to the performance 

of the metal oxide photoelectrode. 

The first consideration for the PV cell is related to its optical properties. In a hybrid 

photoelectrode, the PV cell is positioned behind the photoanode (Fig. 6.1b). Since the 

photoanode absorbs most of the light with energy higher than its bandgap, the light-

absorption layer in the PV cell should have a lower bandgap than that of the 

photoanode. This way, we ensure that the PV cell will have access to enough photons 

from the transmitted light spectrum. Figure 6.6 shows the AM1.5 spectrum as well as 

the transmitted spectrum of the BiVO4 photoanode as a function of wavelength. Only 

photons with wavelength smaller than 520 nm are absorbed by BiVO4 (Eg of BiVO4 is 

~2.4 eV). Any PV cell used in conjunction with BiVO4 should therefore be able to use 

the transmitted part of the solar spectrum (Fig. 6.6) to provide enough JSC and VOC. 
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Figure 6.6. AM1.5 spectrum and the measured fraction of the light that reaches the 

PV cell via transmission through a 200 nm-thick BiVO4 photoanode in the hybrid 

photoelectrode configuration. 

 

Stand-alone PV devices are generally optimized according to the standard AM1.5 

(100 mW/cm2) solar spectrum. This is, however, not optimal for the case when PV 

devices are used in the hybrid photoelectrode configuration. Instead, they should be 

optimized according to the spectrum transmitted through the photoelectrode, which is 

markedly different from the AM1.5 spectrum. To illustrate this, we compare three 

different 2-jn a-Si solar cells with varying thickness of the top intrinsic layer (i-layer), 

as shown in Table 6.1. In amorphous silicon solar cells, the i-layer is where photons 

are absorbed and carriers are therefore generated. PV A, B, and C have the same 

bottom i-layer thicknesses, but the top i-layer thicknesses are 50, 75 and 100 nm, 

respectively. Under AM1.5 illumination, the PV cell with the thinnest top i-layer (PV 

A) has the highest JSC of 8.11 mA/cm2 as well as the highest efficiency () of 9.62%. 

However, when PV A is subjected to the transmitted spectrum of BiVO4 photoanode, 

it results in the lowest JSC of 2.87 mA/cm2 and  of 3.36%. Instead, the PV cell with 

the thickest top i-layer (PV C) has the highest JSC of 3.56 mA/cm2 and  of 4.17% 

under the transmitted spectrum. Therefore, while PV A has the highest efficiency 

under AM1.5 illumination, PV C should instead be used in the hybrid photoelectrode 

with BiVO4 photoanode. 
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Table 6.1. Performance metrics (simulated) for three double junction amorphous 

silicon solar cells of varying top i-layer thickness under AM1.5 and transmitted 

spectrum, as shown in Fig. 6.6. 

PV 

cell 

Top i-

layer 

thick-

ness 

(nm) 

Bottom 

i-layer 

thick-

ness 

(nm) 

AM1.5 BiVO4-filtered 

JSC 

(mA/cm2) 

VOC 

(V) 
 (%) 

JSC 

(mA/cm2) 

VOC 

(V) 
 (%) 

A 50 350 8.11 1.72 9.62 2.87 1.67 3.36 

B 75 350 7.32 1.72 8.59 3.42 1.68 3.92 

C 100 350 6.19 1.68 7.24 3.56 1.63 4.17 

 

The J-V characteristics of a PV cell also define the suitability of its combination 

with a certain photoanode. Although a certain PV cell is ideal for one particular 

photoanode, it does not necessarily mean that it will be the optimum for every 

photoanode. Figure 6.7 shows the J-V curves of three different type of amorphous 

silicon solar cells: (i) single-junction amorphous silicon (a-Si, solid blue curve), (ii) 

double-junction amorphous/nano-crystalline silicon (a-Si/nc-Si, solid red curve), and 

(iii) double-junction amorphous silicon (a-Si/a-Si, solid black curve). The J-V curves 

of three hypothetical photoanodes with varying onset potential—but with the same 

plateau photocurrent and slope—are also shown. Depending on the onset potential of 

the photoanode, different types of solar cells have to be chosen. In the case of the high 

Vonset photoanode (Fig. 6.7, dashed black curve), an a-Si solar cell does not have 

enough potential to produce a significant efficiency. Either an a-Si/nc-Si or an a-Si/a-

Si solar cell has to be used. The combination with a-Si/a-Si solar cell results in the 

highest efficiency, i.e., 4.5% (vs. 2.5% for a-Si/nc-Si). Similarly, by comparing the 

intersection between the photoanode‘s and the solar cell‘s J-V curve, the medium Vonset 

photoanode (Fig. 6.7, dashed red curve) should be combined with the a-Si/nc-Si solar 

cell to give an efficiency of 6%, and the low Vonset photoanode (Fig. 6.7, dashed blue 

curve) with the a-Si solar cell results in more than 8% efficiency. 
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Figure 6.7. Current-potential (J-V) curves of a double-junction amorphous silicon 

solar cell (a-Si/a-Si, solid black), a double-junction amorphous/nano-crystalline solar 

cell (a-Si/nc-Si, solid red), and a single-junction amorphous solar cell (a-Si, solid 

blue). J-V curves of three hypothetical photoanodes with low (dashed blue), medium 

