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1. INTRODUCTION 

About 3.5 billion years ago, first cyanobacteria (Fig. 1.1) in the ocean 

started to produce oxygen by photosynthesis and therefore set the basis for 

today’s flora and fauna. Photosynthesis is a process in which photon energy 

from the sun is converted into chemical energy and stored in the bonds of 

produced glucose as we know from our biological education: 

 

6 H2O + 6 CO2  ⎯⎯ →⎯ νh  C6H12O6 + 6 O2 
 

This process which occurs not only in cyanobacteria but in plants as well is 

a so-called “up-hill” photocatalytic reaction implying that the Gibbs free 

energy exhibits a large positive change (ΔG = 480 kJ/mol). In fact, 

photosynthesis is an energetically unfavored process. Nevertheless, it is the 

most important biochemical process in the evolution of life, because all 

creatures used the stored energy for example in form of vegetable food as 

energy sources for the muscles in their body or wood as energy source for their 

fires. And not to forget oxygen, basically as a product of photosynthesis, is 

crucial for the survival of mammals, amphibians, reptiles, birds, insects, in 

short, for most life-forms. 

 

 

 

Fig. 1.1. Light micrograph of an Anabaena cylindrica 
filament which belongs to the cyanobacteria clade (taken 
from ref. [1]). 

 

Nowadays, another “up-hill” photocatalytic reaction is of great importance: 

the photocatalytic splitting of water to produce H2 and O2 by solar light 

irradiation (ΔG = 237 kJ/mol). Since the first energy crisis in the early 1970s, 

many researches were integrated by this reaction. Fujishima and Honda 
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demonstrated UV-light initiated splitting of water using semiconducting titania 

in their pioneer work in 1972. However, within the last almost 40 year the 

success in this field was moderate and materials developed can not be applied 

in a large industrial scale up to now.* 

The second category of photocatalytic reactions are the “down-hill” 

processes which exhibit ΔG < 0 and therefore are thermodynamically favored. 

One reaction of this kind is the photomineralization of organic pollutants into 

H2O, CO2, and if necessary in mineral salts like chlorides or nitrates. The field 

of photomineralization has been developed since the 1980’s (see Chapter 2.2). 

In the corresponding reactions usually a metal oxide semiconductor 

(photocatalyst) is used as light absorbing substance to excite electrons from the 

valence into the conduction band (see Chapter 3.3). By this process electron-

hole pairs are generated in the semiconductor. The electrons may be transferred 

from the surface of the semiconductor to adsorbed oxygen and the holes can 

oxidize adsorbed water. Both reactions lead to OH radicals which are strong 

oxidants and therefore mineralize given organic pollutants. The most important 

and widely used photocatalyst is nowadays TiO2. Its outstanding advantages 

are the availability in huge amounts and low prices, because it is used as white 

pigment in paints, and its nontoxic and inert properties. However, TiO2 can 

only utilize UV light, due to its high bandgap energy of 3.1 eV (λ ≤ 400 nm). 

Since ozone in the higher atmospheric layers blocks most of the UV light from 

the sun, only about 3 % of the UV radiation reaches the earth’s surface. A 

more pronounced part of the solar spectrum hitting earth is the visible light 

showing longer wavelengths and therefore lower energies but higher intensities 

(Scheme 1.1). In order to use the visible light region, research has been focused 

on modified TiO2. Various possibilities have been developed, such as 

sensitization of TiO2 by dyes or metals and non-metals (N, C, S) (see Chapter 

5.1). Progress in this field is much more advanced than in the case of water 
                                              

* Since water splitting and hydrogen or oxygen production by heterogeneous photocatalysis is 
not a topic in our investigations only brief explanations are given in this thesis. If the reader is 
more interested in these topics we refer to the latest reviews.[2, 3] 
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splitting and has reached already commercial dimensions in Japan since the 

1990’s and since 2000 in Europe and USA as well (see Chapter 2.2). 

 
Scheme 1.1. Spectrum of solar light of (AM 1.5)*; dependence of power distribution on 

photon wavelength and energy is given, respectively. 

 

But it needs to be considered that in most applications UV light active TiO2 

is still used. Nevertheless, a wide range of commercial products are available, 

for example impregnated paving stones used in city centers to oxidize NOx as 

an exhaust emission of motor vehicles, or roof tiles with selfcleaning power by 

destroying moss by mineralizing organic deposition. First applications in the 

area of visible light photocatalysis are indoor wall paints which decompose 

potentially harmful evaporations, e.g. from new-bought furniture or cigarette 

smoke. 

Besides the impressive applications of modified titania, researchers never 

stopped looking for alternatives to TiO2 which need no modification to ensure 

visible light activity. Up to now, only a few stable materials have been found. 
                                              
* By passing through the atmosphere (air mass, AM) the intensity of solar light is decreased. In 

Europe sun light never hits the earth’s surface perpendicular - which would mean AM 1.0. For Europe 

more likely an average AM 1.5 spectrum is given, which means a light intensity of 1.0 kW/m2 and an 

angle of 41.8 ° relative to the earth’s surface. 
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One of the most promising materials are bismuth oxides which include either 

bismuth in the oxidation state three or five, or both. These semiconductors are 

colored and visible light activity is reported on the degradation of model 

pollutants in gasphase as well as in aqueous solution (see Chapters 5, 7 and 8). 

Unfortunately BiV-containing materials undergo photocorrosion in aqueous 

solution. Surprisingly, very little is known about the photocatalytic behavior of 

Bi2O3. This semiconductor exhibits only low visible light activity in its 

commercially available form (λ ≥ 420 nm). Since it is known from 

investigations on TiO2 that particular preparation conditions must be 

considered to obtain highly active materials (see Chapter 5), the targets of the 

present investigations were 

  

(i) the preparation and verification of the photocatalytic activity of 

stable modifications of the polymorphic Bi2O3 

(ii) as well as the investigation of metal bismuthates with respect to their 

activity and stability in visible light photocatalysis, 

(iii) and the determination of their photoelectrochemical properties such 

as quasi-Fermi level, bandgap, band edge positions, photocurrent 

response, and the nature of majority charge carriers. 
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2. HETEROGENOUS PHOTOCATALYSIS 

Two different derivations lead to a definition of photocatalysis.[2] Both 

perspectives are based on a usual chemical conversion (2.1) from educt A to 

product B which could be (thermally) catalyzed (2.2). The first approach 

regards photocatalysis in a more photochemical fashion. Photoexcited A by the 

action of the catalyst (cat.) is converted to B (2.3). Photocatalysis may then be 

considered as catalysis of a photochemical reaction. 

A B

A + cat. B + cat.

A + hν B

(2.1)

(2.2)

(2.3)

A + (cat. + hν ) B + cat. (2.4)

chemistry

catalysis

photocatalysis

photocatalysis
cat.

 

The second approach was based on catalysis (2.2) instead of 

photochemistry. In detail, this means that photocatalysis (2.4) is recognized as 

catalysis of a reaction by an excited state of the catalyst. The excitation or 

alternatively the generation of more active sites on its surface is induced by 

light. 

In these definitions no requirements with respect to the electronic 

properties of the solid catalyst are made. With respect to the proposed 

mechanism of semiconductor photocatalysis (see Chapter 3.3) we favor the 

latter approach. Based on this deviation, a brief overview considering the 

historical development of heterogeneous photocatalysis and finally some recent 

applications in this field are shown in the following two chapters. Although 

there are known also homogeneous photocatalytic systems, the term 

“photocatalysis” at the present is used almost exclusively as a synonym for 

“semiconductor photocatalysis”. 
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2.1 HISTORICAL DEVELOPMENT OF “PHOTOCATALYSIS” 

The phenomenon of catalysis was first recognized by Döbereiner. In 1823 

he reported to the german minister Goethe about an exothermic “oxyhydrogen 

gas” reaction in the presence of platinum. He found that the platinum 

compound was not converted to another species and could therefore be re-used. 

It is obvious that  based on this observations an association with the 

philosopher’s stone in the following times occurred.[3] In 1835 the secretary of 

the Swedish Academy of Science Berzelius introduced first the name 

“catalysis” for this phenomenon. The to date accepted definition of catalysis 

was given by Ostwald around 1900. He described catalysis as the acceleration 

of a slow process through the presence of a foreign material (the catalyst).[4] A 

catalyst enhances the reaction rate without appearing in the final product. 

Studies in photocatalysis started in the early 1930s by the observation that 

the pigment “titanium white” (TiO2) was responsible for fading and chalking in 

paints.[5-7] The first definition of photocatalysis was then given by Plotnikow 

who entitled every chemical reaction which was caused by light a 

photocatalytic reaction.[8] In the 1970s Fujishima and Honda reported on 

photoelectrochemical water splitting by TiO2- and Pt-coated electrodes using 

UV light.[9] This exceptional discovery was the initial point for many 

investigations concerning heterogeneous photocatalysis. Fueled by the first oil 

crisis in 1973 the interests in research were mainly focused on solar energy 

conversion into chemical or electrical energy. In 1976 degradation of 

environmentally harmful polychlorobiphenyls by using semiconductor 

photocatalysis was discussed for the first time.[10] In the early 1980s the 

oxidative photomineralization of pollutants using titanium dioxide and UV 

light was observed by Ollis et al.[11, 12] They investigated mineralization of 

trichloroethylene, dichloromethane, chloroform and carbon tetrachloride using 

TiO2. The appearance of photomineralization motivated researchers who were 

related to that topic to couch more accurate definitions for “photocatalysis”. 

For example, Salomon suggested that photocatalysis should be sectioned into 
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two main classes: (1) photogenerated catalysis (photons are catalysts) like 

photoinduced catalytic reactions and (2) catalyzed photolysis (non-catalytic in 

photons) like photosensitized reactions.[13] Teichner and Formenti 

characterized heterogeneous photocatalysis as the enhancement of a 

thermodynamically allowed reaction by the application of an irradiated solid. 

They assumed the increase of the reaction rate was due to new reaction 

pathways containing photogenerated species and decrease of activation 

energy.[14] Kutal, as well as Hennig et al., suggested a consistent nomenclature 

that was strongly related to the given experimental observations.[15-17] In the 

following time, various mechanism-specific labels were introduced. In 1989 

Chanon and Chanon proposed the term photocatalysis as a non-descriptive 

general label for reactions where light and catalyst (or initiator) influence a 

reaction.[18] Serpone et al. mentioned critically that many reactions which 

involve illuminated semiconductors belong to the class of photogenerated 

catalysis. In their published “suggestion for terms and definitions in 

photocatalysis and radiolysis” they modified the definition given by Ostwald.  

They proposed that catalysis is “a process in which a substance (the catalyst), 

through intimate interaction(s) with the reactants and through a lower energy 

pathway, accelerates an otherwise thermodynamically favored but kinetically 

slow reaction with the catalyst fully regenerated quantitatively at the 

conclusion of the catalytic cycle”. Based on this description they define 

photocatalysis simply as “the acceleration of a photoreaction by the presence 

of a catalyst”.[2]  Depending on the mechanism the catalyst accelerates the 

photoreaction by substrate interaction (in the ground or excited state) or by 

interaction with the primary product.[19] This description therefore includes 

also photosensitization. Thereby a photochemical transformation of a 

substance is due to initial photon absorption of the photosensitizer. The general 

description of photocatalysis indicates that light and photocatalyst are 

necessary to influence the reaction.  

The research on photocatalysis changed from UV light to visible light 

absorbing materials. First Grätzel developed a photovoltaic system which uses 
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visible light by the utilization of a dye sensitizer.[20] Recently visible light 

sensitization was reached by modifying TiO2 with various materials like 

PtCl6
2–,[21] nitrogen or carbon (see also Chapter 5.1).[22-40] Indeed, titanium 

dioxide is the most favored catalyst material in photocatalysis, but nevertheless 

other photocatalysts appeared especially in the field of photocatalytic hydrogen 

production. Bismuth oxide is another important but less recognized metal 

oxide in the field of visible light photocatalysis. Compared to TiO2 its 

environmental and chemical stability is similar and therefore it enriches the 

group of applicable semiconductors. 

 

2.2 APPLICATIONS 

The topic of applications in photocatalysis was well-reviewed by many 

authors.[41-49] Therefore only a brief overview will be given in the following 

chapter. 