(dashed red), and high (dashed black) onset potential are also shown. The J-V curves 

of the solar cells were measured in the PVMD laboratory, TU Delft, under the 

transmitted spectrum as shown in Fig. 6.6. The orange circles are the operating point 

of the respective hybrid photoelectrodes, while the green circles are the maximum 

power point (MPP) of each solar cells. 

 

Finally, it is important to note that the efficiency of the solar cell is defined 

differently than the efficiency of the hybrid photoelectrode. The efficiency of a solar 

cell is the ratio of the maximum power generated by the solar cell to the illumination 

intensity, which can be written to the following equation: 

 

2
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MPP MPP

in

V J
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      (6.4) 

 

where VMPP is the voltage at the maximum power point, JMPP is the current density at 

the maximum power point, and Pin is the intensity of the incident spectrum (100 

mW/cm2 for AM1.5). In a hybrid photoelectrode, the operating point (the intersection 

between the J-V curves of the photoanode and the solar cell) is not always the same as 

the maximum power point of the solar cell (see Fig. 6.7). The efficiency of the hybrid 

photoelectrode (STH efficiency) is therefore only subjected to the photocurrent density 

at the operating point, as shown in the following equation: 
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

 
     (6.5) 

 

where JOP is the current density at the operating point of the hybrid photoelectrode and 

Faradaic is the Faradaic efficiency of the hydrogen and oxygen evolution reaction. Any 

direct relationship between the efficiency of the hybrid photoelectrode (STH) and the 

solar cell () is therefore non-existent and should not be used to determine the 

efficiency of a particular redox reaction. 

 

6.5  Device optimization 

When the photoanode and the solar cell have been optimized, several issues from 

the point of view of the whole device configuration need to be addressed for further 

improvement of the resulting hybrid photoelectrode. As discussed previously, one of 

the most crucial factors is related to the light management for both the photoanode and 

the PV cell. Currently, the performance of the photoanode is the limiting factor in the 

hybrid photoelectrode. One way to increase its photocurrent is by increasing the 

absorption. However, more absorption in the photoanode means less photons are being 

transmitted to the solar cell, which can have a negative impact on the total device 

performance.  

One way to enhance the absorption is by texturing the transparent conductive oxide 

(TCO) film, which scatters the light and increases the path-length that the photons 

travel through the material. This is an example of a light trapping approach which has 

been widely investigated for thin film PV cells in the recent decades.39, 40 Figure 6.8 

shows the J-V curves of a gradient-doped W:BiVO4 photoanode on a flat TCO 

substrate (solid black) and a textured TCO substrate (solid red). As a result of the 

increased absorption, the photocurrent of the BiVO4 photoanode on a textured TCO 

substrate is higher. At the same time, however, this results in lower JSC and VOC of the 

2-jn a-Si solar cell (Fig. 6.8, dashed red vs. dashed black). While in this case the 

resulting efficiency is still improved by the introduction of textures, further absorption 

increases through relatively general methods (e.g. thickness optimization, 

nanostructuring) may present a detrimental effect to the overall efficiency. 

 



 

112 

 
Figure 6.8. J-V curves of the state-of-the-art BiVO4 photoanode on flat (solid black) 

and textured (solid red) TCO substrates. The J-V curves of the 2-jn a-Si solar cell 

behind each type of BiVO4 photoanodes are shown in dashed with the respective 

color. 

 

The selective absorption improvement of a particular wavelength range is much 

more advantageous in the hybrid photoelectrode configuration. In this case, light can 

be directed to be absorbed more efficiently in either the photoanode or the solar cell. 

An example of this is the implementation of plasmonic nanoparticles on the surface or 

at the back interface of the photoanode to selectively increase the absorption of a 

certain wavelength region (Fig. 6.9a). A recent study on implementing silica covered 

gold (Au/SiO2) nanoparticles on the surface of hematite (-Fe2O3) results in a ~20-

fold photocurrent improvement at wavelength of 590 nm and a total AM1.5 

photocurrent enhancement of 7%.41 
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Figure 6.9. Applicable light management techniques for hybrid photoelectrode: (a) 

plasmonic enhancement, (b) ‗selective mirror‘, (c) spectral splitting filter, and (d) up-

conversion. 

 

Alternatively, a ‗selective mirror‘ can be inserted between the photoanode and the 

PV cell, as shown in Fig. 6.9b. This ―selective mirror‖ is a single- or multi-layer thin 

film designed to selectively reflect shorter wavelength lights back to the photoanode 

and transmit the longer wavelength to the PV cell. We have performed an absorption 

simulation study on the hybrid photoelectrode, consisting of a BiVO4 photoanode and 

a 2-jn a-Si solar cell, using the Advanced Semiconductor Analysis (ASA) simulation 

package.42 Two single-layer thin films are considered: aluminum-doped zinc oxide 

(AZO) and tin-doped indium oxide (ITO), both are optimized to be 150 nm-thick. As 

shown in Fig. 6.10, the insertion of either films successfully improve the absorption of 

shorter wavelength lights in BiVO4 photoanode, without any reduction of the 

transmission of longer wavelength lights towards the 2-jn a-Si solar cell. While the 

total absorption increase in this case is relatively modest (4.3-6.4%), further 

enhancement can be expected with the application of a multi-layer thin film with 

alternating refractive indices (distributed Bragg reflector―DBR43) as the ‗selective 

mirror‘. 
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Figure 6.10. (a) Reflectance of the 2-jn a-Si solar cell and (b) absorption of BiVO4 

photoanode in the hybrid configuration without ‗selective mirror‘ (black) and with 

either 150 nm-thick aluminum-doped zinc oxide (red) or 150 nm-thick tin-doped 

indium oxide (blue). 

 

Similar to the ―selective mirror‖ technique, a spectral-splitting filter (SSF), which 

has been investigated extensively in concentrated PV systems,44 can be applied to a re-

designed hybrid photoelectrode (see Fig. 6.9c). Since the SSF has high reflection for 

light with short wavelengths and high transmission for long wavelength light, the solar 

spectrum can be effectively separated and utilized more efficiently. Additionally, 

novel concepts on light management and/or improvement that are currently being 

developed in the field of photovoltaic and photoelectrolysis (e.g. multiple exciton 

generation,45, 46 space-separated quantum cutting,47 down- and up-conversion48-50) may 

have a potential of application in the hybrid photoelectrode. Special attention should 

be placed on up-conversion techniques, although the reported efficiencies of such 

processes are currently very low.51 Should any efficiency breakthrough be achieved, 

an up-conversion layer can be inserted at the bottom of the PV cell to convert the 

unabsorbed longer wavelength into shorter wavelength photons (Fig. 6.9d). Finally, it 

should be noted that any efficiency increase through the introduction of additional 

materials or components for better light management should outweigh the 

disadvantages of increasing complexity and cost in the resulting hybrid 

photoelectrode. 

Moreover, chemical engineering challenges remain to be solved for the application 

of the hybrid photoelectrodes as practical solar water splitting modules. The 

architecture shown in Fig. 6.1b (also called the ‗artificial leaf‘ configuration) presents 

an ideal case where H2 and O2 are evolved from opposite sides, enabling relatively 

straightforward gas separation. This configuration is, however, proven to give a 

detrimental effect to the overall device efficiency due to proton transport limitations in 

the electrolyte. Reece et al. showed that their STH efficiency decreased from 4.7% to 

2.5% when changing the cell configuration from two electrodes facing each other 
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(wired) to an ‗artificial leaf‘ configuration (wireless).15 Recently, Newman performed 

a quantitative modeling study based on Ohm‘s law, comparing these two 

configurations.52 He concluded that, within the same geometry, the potential drop in 

the wireless configuration is 6 orders of magnitude higher than the wired 

configuration. This is mainly caused by the much lower ionic conductivity of the 

electrolyte as compared to the electronic conductivity of electrical wires. To solve this 

problem, more advanced architectures such as a ‗nanostructured artificial leaf‘ with 

the introduction of proton conducting membrane at the hybrid photoelectrode‘s 

interface have been proposed by Lewis et al. among others.53, 54 However, it is still not 

clear whether the added complexity is needed and can be justified with enhancement 

in efficiency, since the fabrication of such architecture is very challenging and 

currently very expensive making it impractical for large scale integration. 

6.6  Conclusions 

In summary, we have proposed that among the several tandem device architectures 

used for solar water splitting, the hybrid photoelectrode configuration—a combination 

of photoelectrode and PV—is the most viable option towards achieving highly-

efficient unassisted solar water splitting. Currently, ~5% STH efficiency, which is half 

of the 10% efficiency target, has been achieved using this configuration with stable, 

cheap, and earth abundant materials. A design rule for the hybrid photoelectrode 

towards achieving this efficiency target has been discussed from the photoelectrode, 

PV cell, and device point of view. A lower onset potential and higher slope of the J-V 

curve are expected for the optimum photoanode. The first requirement can be achieved 

by exploiting materials with conduction band energy level as high as possible. We 

show that the position of the conduction band directly determines the choice for the 

PV cell configuration, i.e., the number and type of junctions required. A higher slope 

of the J-V curve of the photoanode can be obtained by improving the catalytic and 

carrier separation efficiencies. We show, in the case of BiVO4 photoanodes, that the 

deposition of a Co-Pi catalyst on its surface and the introduction of gradient tungsten 

dopant concentration successfully improve the catalytic and carrier separation 

efficiency, respectively. As a result, the slope of the J-V curve is increased. From the 