To date semiconductor photocatalysis used to be mainly employed in the 

mineralization of organic or inorganic pollutants in vapor or liquid phase.[50-57] 

Among the numerous semiconductors which have been investigated, only TiO2 

is nowadays favored in photocatalysis due to its economical (low cost) and 

ecological (chemically inert, not toxic) aspects. The main reasons for 

environmental pollution are industrial exhausts and effluents, pesticides, 

fertilizers, and motor vehicle exhausts. Usually wastewater was treated by 

physical and biological methods. Some organic pollutants are not 

biodegradable, named as bio-recalcitrant. For bio-recalcitrants advanced 

oxidation processes (AOPs) are the method of choice with regard to 

technological applications. AOPs are based on production and subsequent 

reaction of hydroxyl radicals (•OH) as powerful oxidants. Currently TiO2/UV, 

H2O2/UV, photo-Fenton and ozone reactions are applied for this purpose. But 

these methods are expensive due to artificial UV irradiation by lamps and 

ozone production, respectively. Therefore research is focusing on photo-Fenton 
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and on heterogeneous photocatalysis by TiO2 using solar irradiation. The 

reduction of motor vehicle exhausts in the inner cities, namely harmful NOx 

gases, was achieved by TiO2-impregnated paving stones as well as by coated 

lamp covers in tunnels. In 2002 Mills and Lee published an overview of 

photocatalysis applications. In their outlook they pointed out various 

possibilities of heterogeneous photocatalysis, used in a typical home of the 

future (summarized in Fig. 2.1). They suggested for example 

photomineralization reactions taking place in cars and houses for deodorization 

or on glasses keeping them antimicrobial,  - and together with photoinduced 

super hydrophilicity - clean and anti-fogging. Already 2002 most of these 

applications were commercially available. 

 

Fig. 2.1. Illustration of photomineralization and photoinduced super hydrophilicity 
applications in the “home of the future” (taken from ref. [42]). 

  

Another application is disinfection by solar photocatalysis. Conventional 

disinfecting processes are chlorination, UV-irradiation, membrane filtration 

and ozone supply. These methods suffer from health risk and toxic by-products 

or from undesirable robustness of some microorganisms like the pathogen 

Cryptosporidium parvum which is immune against chlorination and UV 
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irradiation. Impressive is the increasing number of supported photocatalysts, 

photoreactors and procedures for gaseous and aqueous purification and 

disinfection which were developed in recent years.[45] For example Fig. 2.2 

shows a large scale demonstration plant which was successfully used for the 

detoxification of water by solar light photocatalysis in Spain. 

 

 
Fig. 2.2. Solar detoxification demonstration plant constructed by ALBAIDA at La 

Mojonera/Spain (taken from ref. [45]). 
 

A promising method for solar energy conversion and storage is the 

application of heterogeneous photocatalysis for solar water splitting into 

hydrogen and oxygen which was introduced by Fujishima and Honda as 

already mentioned in Chapter 2.1.[9] Unexpected areas of photocatalysis were 

successfully opened by photofixation of dinitrogen,[58-60] photoreduction of 

carbon dioxide,[61] anti-tumor medicinal applications,[62-65] and by selective 

organic synthesis reactions.[41, 66-70] The applied materials, such as TiO2, ZnO, 

WO3, CdS, and NiO, were usually metal-doped in order to achieve redshifted 

absorptivity, and/or supported on carriers like silica or zeolite to increase their 

specific surface area. The big advantages of photocatalytic reactions of this 

kind are prevention of heavy metal catalysts which are dangerous for 

environment and health, prevention of strong chemical oxidizing or reducing 

agents and application of the sun as cheap and environmental friendly energy 

source.[46] 



3. Fundamentals of photocatalysis 
_______________________________________________________________________________________________________ 

11 

3. FUNDAMENTALS OF PHOTOCATALYSIS 

The following explanations of basic concepts in semiconductor physics 

provide the theoretical background for the investigations of various bismuth 

oxides in this thesis. First, some fundamentals like the band model, optical 

properties of semiconductors, charge carrier concentrations and quasi-Fermi 

level are derived and explained. Second, the processes which occur upon 

irradiation in the bulk and on the surface of a photocatalyst are briefly 

discussed. 

 

3.1 PRINCIPLES OF SEMICONDUCTOR PHYSICS 

3.1.1 Energy Levels in Solids – The Band Model 

The electronic and optical properties of semiconductors are described by 

the energy band model which can be approached in two convenient ways. First, 

as an extension of the molecular orbital theory, where molecular orbitals 

(MOs) are formed by linear combination of corresponding atomic orbitals 

(LCAO method). This process is illustrated for a Si crystal in Fig. 3.1. The 

huge number of participating atoms in a solid (6·1023 atoms per mol) results in 

continuous energy bands, because the large number of atoms neglects the 

energy differences between the bonding MOs (ΨB) on the one hand and 

between the anti-bonding MOs (ΨA) on the other hand. The highest energy 

band which is occupied with electrons (HOMO) is called valence band and the 

lowest unoccupied energy band (LUMO) is referred to as conduction band. 
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Fig. 3.1. Formation of energy bands in a silicon crystal. (a) 3s and 3p oritals of a single Si 
atom become mixed to form (b) 4 hybridized sp3 orbitals (Ψhyb). (c) The hybridized Ψhyb 
orbitals on two neighboring Si atoms can overlap to form a bonding (occupied) orbital 
(ΨB) and an antibonding (unoccupied) orbital (ΨA). (d) MO scheme of a Si cluster. By 
increasing the number of atoms the overlapping bonding and antibonding orbitals 
become more numerous and more closely spaced in energy, leading to continuous bands 
of energy band levels (e) in a Si crystal – the valence band (occupied) and the conduction 
band (empty) are separated by the bandgap (Eg); taken from refs. [71] and [72]. 

 

The second way of describing the energy bands in solids is based on the 

one-electron problem in a potential box.[73] Herein this derivation will be 

discussed in greater detail, since the theoretical concepts of direct and indirect 

band-to-band transition of electrons can be well explained by using this 

concept. 

The derivation starts by considering one free electron in free space. An 

electron can be described as particle or wave. The connection between the 

corpuscular value momentum p and the wavelength λ is given by the de-

Broglie-relation[74] 

eeνm
h

p
hλ ==    (3.1) 



3. Fundamentals of photocatalysis 
_______________________________________________________________________________________________________ 

13 

where h is the Plack constant, me the electron mass and νe the electron 

velocity. The electron wave λ is connected to the wave vector k by the 

following relation 

    
λ
π2

=k     (3.2) 

Combining eq. (3.1) and (3.2) results in 

   p
h

k π2
=      (3.3) 

The kinetic energy of a free electron is then given by 

2
2

22
2

82
1

2
1 k

m
h

m
pmvmE

ee
ee ⋅=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
==

π
  (3.4) 

resulting in a parabolic dependence of energy E on the wave vector k (Fig. 

3.2 a). 

 

 
 

Fig. 3.2. Parabolic dependence of the free electron energy E on the wave vector k in the case 
of (a) a free electron in space (eq. 3.4) and (b) an electron in a solid (eq. 3.6), where only 
discrete energy states can be occupied. 
 

Bearing in mind these basic principles, we will now consider the electronic 

situation in a solid, where the electrons can only possess discrete energies since 

in solid state the allowed energy values are restricted. Consequently eq. 3.2 has 

to be modified to 
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L

nk π
=     (3.5) 

in which L is the length of a metal cube and n is any non-zero integer. 

Inserting of eq. (3.5) into (3.4) results in 

   2
2

2

8
n

mL
hE ⋅= .   (3.6) 

Now, the electron can only adopt discrete energy values (Fig. 3.2 b). Since 

allowed k values are proportional to the reciprocal of L, the range of energy 

values is very small for a reasonable size of metal. As a consequence the 

dependence of E on k is still a quasi-continuum (dotted line in Fig. 3.2b). 

Finally the band structure of crystalline solids can be calculated by solving 

the Schrödinger equation approximated as a one-electron problem. In the case 

of semiconductors basically no free electrons are observable. Therefore a 

potential profile V(r) is assumed which recurs similar to the period type of the 

given lattice. In consequence every solution of the Schrödinger equation must 

fulfill the following condition 

      ( ) ( ) jkr
kk erur ⋅=Ψ    (3.7) 

where uk(r) is periodic in r related to the periodicity of the direct lattice, 

and k is the wave vector as label of the corresponding state (Bloch theorem). 

The wave function of the electron in the state k is a planar wave jkre  

modulated with a characteristic function uk(r), in short a Bloch wave. The 

lattice constant is a, b, or c as indicated for the three vectors of the crystal unit 

cell. For n = N where N is an integral number of unit lattice cells, 
a

k π
=  is the 

maximum value for k. This maximum is situated at the edge of the so-called 

Wigner-Seitz primitive cell of the reciprocal lattice or only Brillouin zone. The 

Brillouin zone is the volume of k space containing all values of k up to 
a
π . 

Using larger k values leads only to a repetition of the first Brillouin zone. 

Accordingly, only the band structure in one Brillouin zone has to be 
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determined for obtaining the band structure of the whole solid. From the 

solution of the Schrödinger equation two bands are obtained which are 

separated by an energy gap Eg as shown in Fig. 3.3. Considering the energy 

profile of the conduction band CB (upper curve) a parabolic profile - at least 

near the minimum - can be assumed. But the curve obviously deviates from the 

parabolic E(k) plot for a free electron in space (Fig. 3.2a). In consequence eq. 

(3.4) has to be adjusted. Instead of electron mass me an effective mass of the 

electron m* is inserted resulting in 

2
2

2

*8
k

m
hE ⋅=

π
.   (3.9) 

The effective mass m* can be obtained by differentiating eq. (3.9) by k to 

be 

2

22

2 1
4

*

dk
Ed

hm
π

=    (3.10) 

It is obtained that m* is proportional to the reciprocal of the second 

derivative of E(k). From this it follows that the width of the energy band is 

larger for small m* values and smaller for larger m* value. 

 

 

 

 

 

Fig. 3.3. Electron energy vs. wave vector in a 
semiconductor (after ref. [73]). 

 

Finally, the band structure of solids described by E(k) is a function of the 

three-dimensional wave vector k within the Brillouin zone. The Brillouin zone 

itself depends on the crystal structure of the solid and corresponds to the unit 
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cell of the reciprocal lattice. The main crystal directions are Γ→ ([111]), Γ→ 

([100]) and Γ→ ([110]) with Γ as center (dashed lines in Fig. 3.4 left). 

Diagrams of E(k) are usually plotted along one axis of the Brillouin zone (Fig. 

3.4 right). 

 

Fig. 3.4. On the left the Brillouin zone for face-centered cubic lattices (diamond type: C, Si, 
Ge) is illustrated, with high symmetry points labeled (taken from ref. [75]) and on the right 
the band structure of silicon is shown (taken from ref. [76]). 

 

All semiconductors exhibit an energy gap Eg between the two bands where 

no energy states are situated (Fig. 3.3). As shown in Fig. 3.4 (left) conduction 

and valence band consist of several bands with different effective masses m* 

(eq. 3.10). For example flat curves correspond to heavy holes (high effective 

mass), and steep one to light holes (small effective mass). The minimum of the 

conduction band and the maximum of the valence band can be located to each 

other in two different ways. First the minimum can have a different wave 

vector (k ≠ 0) as the maximum which exhibits k = 0 (Fig. 3.5a). In this situation 

Eg is named indirect bandgap. When the conduction band minimum and the 

valence band maximum occur both at k = 0 (Fig. 3.5b), Eg is called a direct 

bandgap. In the case of silicon the maximum of the valence band occurs at k = 

0 (Γ point). The lowest minimum of the conduction band is situated at one 
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edge of the Brillouin zone (X point) which means k ≠ 0. As a result silicon has 

an indirect bandgap. 

 

 
 

Fig. 3.5. Optical transitions in semiconductors with an (a) indirect or (b) direct bandgap 
(adopted form ref. [73]). 

 

In the case of an indirect semiconductor the law of momentum 

conservation excludes the absorption of photons which have energies near Eg. 

But photon absorption becomes possible when a phonon provides momentum 

to the electron as illustrated in Fig. 3.5. This process requires a “three-body” 

collision (photon, electron, phonon) which occurs with lower probability than a 

“two-body” collision (photon, electron). As consequence the observed 

absorption is smaller. In the case of a direct bandgap the absorption coefficient 

rises steeply near the bandgap energy and reaches very high values. 

 

3.1.2 Generation and Recombination of Charge Carriers 

In a semiconductor electrons can be excited from the valence into the 

conduction band by supplying thermal or light energy. Since we are 

considering photocatalysis our descriptions will of course be focused on light 

excitation. The main condition which has to be fulfilled for successful 

excitation of electrons into the conduction band is that the provided energy Eph 

has to be equal or higher than the bandgap energy Eg. The Eg value can 
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basically be determined by measuring the absorption spectrum of the given 

semiconductor. The absorption coefficient α is defined as  

I
I

d
0ln1

=α     (3.11) 

where d is the thickness of the sample, I and I0 are the transmitted and the 

incident light intensities, respectively. By using  

     
( )

ν
ν

α
h

Eh j
g−

∝    (3.12) 

in which hν the energy of light, and j a constant depending on the nature of 

the optical transition, the bandgap energy Eg can be determined (see also 

Appendix A). The values of j are 
2
1  (k = 0), 

3
2  (k ≠ 0), 2, or 3 for allowed 

direct, forbidden direct, allowed indirect, and forbidden indirect transitions, 

respectively. 