PV cell perspective, we show that a general optimization using the AM1.5 spectrum 

does not necessarily yield an optimum PV cell for hybrid photoelectrode 

configuration. Instead, the transmitted spectrum of the photoanode should be used for 

the optimization procedure. This optical inter-relation between the photoanode and the 

PV cell therefore requires light management to be viewed from the whole device 

standpoint, not just for each individual layer. Several light management techniques 

have been proposed to utilize the solar spectrum more efficiently, and therefore 



 

116 

improve the overall device efficiency. Finally, remaining challenges in term of the 

device architecture and chemical engineering issues have to be addressed before a 

practical device based on a hybrid photoelectrode can be implemented. Collaborative 

efforts from various disciplines—including but not limited to photoelectrochemistry, 

solar cells, physics and chemical engineering—are therefore essential to achieve low-

cost, highly-efficient solar water splitting devices. 
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Figure A1. Spectral irradiance of the solar simulator used as a function of wavelength, 

as compared to the standard AM1.5 irradiance. 
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Figure A2. Light intensity for the IPCE measurements measured with a calibrated 

photodiode. 
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Figure A3. AM1.5 photocurrent density vs. voltage for 100 nm uncatalyzed BiVO4 

photoelectrode under back and front illumination. The dashed line indicates the dark 

spectrum of the same sample. 
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Figure A4. Current voltage characteristic of BiVO4 (black) and FTO (red) in a 0.5 

mM Co(NO3)2 + 0.1 M KPi electrolyte. The hump starting at ~1.5 VRHE (~1.1 VNHE) 

indicates Co-Pi electrodeposition. 
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Figure A5. (a) Current vs. time plot of Co-Pi electrodeposition on BiVO4 

photoelectrode at 1.3 VNHE (=1.7 VRHE). The bottom graphs show step profile 

measurements of a Co-Pi film on FTO (b) and on BiVO4 (c), both deposited at 1.3 

VNHE for 15 min. The red lines for the BiVO4 data represent linear fits of the black and 

blue datapoints. 
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Appendix B 
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Figure B1. X-ray diffraction spectra for undoped BiVO4 thin films on fluorine-doped 

tin oxide (FTO), undoped and 1% W-doped BiVO4 on quartz. The dashed vertical 

lines represent the location of monoclinic BiVO4 peaks, and the FTO peaks are 

indicated with star (*). 
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Figure B2. Optical absorption of undoped and 1% W-doped BiVO4 on quartz. Inset 

shows the photographs of (left to right) undoped BiVO4 on quartz, 1% W-doped 

BiVO4 on quartz, and blank quartz substrate.  

 

 
Figure B3. Scanning electron micrographs of undoped and 1% W-doped BiVO4 on 

quartz. 
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Figure B4. Absorption profile (λ = 300 nm) in BiVO4 as a function of location within 

the film under front- and back-side illumination, calculated based on the reported 

absorption coefficient of BiVO4 (Zhao, Z. Y. et al., Phys. Chem. Chem. Phys. 13 2011 

4746).  
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Appendix C 

Definition of efficiency terms: IPCE, APCE and sep 
The incident photon-to-current efficiency (IPCE, also called external quantum 

efficiency, or EQE) describes the amount of photocurrent collected per incident 

photon flux.  

 
2

2

/ /

/ /

electrons cm s
IPCE EQE

photons cm s
        (C1) 

 

The absorbed photon-to-current efficiency (APCE, also called the internal quantum 

efficiency, or IQE) is defined as the IPCE which is normalized to the amount of  

absorbed photons within the material. 

 

abs

IPCE
APCE


         (C2) 

 

where abs is the number of electron-hole pairs generated per incident photon 

(absorptance). The APCE can also be defined as the product of the charge separation 

efficiency, sep, and the catalytic efficiency, cat: 

 

sep catAPCE           (C3) 

 

Here, the catalytic efficiency of the material is defined as the fraction of the photo-

generated holes which, after arriving at the surface, successfully participate in the 

water oxidation reaction. 
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Band bending in the homojunction 

The amount of band bending at the interface of the homojunction is given by the 

following equation, 

 

4
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where 
4, :f W BiVOE and 

4,f BiVOE are the Fermi energy levels of W-doped and undoped 

BiVO4, respectively, k is Boltzmann‘s constant, T is the temperature, and 

4, :D W BiVON and 
4,D BiVON are the donor densities of W-doped and undoped BiVO4, 

respectively. 