In the case of semiconductors the refractive index is usually very high, 

allowing diffuse reflectance spectroscopy for successful bandgap 

determinations. Assuming wavelength-independent scattering, α can be 

considered as proportional to the Kubelka-Munk function F(R∞) (for details see 

Appendix A) 

 ( ) α∝∞RF     (3.13) 

where R∞ is the diffuse reflectance of the sample relative to the reflectance 

of a standard (here: BaSO4). Combining eqs. (3.12) and (3.13) results in 

( )( ) g
j EhhRF −∝∞ νν 1    (3.14) 

Eg can therefore be graphically determined from an ( )( ) jhRF
1

ν∞  vs. hν 

plot by extrapolation the linear part to ( )∞RF  = 0. 

Various possibilities are supposable for electron excitation in 

semiconductors (Fig. 3.6). Besides band-to-band transition (Fig. 3.6a) an 
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electron may be excited from a donor state or an impurity level into the 

conduction band (Fig. 3.6b), or from the valence band into an acceptor state or 

impurity level (Fig. 3.6c). However, the impurity or dopant concentration is 

usually very small and therefore the corresponding absorption coefficient will 

be smaller by orders of magnitude. Electrons which were excited into higher 

energy states undergo vibrational relaxation to the ground state of the 

conduction band (Fig. 3.6d) within 10–12-10–13 s. Low photon energies may 

lead to intra-band transitions (Fig. 3.6e), a phenomenon which was observed in 

the case of heavily doped semiconductors.[77] This light absorption by free 

charge carriers increases obviously with the charge carrier density and is 

therefore negligible for densities below 1018 cm–3. Some semiconductors form 

excitons (Fig. 3.6f) which represent a bound state of an electron and a hole as a 

result of their Coulomb interaction. Since the energy of the exciton state is 

situated near the conduction band edge the bound electrons and holes can 

easily be split thermally. It has to be considered that this phenomenon can only 

be observed at low temperatures. 

 

 

 

 

 

 

Fig. 3.6. Possible electronic transitions in 
irradiated semiconductors (after ref. [73]). 
For details see text. 

 
Chemical systems normally exist in an equilibrium state. By exciting 

electrons the thermodynamic equilibrium of the given semiconductor is 

disturbed. As consequence the electron-hole pairs may undergo several 

recombination processes to reach again the preferred state. The excited 
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electron can therefore directly recombine with the hole by emission of a photon 

(Fig. 3.7a) or by radiationless thermal processes (Fig. 3.7b). Another 

possibility is the energy transfer to a different electron or hole in the 

semiconductor (Auger process). In semiconductors with a direct bandgap 

mainly direct recombination is observable, in those with an indirect bandgap 

the deactivation occurs mainly via deep traps (Fig. 3.7c). This means that the 

electron is first captured by a trap and subsequently recombines with a hole. 

The probability of the latter process is much higher as compared to direct 

recombination. 

 

 

 
 
 
Fig. 3.7. Possibilities of electron-hole 
recombination in an irradiated 
semiconductor (after ref. [73]). 
Recombination via emission of (a) light, (b) 
thermal energy, or (c) via deep electron 
traps. 

 

3.1.3 Density of States and Carrier Concentrations 

Doping is usually the method of choice for increasing the carrier density in 

a semiconductor. As an example extremely pure silicon is an intrinsic 

semiconductor which contains only a negligible small amount of impurities. 

The silicon atoms share their valence electrons with four neighbors forming 

covalent bonds. When the substance is doped with phosphorous, an n-type 

semiconductor is formed (Fig. 3.8a). This effect results from the additional 

electron situated at the phosphorous center (●) which is donated to the lattice 

and occupies a level in the conduction band. A p-type semiconductor is 

similarly obtained by doping the Si crystal with an acceptor atom such as 

boron that has only three valence electrons (fig. 3.8b). This leaves a positive 
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hole (○) in the lattice because an additional electron is transferred from Si to B 

which leads to “hole hopping”. 

 

 
 

Fig. 3.8. (a) n-Type and (b) p-type doping of a silicon crystal. 

 

In general this principle is also valid for metal sulfide and oxide 

semiconductors where “doping” occurs via unstoichiometry or vacancies. In 

such semiconductors the bonding has partly ionic character. When, for 

example in the lattice of bismuth oxide, an oxide vacancy is present, additional 

free electrons are available. Then n-type semiconductor arises. Vice versa, in a 

p-type Bi2O3 overstoichiometric oxide is present to some extent which results 

in bismuth ion vacancies and additional holes are available. These additional 

electrons (n-type) or holes (p-type) occupy energy states inside the forbidden 

zone (Eg) between conduction and valence band. 

 

3.1.3.1 In Intrinsic semiconductors 

The number of electrons occupying levels in the conduction band is 

defined by 

     ∫
∞

=
CBE

dEEfENn )()( .   (3.15) 

where N(E) is the density of states, and )(Ef  is the Fermi-Dirac 

distribution given by 
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⎟
⎠
⎞

⎜
⎝
⎛ −

+
=

kT
EE

Ef
Fexp1

1)(    (3.16) 

in which EF is the Fermi level. Eq. (3.15) cannot be solved in an analytical 

way. Nevertheless, the integral must exhibit a limited value because the density 

of states N(E) increases by increasing energy, whereas )(Ef  decreases. For the 

solution of eq. (3.16) (E-EF) / kT >> 1 is assumed from which follows 

⎟
⎠
⎞

⎜
⎝
⎛ −

−⋅=
kT

EENn FCB
c exp    (3.17) 

where Nc is the density of energy states within a small range of kT above 

the conduction band edge defined by 

      
( )

3

2
3

22
h

kTmN e
c

∗
=

π    (3.18) 

From eq. (3.23) a Nc value of about 5 ·1019 cm–3 can be approximated for 

the density of states within 1 kT above or below the edge of the conduction 

band, when an effective mass of m* = 1 · m0 is assumed (m0 is the electron 

mass in free space). In most applications doping of less than 1 · 1019 cm–3 is 

used which leaves the majority of energy levels empty. 

The hole density near the valence band edge can be determined similarly 

by displacing )(Ef with ( ))(1 Ef− , ECB with EVB, and ∗
em  with ∗

hm : 

( )∫
∞

−=
VBE

dEEfENp )(1)(    (3.19) 

       ⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛ −
−−⋅=

kT
EE

Np FVB
V exp1   (3.20) 

      
( )

3

2
3

22
h

kTmN h
v

∗
=

π    (3.21) 
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In an intrinsic semiconductor the charge neutrality must be preserved, i.e. 

the electron (Nc) and hole densities (Nv) must be equal. Then for the position of 

the Fermi level follows 

2
3

ln
22

ln
22 ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+

+
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

+
=

∗

∗

e

hVBCB

c

vVBCB
F

m
mkTEE

N
NkTEEE . (3.22) 

Therefore the Fermi level is exactly in the middle of the bandgap for ∗
em  = 

∗
hm . The intrinsic carrier density is calculated by multiplication of eqs. (3.17) 

and (3.20): 

2exp i
g

vc n
kT
E

NNpn =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅=⋅   (3.23) 

which is called the “mass law” of electrons and holes, compared to 

chemical equilibrium in solutions. Note that ni is a very small quantity 

approximately 1011 cm–3 for Eg = 1 eV assuming that 
∗

∗

h

e

m
m  = 1. In conclusion ni 

decreases with increasing bandgap energy. Eq. (3.23) is also valid for doped 

semiconductors. When one charge carrier densitiy is known, for example n, 

then the other, here p, can be calculated easily. 

The Fermi level can also be described as the absolute electonegativity (–χ) 

of a pure semiconductor.[78] The band edge energies are related to the 

electronegativity by 

gCB EE ⋅+−=−= 5.0A χ and gVB EE ⋅−−=−= 5.0I χ   (3.24) 

where A is the electron affinity of the compound and I is the ionization 

potential of the bulk material (see also Fig. 3.13). When impurities are 

incorporated in the structure of the semiconductor, electron acceptor state 

levels and/or donor state levels are generated within the bandgap as described 

in the following chapter. 
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3.1.3.2 In Doped Semiconductors 

In general, doping introduces additional energy levels within the bandgap. 

Donor levels are usually located close to the conduction band, whereas 

acceptor levels are situated near the valence band. A donor level appears 

neutral when it is occupied by an electron and positive when it is empty. Vice 

versa, an acceptor level is neutral when it is unoccupied and negative when it is 

filled by an electron. In the presence of dopants or impurities the Fermi level 

therefore adjusted to preserve charge neutrality. For example, in the case of n-

type semiconductors n is given by                                                                                                            

   pNn D += +    (3.25) 

where +
DN  is the density of ionized donors which is related to the occupied 

donor density ND by the Fermi function 

( )( )
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎠
⎞

⎜
⎝
⎛ −

+
−⋅=⋅−=+

kT
EE

NNEfN
FD

DDD
exp1

111  (3.26) 

All donor centers are completely ionized when the Fermi level is below the 

donor level. These considerations are vice versa in the case of acceptor states 

(p-type semiconductor). 
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Fig. 3.10. Energy band diagram, density of states N(E) (number of states per unit energy per 
unit volume), Fermi-Dirac distribution function f(E) (probability of occupancy of a 
state), and energy density of electrons in the conduction band nE(E)=N(E)·f(E) and 
energy density of holes in the valence band pE(E)=N(E)[1-f(E)] for (a) intrinsic, (b) n-
type, and (c) p-type semiconductors in thermal equilibrium at T > 0 K. n = ( )∫ dEEnE  

and p = ( )∫ dEEpE  are electron and hole concentrations in the conduction band and 

valence band, respectively (after refs. [79], [80] and [71]). 
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3.1.4 Fermi Levels under Non-Equilibrium Conditions 

In the case of photoexcitation, the electronic equilibrium of the 

semiconductor is disturbed as already mentioned in Chapter 3.1.2. The electron 

and hole densities are simultaneously increased above their equilibrium values 

( 2
inpn >⋅ ). Correspondingly, the electron and hole densities are not expressed 

by the Fermi level anymore. Therefore it is helpful to define quasi-Fermi level 

of electrons nEF
* or holes pEF

* described by  

      ⎟
⎠

⎞
⎜
⎝

⎛−=∗

n
N

EE c
CBFn ln    (3.27) 

     ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=∗

p
N

EE v
VBFp ln    (3.28) 

where formally the original relations between charge carrier densities and 

Fermi level is retained. When the semiconductor is irradiated, generation of 

electron-hole pairs occurs usually near the surface because of the small 

penetration depth of light into the solid. Considering for example an n-type 

semiconductor results in Δn << n0 and Δp >> p0. Therefore nEF
* is similar to 

the equilibrium case, whereas pEF
* shifts to a more anodic potential. The quasi-

Fermi level splitting into nEF
* and pEF

* is large near the surface and narrows in 

the bulk. Because of this concentration gradient, charge carriers diffuse from 

the excitation region into the bulk and may recombine there. Thus, the quasi-

Fermi level of holes changes in the bulk with distance from the surface in an n-

type semiconductor. 
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Fig. 3.11. (a) Fermi level of an n-type semiconductor in thermodynamic equilibrium and (b) 
generated quasi-Fermi levels of electrons nEF* and holes pEF* in an irradiated n-type 
semiconductor; x is the distance from the semiconductor surface (adopted from [73]). 
 

3.2 SEMICONDUCTOR-ELECTROLYTE INTERFACE 

3.2.1 Charge and Potential Distribution at the Interface 

Considering a semiconductor particle in contact with an aqueous solution, 

ions or molecules in the solution may adsorb on the surface or even chemical 

bonds may be formed. Some semiconductors tend to undergo bond formation 

with hydroxyl groups such as TiO2 or with other anions like F– as in the case of 

silicon. Additionally, ions may adsorb on the surface of a semiconductor due to 

electrostatic forces. This is observable at hydroxylated surfaces as it is the case 

for TiO2 or Bi2O3 like Bi–OH2
+ Cl¯ or Bi–O¯ Na+. In Fig. 3.12a the layers at an 

n-type semiconductor/electrolyte interface are schematically shown. Three 

distinct layers can be distinguished. (i) The semiconductors space charge layer 

with positive charge is distributed over a certain range below the surface. This 

space charge layer originates from the adjustment of the semiconductor’s 

Fermi level and the redox potential of the electrolyte whereby an electron 

transfer occurs from the semiconductor to the electrolyte. (ii) At the surface of 

the semiconductor the Helmholtz double layer is formed. It can be divided in 

the inner (IHP) and the outer Helmholtz plane (OHP). The former is formed by 

one layer of adsorbed water optionally incorporated with specifically adsorbed 

non-hydrated ions (contact adsorption). The OHP indicates the closest 
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approach of solvated ions which are in diffuse equilibrium with the bulk 

electrolyte and represents therefore the beginning of the diffuse layer. The 

Helmholtz layer usually exhibits a thickness of 0.3-0.5 nm and a dielectric 

constant of about 5-6 which is smaller compared to the electrolyte bulk due to 

the reduced orientation polarizability of the adsorbed water molecules. (iii) The 

interaction between the semiconductor and the solvent molecules is a long-

range force. Thereby a concentration profile of solvated ions exists over a 

comparative large distance, depending on the ion concentration. The extension 

from the OHP into the bulk of the solution where an excess of solvated ions of 

one sign are observable is called the diffuse layer or Gouy region. 
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Fig. 3.12. Schematic view of (a) the electric layers at an n-type semiconductor/aqueous 
electrolyte interface with (b) corresponding charge and (c) potential distribution. US is 
the potential drop across the space charge layer, UH is the potential drop in the Helmholtz 
layer and UG represents the drop in the Gouy layer. 
 