Based on previously reported donor densities for undoped and W-doped BiVO4,
1-3 we 

estimate that the donor density in W-doped BiVO4 is 10-100 times higher than that in 

undoped BiVO4. From equation C4, this leads to a potential drop at the interface of the 

homojunction of ~60-120 mV, which is consistent with the observed change in open 

circuit potential upon illumination (ΔOCP) as shown in Fig. C2. The average thermal 

energy of the electrons (~kT) is sufficient to overcome a barrier of 60-70 mV, which 

explains the somewhat modest decrease of the carrier separation for the reverse 

homojunction in Fig. 5.3. 
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Figure C1. Change in open circuit potential (ΔOCP) of 1% W-doped BiVO4 

photoanode upon illumination with different light intensities. Above an incident 

photon flux of ~1021 s-1m-2, ΔOCP remains constant, indicating that the energy bands 

of BiVO4 completely flatten. The vertical dashed line indicates the intensity 

corresponding to AM1.5 sunlight. The thickness of the BiVO4 film is ~200 nm. 
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Figure C2. Change in open circuit potential under dark (OFF) and AM1.5 

illumination (ON) of 1% W-doped BiVO4 (black), W:BiVO4 homojunction (red), 

W:BiVO4 reverse homojunction (green), and gradient-doped W:BiVO4 (blue). 

 

 

 
Figure C3. Photographs of the 200 nm-thick BiVO4 photoanode samples. 
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Figure C4. Optical absorption of 200 nm-thick 1% W-doped BiVO4 (black), 

W:BiVO4 homojunction (red), W:BiVO4 reverse homojunction (green), and gradient-

doped W:BiVO4 (blue). 
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Figure C5. Scanning electron micrographs of 1% W-doped BiVO4 (a), W:BiVO4 

homojunction (b), W:BiVO4 reverse homojunction (c), and gradient-doped W:BiVO4 

(d). 

 



 

133 

 
Figure C6. X-ray diffractogram (Bragg-Brentano geometry, Co Kα source) of 1% W-

doped BiVO4 (a), W:BiVO4 homojunction (b), W:BiVO4 reverse homojunction (c), 

and gradient-doped W:BiVO4 (d). FTO substrate peaks are indicated by ♦. 

 

 
Figure C7. (a) Optical absorption of 200 nm-thick gradient-doped W:BiVO4 on TEC-

15 (black) and the more highly textured Asahi UV conducting glass (red). (b) Surface 

profile of TEC-15 (black) and Asahi UV substrate (red). 
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Figure C8. The structure of (a) the 2-jn a-Si and (b) the 1-jn a-Si solar cell used in 

Chapter 5. The thickness of each layer is indicated (drawing is not to scale). 

 

 

 
Figure C9. The photograph of the hybrid photoelectrode device consisting of 

gradient-doped W:BiVO4 photoanode and 2-jn a-Si solar cell. 
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Two-electrode and three-electrode J-V curves comparison 

The J-V curves of the BiVO4 photoanode in the three-electrode measurement of Fig. 

5.4 and the two-electrode measurement of Fig. 5.6a are different; Fig. 5.4 shows a 

more positive onset potential and lower photocurrents at potentials below ~0.7 V vs 

RHE. These differences arise from the different nature of the measurement. In a three-

electrode measurement, the potential of the working electrode (WE) is measured with 

respect to that of a reference electrode (RE), which has a fixed potential. This is, 

however, not the case in a two-electrode measurement. In this case, the WE potential 

is measured against the potential of a platinum counter electrode (CE). The CE 

potential is not constant, but a function of the current density (overpotential) and the 

local pH and concentration of dissolved H2 gas (Nernst potential). At low current 

densities, the equilibrium partial pressure of dissolved H2 gas will (initially) be rather 

low, which causes the Nernst potential of the CE to be more positive than 0 V vs. 

RHE. Hence, (VWE-VCE) is more negative than (VWE-VRE) under otherwise identical 

conditions. This is illustrated in Fig. C10a for an uncatalyzed BiVO4 photoanode. 

Since the potential difference between both curves is much larger than the typical 

overpotential observed for H2 evolution on Pt (<0.1 V), most of it is attributed to a 

shift in the Nernst potential. To confirm this, a constant photocurrent density of ~0.35 

mA/cm2 was passed through the sample while measuring the two-electrode and three-

electrode potentials. As shown in Fig. C10b, the two-electrode potential slowly shifts 

towards the three-electrode potential level. After ~18 minutes (without stirring) the 

difference between the curves no longer changes, indicating that the concentration of 

dissolved H2 no longer increases. The remaining ~50 mV difference is due to the 

overpotential for H2 evolution at the platinum CE.  

This overpotential is also the main reason for the slightly higher photocurrents in Fig. 