Placing a semiconductor in an electrolyte which contains a redox species, 

leads to electron transfers across the semiconductor/electrolyte interface until 
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the chemical potentials of the semiconductor and the redox species are 

equalized (see Chapter 3.2.2). This interfacial electron transfer (IFET) results 

in the space charge layer of the semiconductor. Because of the charge carrier 

gradient in the space charge layer the band edges are bent (see for details 

Chapter 3.2.3) and further electron transfer across the interface are inhibited by 

the established potential barrier. The space charge layer usually exhibits a 

thickness in the range of 10 nm to several microns depending on the 

semiconductor’s conductivity and the dimension of the band bending. At 

equilibrium the net rate of electron transfer across the interface is zero.[78] 

 

3.2.2 The Model of Gerischer 

In 1960 Gerischer developed a model in which the charge transfer process 

is described by electronic energies in the solid and energy levels of ions in 

solution. Since the Frank-Condon principle is assumed to be valid, the electron 

transfer between a donor and an acceptor is much faster than reorientation of 

the corresponding solvation shell. Depending on the strength of the species-

solvent interaction, the reorganization energy λ is usually 0.5-2.0 eV. It has to 

be emphasized that the model of Gerischer is only valid for weak interactions 

between the redox system and the electrode (semiconductor). For an 

electrochemical redox reaction the Nernst equation is given eq. (3.29) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

red

ox
redoxeredoxe c

c
kT ln0

,, μμ   (3.29) 

in which redoxe,μ  is the electrochemical potential of electrons in the redox 

system (dissolved in a liquid such as water), and cox and cred are the 

concentrations of oxidized and reduced species, respectively. The 

electrochemical potential can be considered as “Fermi level” of the redox 

couple. This suggestion affords the application of the same reference level for 

semiconductors and the redox system.[81-83] Therefore at equilibrium 
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         Fredoxe E=,μ    (3.30) 

is defined. In general all chemical and electrochemical potentials are given 

in units of “V”, whereas Fermi energies are given in units of “eV” and refer to 

a single electron. In consequence, EF can be described by 

    redoxeF F
eE ,μ⋅⎟

⎠
⎞

⎜
⎝
⎛= .   (3.31) 

Applying Eq. (3.31) to Eq. (3.29) leads to 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

red

ox
F c

c
kTEE ln0   (3.32) 

which is known as the Nernst equation, wherein 
nF
Rk = , with R as the 

universal gas constant, n the number of electrons transferred and F the 

Faraday constant. 

The equilibrium between the semiconductor and the electrolyte which 

contains a redox system is given by 

redoxF EE =     (3.33) 

Considering the redox couple M(z+1)/Mz+ the oxidized species represents the 

unoccupied energy levels, whereas the reduced species represents the occupied 

levels. The solvation shell fluctuation during an electron transfer leads to the 

observation that the energy levels of the redox system which are involved in 

the charge transfer process are not discrete. Furthermore the vibrations of the 

surrounding solvent molecules have to be considered. In the Gerischer model 

these vibrations are assumed to exhibit harmonic oscillation behavior. In 

consequence the distributions of the occupied and unoccupied states of the 

redox system show a Gaussian type shape. The density of electronic states is 

proportional to cred and cox. In consequence, the total distribution Dox and Dred 

is given by 

       ( ) ( )EWcED oxoxox ⋅=    (3.34) 
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      ( ) ( )EWcED redredred ⋅=   (3.35) 

where Wox and Wred are the probabilities that electronic states are situated at 

the particular energy E. The distributions of electronic states are illustrated in 

Fig. 3.13 for the case of equal concentrations. 

 

 

Fig. 3.13. Electron energies of a redox system and the corresponding distribution functions D 
for cox = cred. E0

ox is actually an electron affinity Ae and E0
red corresponds to ionization 

energy I (adapted from ref. [73]). 

 

In the model of Gerischer electron transfer occurs from an occupied state 

in the valence band of the semiconductor to an empty state in the redox system. 

Since the electron transfer happenes at a particular and constant energy, the 

electron transfer is faster than any rearrangement of the solvation shell (Frank-

Condon principle). Therefore the rate of the electron transfer depends on the 

density of states on both sides of the interface. 

If the semiconductor is in contact with an aqueous redox system, 

equilibrium is adapted. This means that the Fermi levels of the semiconductor 

and of the redox system are equal (EF = Eredox). The electrode energy eUE is 

given by the energy difference of the Fermi level of the semiconductor and the 

corresponding energy level of the reference electrode (Fig. 3.14). At 

equilibrium the potential of the electrode becomes identical for n- and p-type 

electrodes. In the case of an n-type semiconductor (Fig. 3.14a) electrons can 
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move from the solid to the redox electrolyte generating a positive space charge 

region in the solid. Accordingly, the Fermi level of the semiconductor 

electrode is shifted anodically. The opposite phenomenon occurs in the case of 

a p-type semiconductor. Assuming an equal energetic position of the energy 

bands at the surface of both electrodes, the bands in the n-type electrode are 

bent upwards and in the p-type downwards at equilibrium. The electrode 

potential changes across the space charge layer which leads to an equivalent 

change of the band bending Δ(eUE) = Δ(ΔΦSC). The band energy at the surface 

remains pinned during such a potential change. Band pinning occurs when the 

potential across the Helmholtz layer persists Δ(ΔΦH) = 0. 

 

 
 

Fig. 3.14. Energy scheme under flatband conditions (left) and at equilibrium (right) of (a) an 
n- and (b) a p-type semiconductor-liquid interface, respectively.   
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The flatband potential Ufb is the electrode potential measured with respect 

to a reference electrode (e.g. normal hydrogen electrode, NHE) in a 

semiconductor/electrolyte system, when the potential drop across the space 

charge layer becomes zero. Ufb can be described by[84] 

      ( ) 0HUA EENHRU Fefb ++Δ+=   (3.36) 

Where Ae is the electron affinity, ΔEF is the difference between Fermi level 

and band edge (ECB for n-type, and EVB for p-type), UH is the potential drop 

across the Helmholtz layer, and E0 is the scale factor relating the reference 

electrode redox level  (E0 = –4.5 V for NHE[85]). Since Ufb is determined by 

intrinsic properties of the semiconductor (Ae, ΔEF) and the electrolyte (UH), it 

overall represents properties of the interface. UH is independent on the 

interfacial charge transfer, because of the high density and small width of the 

Helmholtz layer compared to the space charge layer.[86] In consequence, UH 

remains constant and the potential drop caused by the electron transfer occurs 

mainly within the space charge layer. Ufb is therefore a characteristic parameter 

independent from the electron transfer process. Considering the Helmholtz 

layer the potential drop UH depends on the adsorption/desorption equilibrium 

of electrolyte ions on the surface of the semiconductor. When the charge is 

zero within the Helmholtz layer (zero point of charge, pHZPC) then UH is also 

zero. At pHZPC the flatband potential (Ufb
0) is equal to the intrinsic Fermi level 

of the semiconductor. Under non-pHZPC conditions the flat band contains the 

band bending. 

The value of Ufb usually depends on the pH of the given electrolyte which 

is determined for semiconducting metal oxides by a different description of the 

Nernst equation:[78] 

    ( )pHpH
F

RTUU ZPCfbfb −⋅
⋅

+=
303.20  (3.37) 

where R is the gas constant, T is the temperature, and F is the Faraday 

constant. At standard condition (25 °C, 1 bar) the Nernst relation leads to a 
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linear Ufb variation of 0.059 V per pH unit. It is noteworthy that increasing the 

pH leads to a cathodic shift of Ufb and to a corresponding change of ΔΦH. It is 

important to note that the flatband potential and accordingly the position of the 

energy bands at the surface are independent of any additional redox system in 

the solution. Only the interaction between water and the surface of the 

semiconductor influences the Helmholtz layer and therefore the position of the 

energy bands. In consequence, semiconductors were characterized by their 

valence and conduction band edge energies for a given pH value (usually pH 7 

or 0). During irradiation of a semiconductor,  an unpinning of the energy bands 

is observable and assumed for all semiconductor materials.[87-89] Presumably, in 

most cases this effect originates from trapping minority carriers in surface 

states which competes with minority charge carrier transfer to the electrolyte. 

When a sufficient number of surface states is available, charge can be stored in 

these states which leads to a change of the potential distribution and an 

accordingly cathodic shift of the energy bands. This flatband potential shift 

usually is well established for low light intensities and not for higher intensities 

due to completely filled surface states.[89] By contrast, it is not distinguishable 

when a suitable redox system is present in the electrolyte as is the case in our 

investigations where oxygen is reduced and water is oxidized. 

 

3.3 MECHANISM OF A PHOTOCATALYTIC REACTION 

Since the mechanisms of photocatalytic reactions on TiO2 were intensively 

studied, they will be shown here as general possible mechanism of 

photocatalysis. In the investigations on bismuth oxides which are reported in 

this thesis, mechanistic problems do not play an important role. Thus, the 

validity of the proposed mechanisms was assumed also for bismuth oxides. 
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Fig. 3.15. Schematic illustration of the major processes that may occur on an irradiated 
semiconductor particle (adopted form ref [42]). 

 

In Figure 3.15 the basic processes at an irradiated semiconductor particle 

are illustrated. By absorption of a photon which possesses an energy equal or 

higher than the given bandgap energy (hν ≥ Eg), an electron was promoted 

from the valence to the conduction band (process 1). Thereby a positively 

charge remains in the valence band. When the generated electron-hole pair 

undergoes subsequent radiationless recombination (primary recombination, 

process 2) energy is released as heat (fluorescence is unusual for TiO2 and 

Bi2O3), the semiconductor exhibits no photoactivity. Defects in the 

semiconductor lattice support recombination, for which reason most 

amorphous semiconductors show little or no photoactivity. Furthermore, the 

photogenerated charges can be trapped in reactive surface sites (process 3).* 

                                              
* Trapped electrons (etr

–) and holes (htr
+) can be probed by transient absorption spectroscopy, 

whereby htr
+ absorbs across the entire visible region, and the absorption of etr

– increases around 800-

900 nm and then slowly decreases toward the IR region.[92] 
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The hole may be trapped within a time scale of 10-100 ns, whereas the process 

is much faster for electron trapping which requires some hundreds of 

picoseconds.[50] From the reactive surface sites electrons and the holes can 

again either recombine (secondary recombination, process 4) or undergo IFET 

processes. Thereby the electron may reduce an acceptor A (process 5) and the 

hole can oxidize a Donor D (process 6), respectively. In order to avoid back 

electron transfer between the primary products A– • and D+ • (process 9) or 

between the primary products and the semiconductor they should undergo fast 

conversion to the final products Aox and Dred (processes 7 and 8). 

Various investigations concerning the origin and reactivities of generated 

species in the photomineralization process have been published. Thereby many 

different species were discussed like photogenerated e– and h+,[90-110] 

superoxide,[111, 112] singlet oxygen,[113-115] hydrogen peroxide,[116] and hydroxyl 

radicals.[117-119] For example, the reaction of a surface OH-group with the 

photogenerated hole h+ was suggested. Thereby surface-bound •OHads was 

formed, which may oxidize the adsorbed pollutants.[50] Only recently, Nakato 

et al. concluded from FT-IR and photoluminescence measurements that 

oxygen photoevolution is initiated by a nucleophilic attack of H2O at the 

photogenerated h+ at a surface lattice site and not by oxidation of a surface OH 

group.[120, 121] These examples clearly show that there is still space for 

interpretation and that the discussion is not closed up to now. 

 

3.4 TURNOVER NUMBER PROBLEM IN PHOTOCATALYSIS 

In organometallic catalysis the efficiency of a catalyst is expressed by the 

turnover number (TON) which is defined as total number of moles of a 

substrate which is converted by one mole of catalyst until it is deactivated. In 

photocatalysis TONs help to distinguish photon-assisted (TON ≤ 1) from 

catalyzed photoreactions (TON >> 1) which cause no problems in 
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homogeneous photocatalysis. But in heterogeneous photocatalysis the 

determination of TONs is almost impossible due to the following aspects. 

For TON considerations the amount of active surface sites must be 

detectable. In heterogeneous photocatalysis the number of active surface sites 

is often correlated to the specific surface area. Sormorjai for example 

suggested that only 10 % or less of the surface sites are active.[122] Another 

important point is that in photocatalysis turnover quantities depend on the 

amount of light absorbed per unit volume, which may be different in each 

experiment. All difficulties of applying turn over quantities in heterogeneous 

photocatalysis are well discussed by Serpone et al.[2] The considerations show 

how difficult it is in heterogeneous photocatalysis to decide if a photocatalyst 

exhibit good activity and if the semiconductor is actually a catalyst. In this 

thesis we decided to overcome these problems by using one single model 

pollutant (4-CP) for all key photomineralizations and by employing a large 

enough amount of catalyst ensuring total light absorption. Under these 

conditions the maximum initial rate ri is equal to the apparent quantum yield 

and different rates become comparable. 
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4. STRUCTURES, PROPERTIES AND APPLICATIONS OF 
BISMUTH OXIDES 

In the following chapters a brief overview is given about structures, 

properties, and applications of some bismuth(III) and bismuth(V) oxides. 