5.6 (two-electrode) compared to those in Fig. 5.4 (three-electrode) at potentials 

positive of 1 Volt. At these high current densities, the electrolyte solution quickly 

saturates with H2 gas so that Nernst potential differences can be neglected. 
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Figure C10. (a) AM1.5 photocurrent vs voltage (J-V) curve of an uncatalyzed 

gradient-doped BiVO4 photoanode in a two-electrode (black) and three-electrode (red) 

measurement configuration. Both measurements were recorded simultaneously using a 

conventional three-electrode configuration, with an auxiliary high-impedance 

voltmeter (> 10 G) connected to the working and counter electrodes to measure the 

two-electrode J-V curve. The horizontal dashed line indicates the current level used for 

the galvanostatic measurement shown in (b). This graph shows the difference between 

the two-electrode (black) and three-electrode (red) potential as a function of time when 

a constant current density of ~0.35 mA/cm2 (blue) is passed through the system. It 

takes ~18 minutes before the two-electrode potential approaches the three-electrode 

potential, which is the time it takes for the solution to become saturated with dissolved 

H2 gas. 

 

 
Figure C11. AM1.5 spectrum and the measured fraction of the light that reaches the 

2-jn a-Si cell via transmission through the BiVO4 photoanode as shown in Fig. 5.5. 
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Figure C12. Short-circuit current vs time for the Co-Pi-coated FTO/2-jn a-Si device 

under AM1.5 illumination. 
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Figure C13. Two-electrode AM1.5 J-V curve of uncatalyzed gradient-doped 

W:BiVO4 (black), Co-Pi catalyzed gradient-doped W:BiVO4 (red), and Co-Pi on FTO 

substrate (green). Also shown are the J-V curves of the double-junction a-Si solar cell 

(blue, solid) and that of the same solar cell placed behind the BiVO4 photoanode (blue, 

dashed). 
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Summary 

Climate change has been widely recognized as a major environmental problem 

facing the world today. The extent of the problem is also associated with economic, 

geopolitical and societal aspects; WHO estimates 150,000 deaths per year are caused 

by climate change. According to IPCC, this is related to the increase in greenhouse gas 

concentrations, mainly as a result of the combustion of fossil-fuels. To reconcile this, a 

transition from fossil-fuels to renewable-based energy sources is therefore imperative 

and unavoidable. 

Solar water splitting has attracted significant attention to convert the abundant solar 

energy to chemical energy. It uses a semiconductor to convert sunlight into electron-

hole pairs, which then split water into hydrogen and oxygen. To achieve a high 

efficiency, the semiconductor needs to fulfill several requirements, such as high 

absorption, efficient charge transport, high catalytic activity, good stability in aqueous 

solution, and low cost. It is difficult to meet all these requirements in a single material; 

the search for the ideal semiconductor for solar water splitting remains a challenge for 

many researchers. 

At the beginning of the present thesis research, we therefore searched for this ideal 

semiconductor. We specifically limit ourselves to metal oxides, since they are 

generally stable in water and cheap. One of the metal oxides is bismuth vanadate 

(BiVO4), which is present in our daily life as a yellow pigment in printing ink. We 

chose this material because its reported photocatalytic activities, although modest, 

were promising. However, prior to the start of our work, there was only a limited 

understanding on the factors that affect its photoelectrochemical (PEC) performance. 

We prepared thin film BiVO4 photoanodes with a simple spray deposition 

technique. Upon optimization of the deposition parameters, a high-quality thin film 

BiVO4 photoanode was obtained, showing an internal quantum efficiency of close to 

100% under low light intensities (few W/cm2). This high level of performance, 

however, could not be extrapolated to the high intensity condition of 1 sun. The 

photocurrent greatly diminishes as light intensity increases. 
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To understand this, we performed a thorough analysis to our spray-deposited 

BiVO4 photoanode thin films. By the introduction of hydrogen peroxide (H2O2) as a 

hole scavenger in the electrolyte, we discovered that the performance of BiVO4 at high 

intensities is limited by a poor catalytic activity towards the water oxidation reaction 

occurring at its surface. To solve this, we electrodeposited a thin layer of cobalt 

phosphate (Co-Pi) on the surface of BiVO4, which improved the photocurrent by a 

factor of ~3. This improvement is attributed to the increase of the catalytic efficiency 

to close to ~100%. This means that no further significant increase in performance can 

be expected from an improvement in the catalytic processes. 

As soon as the catalytic limitation is removed, poor electron transport starts 

becoming the limiting factor in BiVO4. This is reflected by the lower photocurrents 

under front-side illumination as compared to the back-side illumination, as well as the 

poor charge separation efficiency. Tungsten (W) was then introduced as a donor-type 

dopant to replace vanadium (V). As a result, the carrier concentration, as well as the 

conductivity, in the doped BiVO4 sample was improved. However, the improvement 

in the charge separation efficiency and the PEC performance remained modest. We 

investigated the origin of this limitation by time-resolved microwave conductivity 

(TRMC) measurements. Based on these measurements, we found that a further 

improvement of efficiency is prevented due to the low intrinsic carrier mobility in 

BiVO4. 

To overcome this poor charge separation, we introduced a simple and elegant 

strategy, taking advantage of the difference between the properties of doped and 

undoped BiVO4. Due to the difference in their Fermi levels, combining doped and 

undoped BiVO4 to form a homojunction could extend the internal electric field to the 

bulk of the photoanode. This electric field is, of course, very beneficial towards charge 

separation in a semiconductor. Using this concept, an n+-n homojunction based on a 

gradient W concentration profile was shown to improve the charge separation 

efficiency significantly, up to ~80%. As a result, a record AM1.5 photocurrent of 3.6 

mA/cm2 at 1.23 V vs RHE was demonstrated, which is more than 20-fold 

improvement of performance as compared to the photocurrent achieved with BiVO4 

before the start of this thesis work. This achievement also firmly establishes BiVO4 as 

the new champion photoanode material in the class of metal oxides, ahead of the 

already more established tungsten trioxide (WO3) and hematite (Fe2O3). 

A hybrid photoelectrode based on this record BiVO4-based photoanode and an 

amorphous silicon solar cell was fabricated to avoid the need for an externally applied 

bias potential. In this configuration, the short wavelength part of the solar spectrum is 

absorbed by the BiVO4, and the long wavelength part of the solar spectrum is 

transmitted and absorbed by the solar cell. Solar-to-hydrogen (STH) efficiencies of 

3.6% and 4.9% were achieved for the device based on single junction and double 

junction amorphous silicon solar cell, respectively. This efficiency is the highest 
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efficiency ever achieved for a hybrid photoelectrode based on a metal oxide 

photoelectrode. 

Finally, we provided a perspective on different PEC water splitting device 

architectures. The hybrid photoelectrode concept is shown to be superior to other 

designs, in terms of the prospect for highly-efficient, low-cost water splitting device. 

To achieve this, the development of materials for PEC water splitting must be 

continued, and this thesis could act as a guideline. Considering that the four-year effort 

in this thesis has resulted in a 20-fold performance improvement and a STH efficiency 

of ~5%, we believe that the ideal semiconductor material for PEC water splitting, 

which is cheap, abundant, stable, and showing the 10% efficiency target, could be 

developed within the next few years. 
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Samenvatting 

Klimaatsverandering wordt tegenwoordig op grote schaal erkend als een mondiaal 

milieuprobleem. Het probleem kent economische, geopolitieke en sociale aspecten; de 

WHO schat dat er jaarlijks 150.000 mensen sterven aan de gevolgen van 

klimaatsverandering. Volgens het IPCC is dit probleem gerelateerd aan een verhoogde 

concentratie broeikasgassen die vooral wordt veroorzaakt door de verbranding van 

fossiele brandstoffen. Om het probleem op te lossen is een transitie van fossiele naar 

hernieuwbare energiebronnen noodzakelijk en onvermijdelijk.  

Watersplitsing met behulp van zonlicht is een zeer interessante manier om de 

overvloedig aanwezige zonne-energie om te zetten naar chemische energie. Een 

halfgeleider wordt gebruikt om zonlicht om te zetten naar elektron-gat paren, welke 

vervolgens water splitsen in waterstof en zuurstof. Om een hoge efficiëntie te 

verkrijgen moet de halfgeleider aan een aantal eisen voldoen, zoals hoge licht 

absorptie, efficient ladingstransport, hoge katalytische activiteit, een goede stabiliteit 

in waterige oplossing en lage kosten. Het is moeilijk om al deze eisen in éénmateriaal 

te vinden; de zoektocht naar de ideale halfgeleider voor fotokatalytische watersplitsing 

blijft een uitdaging voor vele wetenschappers. 

Het begin van het onderzoek voor dit proefschrift bestond daarom uit een zoektocht 

naar deze ideale halfgeleider. We hebben onszelf specifiek beperkt tot metaal oxides, 

aangezien deze over het algemeen stabiel in water engoedkoop zijn. Een van de metaal 

oxides is bismuth vanadaat (BiVO4), een materiaal dat in het dagelijks leven wordt 

gebruikt als een geel pigment in printer inkt. Wij hebben voor dit materiaal gekozen 

omdat de gepubliceerde fotokatalytische activiteiten bescheiden doch veelbelovend 

waren. Niettemin waren de factoren die de fotoelektrochemische (PEC) prestaties van 

BiVO4 beïnvloeden nog grotendeels onbekend voor aanvang van dit onderzoek. 

Wij hebben dunne-film fotoanodes van BiVO4 geprepareerd door middel van een 

simpele spray depositie techniek. Door het optimaliseren van de depositieparameters 

kon een dunne-film fotoanode van hoge kwaliteit worden gemaakt met een interne 

kwantum efficiëntie van bijna 100% onder lage lichtintensiteiten (enkele µW/cm2). Dit 

hoge prestatieniveau kon echter niet worden geëxtrapoleerd naar de hoge 
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lichtintensiteit van 1 zon. De fotostroom vermindert enorm wannneer de 

lichtintensiteit wordt vergroot. 