Additionally, preparation methods and structure stabilizing aspects are 

discussed. 

4.1 BISMUTH(III) OXIDES 

4.1.1 Structures and Properties 

Bismuth(III) oxide is a polymorph and therefore exists in various 

modifications. The most intensively investigated and hitherto best-known 

structures are: monoclinic α-Bi2O3, metastable tetragonal β-Bi2O3, body-

centered cubic γ-Bi2O3, and face-centered cubic δ-Bi2O3.[123-125] Only recently, 

another modification, the so-called orthorhombic ε-Bi2O3, was characterized 

by Cornei et al.[126] Finally, ω-Bi2O3 has to be briefly mentioned. This 

metastable triclinic polymorph was reported by Gualtieri et al. It only appeared 

at 800 °C on a BeO substrate.[127] 
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Scheme 4.1. Transformation temperatures of the most common Bi2O3 polymorphs; ω-Bi2O3 
is not considered (taken from ref. [128]). 
 

The monoclinic α-Bi2O3 represents the thermodynamically most stable 

configuration of bismuth oxide at room temperature (Scheme 4.1). At 730 °C it 

is transformed into the δ-phase.[128] Cooling a bismuth oxide melt to a 

temperature of about 639-650 °C also leads to δ-Bi2O3 which might undergo 

further transformation to γ- or β-Bi2O3. Unfortunately, this process is hard to 

control and depends strongly on metal impurities and the assembling of the 

material. 

Usually, the α-modification can be obtained by several preparation 

methods: burning elemental bismuth in air, or calcining bismuth nitrate or 

carbonate. The most common process is the precipitation of α-Bi2O3 from a 

hot bismuth nitrate solution by using NaOH.[129, 130] For purification it may be 

heated to 750 °C in a platinum cup.[131] The pale yellow α-phase exhibits a 

sandwich structure of square-pyramidal BiO5 units where the bismuth center is 

pseudooctahedral distorted.[132] This means that every Bi atom is irregularly 
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surrounded by six O atoms and every oxygen atom is enclosed by four bismuth 

atoms (Fig. 4.1).  

 

 

Fig. 4.1. Lattice structure of α-Bi2O3 (taken from ref. [133]) 
 

β-Bismuth oxide used to be a metastable phase. Its stabilization was 

achieved for example by decomposition of freshly prepared (BiO)2CO3 in an 

alumina boat at 377 °C for about 1.5 hours or by decomposition of bismuth 

oxalate under vacuum at 250-300 °C.[134, 135] Alternatively, it can successfully 

be stabilized by applying the citrate gel preparation method,[136] or by 

incorporation of rare earth metals or PbF2.[137-139] The stabilized product has an 

intense yellow color. It shows CaF2-type structure with ordered oxygen atom 

vacancies. In the lattice the BiO4e trigonal bipyramids (e = equatorial lone 

pair) are linked via oxygens at the corners to give a network with empty 

channels at (00z) and (½ ½ z). The lone pair electrons are directed towards 

these sites (Fig. 4.2). Due to the channels the β-modifications can accept 
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overstoichiometric oxide, which enables the stabilization down to room 

temperature. 

 

 

Fig. 4.2. Unit cell projection along (001); approximate z coordinate and angles α and β 
indicated for one BiO4 polyhedron (taken from ref. [134]) 

 

γ-Bi2O3 is a metastable high-temperature modification and isostructural to 

sillenites. Radaev et al. found that the tetrahedral sites in the lattice are 

populated by Bi3+ with a probability of 80 %. The O atoms occupy their sites 

with the same probability and form the tetrahedral environment of these Bi 

atoms. In the structure BiO3 groups and tetrahedral voids are observable. 

Despite of the orientational disorder of the umbrella-like groups the cubic 

symmetry of the crystal is kept.[140] The metastable γ-phase may persist to 

room temperature upon cooling in dependence of the incorporated 

impurities.[123-125, 141-144] By doping γ-bismuth oxide with metal ions, such as 

Ru3+, Pd2+, Cr4+, Co2+, Ni2+, and Fe3+, its absorption in the visible region was 

enhanced.[145] Most of the doped γ-Bi2O3 exhibited polycrystalline structures, 
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whereas the dopants agglomerate on the surface of the photocatalyst. This 

means that doping increases the crystallinity, decreases the defect sites and 

changes the microstructure of the surface. 

The pale yellow high temperature modification δ-Bi2O3 is stable at 

temperatures between about 730 °C and the melting point of bismuth oxide at 

824 °C.[123-125, 141-144] Stabilization of the δ-modification to lower temperatures 

was achieved by addition of several metal cations.[137, 138] But this is associated 

to a considerable loss of oxide ion conductivity compared to unmodified δ-

Bi2O3.[146-148] The δ-phase exhibits fluorite-type structure with statistically 

distributed oxygen atom defects. Due to this voids δ-Bi2O3 is among the most 

effective oxide ion conductors, even better than stabilized ZnO.[146, 147]  

The recently synthesized polymorph ε-Bi2O3 was obtained only in low 

yield. Unfortunately, the crystals include also α-Bi2O3. The ε-phase was 

prepared by hydrothermal treatment of Bi(NO3)3·5H2O in the presence of 

MnO2, MnSO4·H2O, and (NH4)HPO4 in concentrated KOH solution.[126] 

Nevertheless, only bismuth and oxygen were detected by EDS. The additional 

manganese and accordingly phosphorous were not incorporated into the crystal 

but play an important role for the mineralization of the substance. Heating the 

product at about 400 °C led again to the thermodynamically most stable α-

bismuth oxide. 

The electrochemical properties of bismuth(III) oxides are well 

investigated.[123, 146, 149, 150] Usually, β-Bi2O3 is only conducting between 650 °C 

and 350 °C in cooling direction. Heating the β-phase keeps the insulating 

properties up to the β → α transition at about 300 °C. Then at around 730 °C, 

where the α → δ transition occurs, the conductivity of the formed α-

modification is electronic (Ea = 0.64 eV) and above 730 °C it turns to ionic 

conductivity ionic due to formation of δ-Bi2O3. By contrast, on cooling the 

ionic conductivity of the δ-phase persists down to 650 °C. In the range of 650 

°C to 350 °C the appearing β-Bi2O3 induces electronic conductance (Ea = 0.3 
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eV).[135] Noteworthy, the conductivity of stabilized δ-Bi2O3 is exceptional. 

Compared to stabilized ZrO2 it is one to two orders of magnitude higher.[146] 

All bismuth oxides are insoluble in water. By addition of aqueous HNO3 

solution at 25 °C almost insoluble basic salts are formed, such as 

BiOOH·BiONO3, that can only be dissolved by addition of concentrated nitric 

acid at a pH-value smaller then one. In hot H3PO2 and H3PO3 solution bismuth 

oxide was reduced to the metal. The chemical properties exhibit the inertness 

of Bi2O3 under environmental conditions (neutral water) which is fundamental 

for their suitable application as visible light photocatalysts in competition to 

the widely used TiO2. 

 

 4.1.2 Applications 

Bismuth oxides are of importance in modern solid-state technology. For 

example bismuth oxide thin films are suitable for various applications such as 

optical coatings, photovoltaic cells, microwave integrated circuits, in fuel cells, 

oxygen sensors, CO2 sensors, NO sensors, and smoke sensors.[151-154] 

Due to their high oxygen ion conductivity, stabilized δ-Bi2O3 attracted 

attention in the area of solid electrolytes. It is suggested as electrolyte 

substances for example in solid oxide fuel cells (SOFC),[155] electrolyzers, 

ceramic membranes for high-purity oxygen separation and oxygen pumps.[150, 

156]  

The discovery of bismuth(III) oxide as oxidant was first noticed in a side-

reaction of the benzoin oxidation by NaBiO3.[157] The thermal oxidation by 

Bi2O3 is best applied to sensitive acyloins which produces benzil, anisil, 

piperil, or furil in high yields. Apparently this reaction is specific to α-

hydroxyketones and was therefore employed as convenient qualitative 

verification of acyloins in alkaloid structure assignments.  
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4.2. BISMUTHATES 

Bismuth is stabilized in its highest oxidation state by using ternary metal 

oxides such as MBiO3 (M = Li, Na, K, Ag)[158-161] and Li7BiO6.[162] 

In 1950 Rigby discovered the synthetic potential of NaBiO3 as oxidant.[163] 

Sodium bismuthate is applied in glycol cleavage and the conversion of 

acyloins to α-diketones in high yields.[157, 164, 165] Diols are selectively cleaved 

to the corresponding carbonyl compounds, α-hydroxy carboxylic acids to the 

ketone and CO2, and α-hydroxy ketones to the corresponding acid and 

aldehyde. Recently the oxidative halogenation of aromatic compounds like 

naphthalene by NaBiO3 and metal halides was reported.[166] The advantages of 

sodium bismuthate are its commercial availability, stability and oxidative 

reactivity which is comparable to lead tetraactate. Additionally, the yellow 

powder is insoluble and inert in aprotic solvents. Among other bismuthates 

with different cations, zinc bismuthate is an efficient and mild oxidant for 

alcohols in organic solvents.[167]  

 

 

 

 

 

 

 

 

 

 

 

Fig 4.3. Structure of NaBiO3 
(taken from ref. [159]). 
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The preparation of anhydrous KBiO3 was first reported by Jansen.[161] In 

his process he used 500-600 °C and an oxygen pressure of 1000-2000 atm to 

obtain potassium bismuthate as a red powder. The as-prepared KBiO3 was 

denoted to be isostructural with KSbO3. Earlier investigations reported on a 

KBiO3·xH2O preparation in solution through oxidation of bismuth nitrate by 

bromine in aqueous KOH.[168, 169] These materials contained water as ligands 

which apparently stabilized the structure. The KBiO3 structure consists of BiO6 

octahedra pairs which are edge-shared to form Bi2O10 clusters (Fig. 4.4).[160] 

These clusters share corners and form a tunnel structure. The potassium atoms 

are located in three partially occupied crystallographic sites, along the tunnel 

and one at the origin. KBiO3 is thermally unstable and decomposes to K2O and 

Bi2O3 above 500 °C. Surprisingly, low activation energy of about 0.16 eV was 

found for potassium ion conduction. But unfortunately the potassium ions 

exhibit low mobility, because of their structure stabilizing role which leads to 

an overall ion conductivity of only 10-5 S/cm at 300 °C. 

 

 
 

Fig. 4.4. KBiO3 structure.; shaded circles represent potassium atoms located along the [111] 
direction (taken from ref. [160]). 
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Bismuthates caught also attention in the field of superconductivity.[160] 

More than 30 years ago, Sleight et al. discovered the superconducting 

properties of BaPb1-xBixO3.[170] Over the years these series were continued with 

Ba1-xKxBiO3,[171-173] Ba1-xRbxBiO3,[174] Sr1-xKxBiO3,[175] and K1-xBi1+xBiO3.[176] 

The starting materials are the perovskit ABO3 oxides BaPbO3, NaBiO3, 

SrBiO3, and KBiO3. Apart from being a weak potassium ion conductor, 

potassium bismuthate is usually not applied as reactant or catalyst as is the case 

for sodium bismuthate. 
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5. VISIBLE LIGHT ACTIVITY OF α-Bi2O3 

5.1 GOAL OF THIS WORK 

In the last decades the research in semiconductor photocatalysis was 

focused on visible light activity, mainly for the purification of water and air 

and the cleavage of water. Since semiconductor materials absorbing in the 

visible like CdS suffer from photocorrosion[177] or low activity (e. g. WO3, 

Fe2O3),[178] recent research was concentrated on the visible light sensitization 

of UV-active titanium dioxide which is photostable and highly active. This was 

successfully achieved by e.g. modifying TiO2 with Pt(IV)-chloride[21] or 

doping with transition metals (Cr, V, Fe)[179] as well as with non-metals, such 

as N,[22-36] C,[37-40] and S.[180, 181] Generally, in these “doped” photocatalysts an 

additional weak absorption shoulder appeared in the visible light region, 

allowing photodegradation of pollutants even at wavelengths longer than 455 

nm. However, up to now, examples of undoped metal oxide semiconductor 

powders of high visible light activity are rare. A noteworthy example is 

bismuth oxide as will be shown in the following. Whereas mixed metal oxide 

UV-active photocatalysts like Bi2Ti3O7 or Bi12TiO20
[182, 183] where intensively 

investigated, binary Bi2O3 (especially β- and δ-Bi2O3) has primarily attracted 

attention in materials science, because of its high oxide ion conductivity and 

non-linear optical properties.[146, 184, 185]  

To our knowledge the first attempts in visible light photocatalysis using 

ternary bismuth oxide were reported by Tang et al.[186] This group investigated 

the photocatalytic activity of CaBi2O4 in acetaldehyde and methylene blue 

degradation at λ ≥ 440 nm. Photocatalysis by binary bismuth oxide was first 

established by Zhang et al., who prepared nanocrystalline α-Bi2O3 by 

sonochemical synthesis and applied the powder for photodegradation of methyl 

orange with visible light (λ > 400 nm). However, this synthesis requires a 

surfactant and high energy ultrasound.[187] Since α-Bi2O3 and its polymorphs 

absorb visible light (Eg corresponds to 440 nm) and only one literature report 
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on its photocatalytic activity was known, it seemed worthwhile to investigate 

the general photoelectrochemical and photocatalytic properties of bismuth 

oxides. In the following we report on various bismuth oxides prepared by 

simple calcination of different precursors. They were characterized by 

measuring XRD, flatband potential, diffuse reflectance, and photocurrent as 

well as activity in the mineralization of 4-chlorophenol (4-CP) by visible light 

(λ ≥ 420 nm). 