Om dit te begrijpen hebben we onze BiVO4 fotoanode aan een grondige analyse 

onderworpen. Door de introductie van waterstofperoxide (H2O2) als gatenvanger in het 

elektroliet ontdekten we dat de prestaties van BiVO4 bij hoge lichtintensiteit worden 

gelimiteerd. Dit wordt veroorzaakt door slechte katalytische eigenschappen voor de 

wateroxidatie reactie aan het oppervlak van BiVO4. Om dit probleem op te lossen 

hebben we met elektrodepositie een dunne film van kobaltfosfaat (Co-Pi) op het 

oppervlak van de BiVO4 aangebracht. De Co-Pi verbeterde de fotostroom met een 

factor ~3. Deze verbetering wordt toegeschreven aan de verhoging van de katalytische 

efficiëntie naar bijna 100%. Dit betekent dat verdere verbetering van deze katalytische 

processen geen verdere toename van de prestaties van BiVO4 zal opleveren. 

Zodra de katalytische limitatie is weggenomen, begint slecht elektronentransport 

een beperking voor BiVO4 te vormen. Dit is te zien aan de lagere fotostroom onder 

belichting van de voorzijdevan de fotoanode vergeleken met belichting van de 

achterzijde, evenals de slechte efficiëntie voor het scheiden van elektronen en gaten. 

Hierop is wolfraam (W) geïntroduceerd als donor-type doteringom vanadium (V) te 

vervangen. De ladingsdrager concentratie en de conductiviteit zijn hierdoor verbeterd. 

Niettemin bleven de verbeteringen in ladingsscheiding efficiëntie en de 

fotoelectrochemische prestaties bescheiden. We hebben de oorzaak van deze limitatie 

onderzocht met behulp van time-resolved microwave conductivity (TRMC) metingen. 

Gebaseerd op deze metingen vonden we dat verdere verbetering van de efficiëntie 

verhinderd wordt door de lage intrinsieke ladingsdrager mobiliteit in BiVO4. 

Om deze slechte ladingsscheiding te ondervangen hebben we een simpele en 

elegante strategie toegepast, waarbij we profiteerden van het verschil in eigenschappen 

tussen gedoteerd en niet gedoteerd BiVO4. Door hun verschillende Fermi niveaus kan 

het interne elektrisch veld van BiVO4 worden doorgevoerd tot in de bulk van de 

fotoanode door het combineren van gedoteerd en ongedoteerd BiVO4 tot een 

homojunctie. Dit elektrisch veld is natuurlijk zeer bevorderlijk voor ladingsscheiding 

in een halfgeleider. Een n+-n homojunctie gebaseerd op een gradiënt van de W 

concentratie heeft de ladingsscheiding efficiëntie verbeterd tot ~80%. Het resultaat 

hiervan is een record AM1,5 fotostroom van 3,6 mA/cm
2
 bij 1,23 VRHE. Dit is een 

meer dan 20-voudige verbetering vergeleken met de fotostroom die was bereikt met 

BiVO4 voor de start van dit proefschrift onderzoek. Deze prestatie kroont BiVO4 ook 

tot de allerbeste fotoanode in de klasse van metaal oxides, met betere resultaten dan de 

al langer onderzochte wolfraamoxide (WO3) en hematiet (Fe2O3).   

We hebben een hybride fotoelectrode gebaseerd op deze record-BiVO4 fotoanode 

en een amorf silicium zonnecel gemaaktom geen externespanningsbronte hoeven 

gebruiken. In deze configuratie worden de korte golflengtes van het zonnespectrum 

geabsorbeerd door het BiVO4 en de lange golflengtes worden doorgelaten en 

vervolgens geabsorbeerd door de zonnecel.  Solar-to-hydrogen (STH) efficiënties van 
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3,6% en 4,9% werden behaald voor dit apparaat gebaseerd op respectievelijk een 

enkele en een dubbele junctie amorf silicium zonnecel. Deze efficiëntie is tevens de 

hoogste efficiëntie ooit gehaald met een hybride fotoelectrode gebaseerd op metaal 

oxides.  

Tenslotte hebben we ons beziggehouden met verschillende configuraties van PEC 

watersplitsende apparaten. De hybride fotoelectrode is superieur aan andere ontwerpen 

wanneer we kijken naar zeer efficiënte, goedkope watersplitsende apparaten. Om tot 

de productie van dergelijke apparaten te komen moet de ontwikkeling van materialen 

voor PEC watersplitsing worden voortgezet, waarbij dit proefschrift als gids kan 

dienen. Aangezien dit proefschrift over een periode van 4 jaar heeft geleid tot een 20-

voudige verbetering en een STH efficiëntie van ~5%, geloven wij dat een materiaal 

dat goedkoop, overvloedig aanwezig, stabiel en met een efficiëntie van tenminste 10% 

de komende jaren ontwikkeld moet kunnen worden. 
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