 

5.2 EXPERIMENTAL 

5.2.1 Materials and methods 

All chemicals were of p.a. grade and all experiments were performed under 

air. BiONO3 was purchased from Riedel-de Haën, (BiO)2CO3 and BiOCl from 

Fluka, and Bi(NO3)3·5H2O from Acros. 4-CP (purum, Fluka) was distilled 

before use. Cyanuric acid (purum) and dichloroacetic acid (puriss.) were 

obtained from Fluka, and phenol (extra pure) from Acros. The substances 1,1’-

Bis(2-hydroxyethyl)-4,4’bipyridinium dibromide ((HEV)Br2),[188] 1-benzyl-1’-

[4-[(1-benzylpyridinium-2-yl)methyl]phenyl]-4,4’-bipyridinium tribromide 

((BPV)Br3),[189] 4,5-dihydro-3a,5a-diazapyrenium dibromide ((DP)Br2),[190] 

nitrogen-doped TiO2 (TiO2-N1) and carbon-modified TiO2 (TiO2-C1b) were 

prepared according to the literature.[40, 191] All redox potentials given in this 

paper are referenced to NHE. 

The 4-CP concentration was monitored by a Varian CARY 50 Conc UV-

Vis spectrometer (ε225nm = 4000 L mol-1 cm-1). Mineralization of 4-CP, phenol, 

cyanuric acid, and dichloroacetic acid was followed by calculated total organic 

carbon content (TOC) from total carbon (TC) and inorganic carbon (IC) 

measurements using a Shimadzu Total Carbon Analyzer TOC-500/5050 with a 

NDIR optical system detector. Intensity of light arriving at the front side of the 

cuvette (Ptot, λ ≤ 1100 nm) was determined by a MacSolar-E (Solarc, 

calibration: IEC904/3). For XRD analysis a Phillips X’Pert PW 3040/60 
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instrument was used. Diffuse reflectance spectra were recorded on a Shimadzu 

UV-2401PC UV/Vis scanning spectrometer equipped with a diffuse reflection 

accessory. 50 mg of Bi2O3 (0.11 mmol) were mixed with 2.0 g of BaSO4 (8.6 

mmol) and ground homogeneously. The spectrum obtained from a pressed 

pellet was recorded relative to BaSO4 (Fluka) as a reference and the reflectance 

was converted to F(R∞) values according to the Kubelka-Munk theory using the 

instrument software. Specific surface areas were determined by a Gemini 2310 

(Micromeritics) according to the Brunauer-Emmett-Teller theory (BET) and 

elemental analyses were carried out on a Carlo Erba EA 1106 and 1108 

instrument. For photoelectrochemical experiments a tunable monochromatic 

light source provided with a 1000 W Xenon lamp (Osram XBO) and a 

universal grating monochromator Multimode 4 (AMKO) was applied. The 

electrochemical setup consisted of a BAS Epsilon Electrochemistry 

potentiostat and a three-electrode cell (Pt counter and Ag/AgCl reference 

electrode) equipped with a flat quartz window. The working electrodes were 

deposited on indium tin oxide glass (ITO-glass, Präzision Glas & Optik, sheet 

resistance about 10 Ω/sq.). Spectral dependence of lamp power density was 

measured by an optical power meter Oriel 70260 and is not corrected for losses 

in the electrolyte. 

 

5.2.2 Bismuth oxide preparation 

Bismuth oxide materials were synthesized by three different conventional 

methods. In the first method the salts were directly calcined (method A). In the 

second method (BiO)2CO3 was washed with water before calcination (method 

B) and in the third method bismuth hydroxide was precipitated at various pH-

values followed by calcination (method C). The α-Bi2O3 products were named 

according to the preparation conditions as illustrated by “BiONO3/8/500” 

indicating that BiONO3 is the starting material, “8” is the precipitation pH-

value, and “500” is the calcination temperature in °C; (BiO)2CO3/-/450 means 
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that (BiO)2CO3 is the precursor, no precipitation was carried out (-), and 450 

(°C) is the calcination temperature. 

Method A: BiONO3, Bi(NO3)3·5H2O, (BiO)2CO3 and BiOCl were calcined 

without any pretreatment for one hour at 500 °C in air. 

Method B: 5.0 g of (BiO)2CO3 (0.01 mol) were suspended in 100 mL of 

water and stirred for four hours at room temperature. Then the white powder 

was filtered off and re-suspended in such an amount of water that a pH-value 

of 8.5 is obtained. After stirring for one hour at room temperature the crude 

product was filtered off, washed three times with water (30 mL portions) and 

dried at 90 °C. Calcination at 450 °C for one hour in air afforded a yellow 

powder ((BiO)2CO3/-/450). Elemental analysis (%) found: N 0.03, C 0.06, H 

0.00 

Method C: 5.0 g of (BiO)2CO3 (0.01 mol) or BiONO3 (0.02 mol), BiOCl 

(0.02 mol), and Bi(NO3)3·5H2O (0.01 mol) were suspended in 100 mL of 

water. After adding 6.5–8.0 mL of 14.5 M HNO3 (0.12–0.18 mol) at 80 °C, 

Bi(OH)3 was precipitated by dropwise addition of 1.5 M NaOH until the 

desired pH-value was reached. Then the mixture was further heated for one 

hour, cooled to room temperature, and aged over night. The resulting white 

powder was filtered off, washed three times with 250 mL portions of water and 

dried at 90 °C. Calcination for one hour at 500 °C in air afforded light yellow 

powders. Elemental analysis (%) found: a) N 0.27, C 0.06, H 0.00 (starting 

material: BiONO3); b) N 0.10, C 0.05, H 0.00 (starting material: 

Bi(NO3)3·5H2O); c) N 0.36, C 0.04, H 0.00 (starting material: (BiO)2CO3) 

 

5.2.3 Degradation experiments 

The photodegradation was carried out in a water-cooled cylindrical quartz 

cuvette (Pyrex, 15 mL) mounted on an optical train, equipped with an Osram 

XBO 150 W Xenon-lamp in a light-focusing lamp housing (AMKO, PTI A 

1010S), a water IR-filter, and a 420 nm cut-off filter (Ptot = 1120 ± 100 W/m2). 
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The cuvette was filled with a suspension of 75 mg photocatalyst (5.0 g/L) in 15 

mL of 4-CP solution (2.5·10–4 mol/L) and irradiated under stirring. Samples 

were taken shortly before irradiation, then every 30 minutes and kept in the 

dark. After finishing the experiment, the bismuth oxide powder was filtered off 

the samples with a nanopore filter (Rotilabo, 0.22 μm) and the clear solutions 

were diluted 1:1 with demineralized water before the 4-CP concentrations were 

determined by UV-Vis spectroscopy. 

In an experiment comparing Bi2O3 with N-doped and C-doped TiO2, a 

cylindrical Solidex glass (20 ml) instead of the quartz cuvette was applied; the 

catalyst concentrations were increased to 10 g/L for BiONO3/8/500 and 5.0 g/L 

for N- or C-doped TiO2, respectively, ensuring complete light absorption since 

no rate enhancement was observed at higher concentrations. 

For photomineralization investigations of 4-CP (2.5·10–4 mol/L), cyanuric 

acid (5.0·10–4 mol/L), and dichloroacetic acid (8.3·10–4 mol/L), 200 mg of 

BiONO3/8/500 were suspended in 20 mL of the corresponding solutions and 

irradiated in a cylindrical Solidex glass cuvette for three hours at λ ≥ 420 nm. 

 

5.3.4 Quasi-Fermi level measurements 

The quasi-Fermi level of electrons (nEF*) of the semiconductor powders 

was obtained by measuring the photovoltage as a function of pH-value.[21, 192] 

An electrochemical cell (pH meter, Pt working electrode, Ag/AgCl reference 

electrode) was filled with a mixture of 30 mg of Bi2O3, 15 mg of (DP)Br2, 

(HEV)Br2 or (BPV)Br3 and 50 mL of KNO3 solution (0.1 mol/L). The 

suspension was acidified to pH 3 with diluted HNO3 and purged with nitrogen 

for at least 30 minutes. During the experiment full light irradiation was 

performed on an optical train (Osram XBO 150 W Xenon-lamp, λ ≥ 390 nm, 

Ptot = 1230 ± 100 W/m2 with AM 1.0 filter). The pH-value of the suspension 

was increased by adding slowly nitrogen saturated NaOH solution (10 or 1.0 

mmol/L) and the corresponding photovoltage (Uph) was recorded. 
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5.2.5 Photostability test 

In a centrifuge tube 240 mg of BiONO3/8/500 were suspended in a mixture 

of 20 mL of phenol solution (3.13·10–4 mol/L) and 5 mL of water. After 

centrifugation 5 mL of the supernatant were removed and analyzed by TC and 

IC measurements to obtain the TOC value. The remaining suspension (20 mL 

was irradiated on an optical train at λ ≥ 420 nm. After three hours the 

experiment was stopped, the reaction mixture was centrifuged, and 15 mL of 

supernatant were taken out and again analyzed. Then a new 20 mL portion of 

the phenol solution was added to the residual powder in the centrifugation tube 

and the experimental cycle was started again. This procedure was repeated ten 

times in total. 

 

5.2.6 Photocurrent measurements 

The ITO-glass was first cut into 2.5 x 1.5 cm2 pieces. Then these plates 

were subsequently degreased by sonicating in acetone and boiling in NaOH 

solution (0.1 mol/L). After washing with demineralized water they were dried 

in a nitrogen stream. 5.0 mg of the applied Bi2O3 material was suspended in 

0.4 mL of ethanol and sonicated for 15 min. Then 0.1 mL of the suspension 

was deposited onto the ITO-plate and dried with warm air. The side part of the 

ITO-glass was previously protected using a scotch tape and after the deposition 

connected with a copper wire employing a conductive tape to establish an 

electrical contact. Uncoated parts of the electrode were subsequently isolated 

with parafilm and lacquer leaving a working area of 1 cm2. The photocurrent 

experiments were carried out in a LiClO4 (0.1 mol/L) solution serving as 

electrolyte. 4-CP was added as hole scavenger. Nitrogen was passed through 

the electrolyte prior to the experiment whereas it was supplied only on the gas 

phase above the electrolyte during the experiment. The irradiation was 

performed from the back-side (through the ITO-glass substrate) and the 

potential of the working electrode was kept constant at 0.5 V (vs. Ag/AgCl). 

The incident photon to current efficiency (IPCE) was calculated according to 
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eq. (5.1) (p. 66). Photocurrent spectra were obtained at 10 nm intervals with 

monochromatic light using intermittent irradiation having light and dark phases 

of 20 s. the value of photocurrent density was taken as a difference between 

current density under irradiation and in the dark. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Influence of preparation conditions on photocatalytic activity 

Bismuth oxide is normally prepared by thermal decomposition of bismuth 

salts[133, 193, 194] or by hydroxide precipitation and subsequent calcination of the 

precursor.[129] Accordingly, decomposition of (BiO)2CO3, BiONO3, and 

Bi(NO3)3·5H2O at 500 °C (method A) led to slightly yellow Bi2O3 inducing 4-

CP degradations with visible light of 30 to 65 % after three hours (Fig. 5.1). 

Since BiOCl required higher calcination temperatures than 500 °C it was 

omitted as a suitable starting material for this preparation method. 
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Fig 5.1.  Visible light degradation of 4-CP in the presence of Bi2O3 prepared by thermal 

decomposition of a) BiONO3, b) Bi(NO3)3·5H2O, and c) (BiO)2CO3 at 500 °C. 

 

Washing (BiO)2CO3 with water afforded a solution of about pH 8. 

Surprisingly, subsequent calcination (method B) yielded a photocatalyst 

((BiO)2CO3/-/450) which accomplished 4-CP degradation of about 90 % in 

three hours (λ ≥ 420 nm). Using the same process for BiONO3 and 
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BiNO3·5H2O did not lead to similar results because the corresponding 

suspensions exhibited pH-values of 1–4, instead of the optimum pH-value of 

about 8.5 as explained later. 

In the case of TiO2 the precipitation pH-value and the calcination 

temperature are known to control the photocatalytic properties.[195] Therefore 

the influence of these parameters was also investigated in the preparation of 

bismuth oxide (method C).  

First, the effect of different precipitation pH-values at 70 °C was studied by 

addition of 1.5 M NaOH to an acidified solution of BiONO3. The addition was 

stopped at pH-values selected between 6 and 10, and the resulting precursor 

hydroxides were calcined at 600 °C for one hour. Figure 2 summarizes the 

influence of precipitation pH on the photocatalytic activity in 4-CP 

degradation. The most active material was bismuth oxide prepared from the 

precursor precipitated at pH 8 (BiONO3/8/600, Fig. 5.2).  
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Fig. 5.2. Visible light degradation of 4-CP in the presence of Bi2O3 prepared from BiONO3. 

a) BiONO3/6/600, b) BiONO3/7/600, c) BiONO3/8/600, d) BiONO3/9/600 and e) 
BiONO3/10/600.  

 

To find the optimum calcination conditions, temperatures were varied 

between 400–800 °C. The most active photocatalyst was formed at 500 °C. It 

had a pale yellow color and induced 95 % degradation of 4-CP after three 

hours (BiONO3/8/500, Fig. 5.3). Different calcination times, namely one, two 

or three hours at 500 °C, had negligible influence on the degradation rate. 
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Calcination at 400 °C afforded a white photocatalytically inactive material, 

whereas calcination at 450 °C resulted in an intense yellow bismuth oxide 

exhibiting 70 % degradation in three hours. XRD analysis revealed the intense 

yellow photocatalyst contained β-Bi2O3, whereas pale BiONO3/8/500 consisted 

of α-Bi2O3 as per statement below. 
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Fig. 5.3. Visible light degradation of 4-CP in the presence of Bi2O3 obtained at different 

calcination temperatures: a) BiONO3/8/450, b) BiONO3/8/500, c) BiONO3/8/600, d) 
BiONO3/8/700 and e) BiONO3/8/800. 

 

Analogous experiments with Bi(NO3)3·5H2O as starting material afforded 

the best visible light photocatalyst at a precipitation pH-value of about 9 and a 

calcination temperature of 500 °C (Bi(NO3)3/9/500) similar to the experiments 

with BiONO3. Using these optimized preparation conditions, i. e. pH 8–9 for 

precipitation at 70 °C and 500 °C for calcination, Bi2O3 powders were 

synthesized from different starting materials. Bismuth and bismuthyl nitrates 

afforded photocatalysts of much higher activity than the chloride and carbonate 

salts (Fig. 5.4). In summary, bismuthyl and bismuth nitrates provided the best 

photocatalysts. 
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Fig. 5.4. Visible light degradation of 4-CP in the presence of Bi2O3 obtained from various 

starting materials: a) BiONO3/8/500, b) Bi(NO3)3/8/500, c) BiOCl/8/500 and d) 
(BiO)2CO3/8/500. 

 

5.3.2 Characterization 

All bismuth oxide powders except BiONO3/8/450 (vide supra) consisted of 

α-Bi2O3 as shown by XRD analysis (Fig. 5.5). The powder BiONO3/8/500 

exhibited broad peaks of low intensity (Fig. 5.5a). In the case of higher 

calcination temperatures (BiONO3/8/600, Fig. 5.5b) or higher precipitation pH-

values (BiONO3/10/500, Fig. 5.5c) the peaks became narrower indicating a 

larger crystallite size. BET measurements revealed a higher specific surface 

area of 1–3 m2/g for BiONO3/8/500 and (BiO)2CO3/-/450 as compared to the 

less active powders having surface areas smaller than 0.5 m2/g.  

 

Tab. 5.1. Specific surface areas of some as-prepared bismuth oxides determined by BET 
measurements; the powders which exhibited the highest photocatalytic activity are 
highlighted. 

Bi2O3 label Specifice surface area / m2 g-1 

BiONO3/8/500 1,2 

BiONO3/10/500 0,32 

BiONO3/10/600 0,28 

(BiO)2CO3/-/450 2,7 

α-Bi2O3 (Acros) 0,42 
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Crystal sizes, as calculated by applying the Scherrer equation to the ( 211 ) 

peak (2θ = 27.5 °), were estimated to be 40 nm for BiONO3/8/500, 114 nm for 

BiONO3/8/600, and 135 nm for BiONO3/10/500.  
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Fig. 5.5. XRD spectra of Bi2O3 powders a) BiONO3/8/500, b) BiONO3/8/600 and c) 

BiONO3/10/500. For comparison the theoretical patterns for α-Bi2O3 are shown (JCPDS 
file 27-53). 

 

Bandgap energies of 2.80 ± 0.02 eV and 2.93 ± 0.02 eV, respectively, were 

obtained for BiONO3/8/500 from the extrapolation of the linear part of the 

modified Kubelka-Munk functions [F(R∞)E]1/2 and [F(R∞)E]2 versus energy 

(E) plot, as required for an indirect and a direct band-to-band transition (Fig. 

5.6). This difference of about 0.1 eV was also found in theoretical calculations 

for α-Bi2O3 reporting values of 2.6 and 2.7 eV.[196] Experimental literature 

values range from 2.3 to 2.9 eV,[197-199] most likely reflecting the influence of 

differing preparation and measurement methods. The dependence of the 

resulting bandgap energy on preparation conditions are summarized in Tab. 

5.1. 

 



5. Visible light activity of α-Bi2O3 
_______________________________________________________________________________________________________ 

59 

350 400 450 500
0.00

0.01

0.02

0.03

0.04

 

 

 
F(

R
∞
) /

 a
.u

.
λ / nm

a

 

Fig. 5.6. a) Diffuse reflectance spectrum and modified Kubelka-Munk function assuming b) 
an indirect or c) a direct bandgap for BiONO3/8/500. 

 

The quasi-Fermi levels of electrons (nEF*) were obtained by measuring the 

photovoltage generated upon irradiation of a bismuth oxide suspension as 

function of pH-value.[192] The method is based on the cathodic shift of the 

semiconductor quasi-Fermi level upon increasing the suspension pH-value. In 

the presence of a reversible redox system having a pH independent redox 

potential (Ered (A2+/+·)), the inflection point of the titration curve represents the 

pH-value (pH0) at which this potential is equal to the quasi-Fermi level. Using 

hydroxyethyl viologene as redox system, a pH0-value of 8.9 is obtained (Fig. 

5.8). To convert the latter to another pH-value, in general to pH 7, the constant 

k in Equation 5.1 has to be known.[200] 

nEF* (pH 7) = Ered (A2+/+·) + k · (pH0 – 7)  (5.1) 
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Its value can be obtained by plotting the pH0-values for different reversible 

redox systems as a function of the redox potential (Fig. 5.7).[21] 

 

Tab. 5.1. Measured bandgap energies of different α-Bi2O3 samples; the powder with highest 
photocatalytic activity is highlighted. 

Eg / eV 
Bi2O3 label 

indirect direct 

BiONO3/6/600 2,73  

BiONO3/7/600 2,73  

BiONO3/8/400 3,14  

BiONO3/8/450 3,12  

BiONO3/8/500 2,81 2.93 

BiONO3/8/600 2,75  

BiONO3/8/700 2,74  

BiONO3/8/800 2,74  

BiONO3/9/500 2,76  

BiONO3/9/600 2,75  

BiONO3/10/600 2,70  

α-Bi2O3 (Acros) 2,75  

 

Since the availability of appropriate water soluble redox systems is rather 

restricted, in addition to (HEV)Br2 only two other bipyridinium compounds, 

(BPV)Br3, and (DP)Br2 were used. From the slope of the linear fit a k value of 

0.060 ± 0.005 V was determined, which is identical - within experimental error 

- with 0.059 V found for most metal oxides.[78] Using this value and pH0 of 8.9 

as obtained from Fig. 5.8, it turns out the quasi-Fermi level of BiONO3/8/500 

suspended in neutral water is located at  nEF* =  –0.08 ± 0.05 V. 
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Fig. 5.7. Plot of the reduction potentials of the different electron acceptors (DP)Br2 (–0.27 V), 

(HEV)Br2 (–0.19 V) and (BPV)Br3 (–0.07 V) versus the pH0-values achieved of nEF* 
determinations using BiONO3/8/500. 
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Fig. 5.8. Photovoltage as function of suspension pH-value for the system BiONO3/8/500 and 
(HEV)Br2. 

 

Tab. 5.2. nEF* values of various bismuth oxides; most photoactive powder is  highlighted. 

Eg / eV EVB / V Bi2O3 label nEF* (pH 7) / V 
indirect direct indirect direct 

BiONO3/8/450 –0,10 3,12  3.02  

BiONO3/8/500 –0,08 2,81 2.93 2.73 2.85 

BiONO3/8/600 –0,09 2,75  2.66  

α-Bi2O3 (Acros) –0,09 2,75  2.66  
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Assuming that upon irradiation the quasi-Fermi level of electrons is equal 

to the conduction band edge, one arrives at the relation EVB = nEF* + Eg from 

which valence band edge potentials (EVB) of 2.73 V (direct) and 2.85 V 

(indirect) were obtained (Tab. 5.2). 

 

5.3.3 Visible light activity of α-Bi2O3 

In all experiments described above a photocatalyst concentration of 5.0 g/L 

was applied. To ensure this concentration enables complete light absorption, 

the dependence of initial 4-CP disappearance rate on the catalyst concentration 

was examined. As illustrated in Fig. 5.9 at least an amount of 10 g/L is 

required to observe the maximum activity for BiONO3/8/500 and (BiO)2CO3/-

/450. 
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Fig. 5.9. Dependence of 4-CP disappearance observed after one hour of irradiation on the 

photocatalyst concentration: a) BiONO3/8/500 and b) (BiO)2CO3/-/450. 

 

The optimized α-Bi2O3 photocatalysts induced an almost complete 

disappearance of 4-CP upon irradiating for three hours with visible light. Since 

this is not a sufficient proof for photomineralization,[201] total organic carbon 

measurements (TOC) were performed. Additionally, photomineralization of 

cyanuric acid and dichloroacetic acid were tested (Fig. 5.10). It was found that 

BiONO3/8/500 induced total 4-CP mineralization within three hours. 

Surprisingly, cyanuric acid which is a relatively stable oxidation product of 
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atrazine was almost fully mineralized in the same time. The mineralization of 

dichloroacetic acid exhibited lower rate. This might be due to acidification of 

the reaction mixture (pH = 3) which resulted in anodic shift of valence and 

conduction band edge. Therefore nEF* is situated at about 0.16 V. In 

consequence electron transfer from the irradiated semiconductor to oxygen (E0 

(O2/O2
–) = –0.16 V) maybe inhibited resulting in an increase of charge 

recombination. Therefore the mineralization rate of dichloroacetic acid should 

be decreased. 
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Fig. 5.10. Visible light photomineralization of (a) 4-CP, (b) cyanuric acid, and (c) 

dichloroacetic acid by applying BiONO3/8/500. 

 

To test the photostability of BiONO3/8/500 a particular amount of bismuth 

oxide was repeatedly used in several sequential phenol photomineralizations. 

Phenol was selected instead of 4-CP since no chloride ions are produced, 

which may influence the photocatalytic reaction.[202, 203] α-Bi2O3 exhibited a 

color change from pale yellow to beige after the over all experiment. From Fig. 

5.11 it can be concluded that the photocatalytic activity of BiONO3/8/500 

decreased slowly.  
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Fig. 5.11. Photostability investigation of α-Bi2O3 by repeated phenol mineralizations. 

 

XRD investigation of the beige photocatalyst revealed a structural change 

(Fig. 5.12.). XRD analysis revealed the presence of a mixture of 

(BiO)4CO3(OH)2 and (BiO)2CO3 (Fig. 5.13). The thermal conversion of α-

Bi2O3 to (BiO)4CO3(OH)2 and (BiO)2CO3 is known in the literature and occurs 

under basic conditions by the addition of an alkali carbonate solution to a 

bismuth oxide suspension.[204] A corresponding photochemical transformation 

was hitherto unknown. In the case of α-Bi2O3 the reaction mixture showed a 

pH-value about 8 and during the photomineralization experiment CO2 was 

generated. Therefore the conditions for a similar conversion were given. 

Accordingly, the photomineralization of 4-CP with α-Bi2O3 is not a catalytic 

but a Bi2O3-assisted photo-oxidation. 
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Fig. 5.12. XRD of spectra of (a) BiONO3/8/500 and (b) the deactivated material obtained 

after 10 reaction cycles. 

 

Fig. 5.13. Comparison of the XRD spectrum of the deactivated material with the reference 
signals of (a) (BiO)4CO3(OH)2 (ASTM data file 38-0579) and (b) reference signals of the 
ASTM data file 41-1488 ((BiO)2CO3). 

 
Finally, the photoactivity of BiONO3/8/500 as compared to visible light 

active N- and C-doped TiO2 was summarized in Fig. 5.14. The concentrations 

of the various catalysts were adequate to ensure complete light absorption and 

therefore maximum reaction rates. The bismuth catalyst and C-doped TiO2 

exhibit a 4-CP degradation of about 95 %, whereas N-doped TiO2 reaches only 

60 %. 
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Fig. 5.14. 4-CP degradation in presence of a) BiONO3/8/500, b) N-doped, and c) C-doped 
TiO2. 

 

C-doped titania has the advantage of an about three times less amount 

required for the maximum reaction rate, corresponding to a tenfold higher 

surface area as compared to bismuth oxide. On the other hand the preparation 

of bismuth oxide needs no additives and is very simple. Additionally, bismuth 

oxide exhibits the same environmental inertness and non-toxic properties like 

titanium dioxide. 

 

5.3.4 Photocurrent response 

The photocurrent response of a semiconductor is typically investigated by 

photoaction spectra. In this method the prepared electrode is biased at a 

constant potential in a three-electrode system. The photocurrents are measured 

under monochromatic irradiation at different wavelengths. Since the light 

power density P of the used light source typically varies with wavelength, it is 

convenient to calculate the IPCE-values which represent the number of 

electrons generated in the circuit per number of incident photons at each 

particular wavelength. IPCE is defined by 

    100 Ph ⋅
⋅⋅

=
eP

hciIPCE
λ

   (5.1) 
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where iph is the photocurrent density, h is Planck’s constant, c is velocity of 

light, P light power density, λ is the irradiation wavelength, and e is the 

elementary charge. Values of iph were determined by calculating the difference 

of current density i under irradiation and non-irradiation at different 

wavelengths. These measurements give also information about the nature of 

majority charge carriers under irradiation. When the sign of i is negative the 

bismuth oxide film is p-semiconducting and when it is positive n-type 

semiconductor is present. These measurements exhibited a negative sign of i 

and therefore p-type behavior of the as-prepared α-Bi2O3.* IPCE values were 

calculated for BiONO3/8/500, BiONO3/10/500, (BiO)2CO3/-/450, and α-Bi2O3 

from Acros (Fig. 5.15).  
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Fig. 5.15. Photocurrent action spectra of (a) BiONO3/8/500, (b) (BiO)2CO3/-/450, (c) 

BiONO3/10/500, and (d) α-Bi2O3 purchased from Acros. 

 

The IPCE curves exhibit a clear relation between photocatalytic activity 

and photocurrent response. The most active powders BiONO3/8/500, 

(BiO)2CO3/-/450 show on the one hand higher IPCE values then those obtained 

for the moderate active ones and on the other hand in the visible region (λ ≥ 

420) still photocurrents are observable. This means that electron-hole pairs are 

                                              
* More detailed investigations concerning nature and lifetime of charge carriers of various as-

prepared α-bismuth oxides were shown in Chapter 6. 
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generated even under visible light irradiation, a prerequisite for the observed 

photomineralization. 

 

5.3 CONCLUSION 

α-Bismuth oxide samples were prepared by three methods: (A) direct 

calcination of bismuth salts, (B) washing of (BiO)2CO3 followed by 

calcination, and (C) precipitation of bismuth hydroxide and subsequent 

calcination. By optimizing method C through variation of the precipitation pH-

value and calcination temperature, very active materials were obtained. These 

α-Bi2O3 powders have low specific surface areas of 1–3 m2/g and exhibit a 

bandgap energy of 2.80 ± 0.05 eV and 2.93 ± 0.05 eV, assuming an indirect 

and direct transition, respectively. The quasi-Fermi level of electrons at pH 7 is 

located at –0.08 ± 0.05 V. These bismuth oxides enable a fast visible light (λ ≥ 

420 nm) mineralization of 4-chlorophenol, cyanuric acid, and dichloroacetic 

acid. Photocurrent measurements revealed p-type behavior and incident photon 

to current efficiency correlates with degradation rates. However, the 

photoreaction is not a catalytic, but in fact it is a Bi2O3-assisted photo-

oxidation. 
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6. DEPENDENCE OF α-Bi2O3 PHOTOACTIVITY ON CHARGE 
CARRIERS PROPERTIES 

6.1 INTRODUCTION 

The previous investigations showed that particular preparation conditions 

must be considered for obtaining highly photoactive α-Bi2O3 powders. But up 

to now the reason for this behavior is unclear. Since it is reported that the 

lifetime of charge carriers near the surface and efficiency of charge separation 

are essential for high photoactivity,[205-208] we were interested in the behavior of 

majority charge carriers in our as-prepared α-Bi2O3. Nature and lifetimes of 

majority charge carriers in semiconductors can be determined by photo 

electromotive force measurements (photo-EMF, see also Appendix A). Photo-

EMF represents a sensitive method which records the photovoltage contactless 

and without any external electric field. A transient signal was produced by 

laser excitation which can be analyzed by assuming a biexponential rate law 

given by 

    ( ) ( ) ( )tkUtkUtU 2
0
21

0
1 expexp −+−=   (6.1) 

where the first and the second term describe a fast and a slow decay 

process, respectively. The decay constants k1 and k2 represent the rate of charge 

carrier recombination. The faster decay process can be assigned to the 

recombination near the surface. Therefore 0
1U  and 1

1

1 τ=
k

 reflect 

concentration and lifetime of surface charge carriers, respectively, whereas 0
2U  

and τ2 refer to bulk recombination. The sum of 0
1U  and 0

2U  is called Umax. 

Herein, we search for correlations between rate of mineralization and 

nature and lifetime of the majority charge carriers. Additionally it was of 

interest, if and how the preparation conditions influence the nature of majority 

charge carriers (n- or p-type) in bismuth oxides. 
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6.2 EXPERIMENTAL SECTION 

The preparation of the α-Bi2O3 photocatalysts as well as the 

photodegradation and photomineralization experiments of 4-CP were carried 

out according to the procedures described in Chapter 5.2. 

For photo-EMF measurements different photocatalyst samples were 

embedded into the polymer polyvinylbutyral (PVB). Therefore 100 mg of the 

bismuth oxide were dispersed in 3.0 g of PVB which was prior dissolved in 

1,2-dichloroethane (10 w%). The mixture was cast on a glass plate with an area 

of about 47 cm2. Then the layer was dried in a solvent saturated atmosphere 

and subsequently removed from the glass. Remaining solvent was further 

removed in high vacuum. Dispersion layers exhibited total absorbance in the 

UV-range and a thickness of about 60 to 80 μm.  

From the whole photocatalyst/PVB dispersion layer a circular sample with 

a diameter of 10 mm was stamped out and inserted in the measuring cell. It had 

to be recognized that the deposited side of the glass plate before pointed to the 

laser source. The electrons in α-Bi2O3 were excited by nitrogen laser flashes 

(337 nm, 300 ps pulse duration, 100 kW power, about 3·1013 quanta/flash 

arrived at the sample). Generally photo-EMF signals of two different time 

scales were detected: (i) short-time-area (signal up to 2.5 μs after the flash to 

determine the fast decay processes) and (ii) millisecond-area (signal up to 200 

ms after the flash to determine the slow decaying processes). All presented 

plots and values are mean values of three measurements. 

 

6.3 RESULTS AND DISCUSSION 

From previous investigations on α-Bi2O3 we know that particular 

preparation conditions have to be considered for obtaining samples of high 

activity. The reaction conditions might influence the electronic properties, e.g. 

the majority charge carriers of the as-prepared α-bismuth oxides. This can be 
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probed by photo-EMF measurements where electron-hole pairs are generated 

on one side of a semiconductor-polymer pellet. Since the generated electrons 

and holes have different mobilities in the semiconductor particles, an electric 

field arises which can be detected by photovoltage measurements. 

First, bismuth oxide photocatalysts from bismuthyl carbonate were 

investigated. Besides the bismuth oxide photocatalyst prepared by optimized 

conditions, e.g., washed at pH 8 and calcination temperature of 450 °C, Bi2O3 

powders washed at pH 10 and calcined at 500 °C (see Tab. 6.1) were tested 

which exhibited lower activity as shown in Fig. 6.1. 

 

Tab. 6.1. Bi2O3-photocatalysts prepared from (BiO)2CO3 and their semiconducting behavior; 
the photocatalyst which exhibited the highest photoactivity is highlighted. 

Bi2O3 label Precipitation 
pH-value 

Calcination 
temperature (°C) 

Result of 
Photo-EMF 

(BiO)2CO3/8/450 8 450 p-type 

(BiO)2CO3/8/500 8 500 p-type 

(BiO)2CO3/10/450 10 450 p-type 

(BiO)2CO3/10/500 10 500 p-type 
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Fig. 6. 1. 4-CP degradation by a) (BiO)2CO3/8/450, b) (BiO)2CO3/8/500, c) 

(BiO)2CO3/10/450 and d) (BiO)2CO3/10/500 using λ ≥ 420 nm. 
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Photo-EMF measurements of these photocatalysts exhibited an initial 

signal with negative sign and a zero crossing in the millisecond time scale (Fig. 

6.2). The initial negative values correspond to semiconductors with p-type 

behavior, whereas n-type is evidenced from the positive voltage of the slow 

decay. Obtained values for efficiency of charge separation (Umax) and of 

lifetimes of charge carriers are similar for the measured samples (Tab. 6.2). 

Thus, in the case of basic bismuth carbonate used as starting material no simple 

correlation between photocatalytic activity, the type of semiconductivity, or the 

lifetimes of the majority charge carriers can be found indicating that other 

parameters such as an effective IFET and number of adsorption sites also play 

an important role for the photoactivity. 

Peculiar for all samples is the zero-line-crossing. The reason for this 

behavior can be differences in the photoelectric properties of the subsurface 

and bulk region or the presence of a mixture of p- and n-type 

semiconductors.[207] Usually the trap concentration in the surface region is 

higher than in the bulk. This may generate two independent Photo-EMFs, one 

in the bulk and another in the surface region. Opposite directions of the Photo-

EMFs leads to zero crossing in the aggregate Photo-EMF spectrum. Neither 

alternative can be excluded in the case of α-Bi2O3. Therefore the reason for the 

observed zero crossing remains unclear.  
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Fig. 6.2. Photo-EMF signals of (a) (BiO)2CO3/8/450, (b) (BiO)2CO3/8/500, (c) 

(BiO)2CO3/10/450, and (d) (BiO)2CO3/10/500 in a time scale of 200 ms after the laser 
flash. 
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Tab. 6.2. Maximum photovoltage Umax, surface (k1) and bulk (k2) recombination rate 
constants, and corresponding lifetimes (τ1, τ2) of α-Bi2O3 photocatalysts prepared from 
(BiO)2CO3. The most active powder is highlighted. 

Bi2O3 label Umax (mV) k1 (s-1) τ1 (ms) k2 (s-1) τ2 (ms) 

(BiO)2CO3/8/450 -53 42.4 23.6 42.1 23.8 

(BiO)2CO3/8/500 -58 42.1 23.8 41.8 23.9 

(BiO)2CO3/10/450 -64 46.6 21.5 46.3 21.6 

(BiO)2CO3/10/500 -59 49.4 20.2 49.1 20.4 

 

After these first results, Bi2O3 photocatalysts were prepared from 

Bi(NO3)3·5H2O at different precipitation pH values and calcination 

temperatures as described in Chapter 5 (summarized in Tab. 6.3). Their 

activities in photodegradation of 4-CP under visible light irradiation is shown 

in Fig. 6.3. 

 

Tab. 6.3. Semiconductor behavior of Bi2O3-powders obtained from Bi(NO3)3·5H2O and their 
semiconducting behavior. The most active powder is highlighted. 

Bi2O3 label Precipitation 
pH-value 

Calcination 
temperature (°C) 

Result of 
Photo-EMF 

Bi(NO3)3/7/500 7 500 n-type 

Bi(NO3)3/8/500 8 500 p-type 

Bi(NO3)3/8/700 8 700 p-type 

Bi(NO3)3/9/500 9 500 p-type 

Bi(NO3)3/10/500 10 500 p-type 
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Fig. 6.3. 4-CP degradation using (a) Bi(NO3)3/7/500, (b) Bi(NO3)3/8/500, (c) Bi(NO3)3/8/700, 

(d) Bi(NO3)3/9/500, and (e) Bi(NO3)3/10/500. 
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Fig. 6.4. Millisecond decay of Photo-EMF of (a) Bi(NO3)3/7/500, (b) Bi(NO3)3/8/500, (c) 

Bi(NO3)3/8/700, (d) Bi(NO3)3/9/500, and (e) Bi(NO3)3/10/500. 

 

Also the samples obtained from bismuth nitrate exhibited p-type behavior 

(Fig. 6.4 curves b-e) except Bi(NO3)3/7/500 which showed n-type character 

(Fig. 6.4 curve a) and the highest photocatalytic activity. The observed zero 

line crossing can be rationalized as discussed above. 
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Tab. 6.4. Maximum photovoltage Umax, surface (k1) and bulk (k2) recombination rate 
constants, and corresponding lifetimes (τ1, τ2) of the α-Bi2O3 photocatalysts prepared from 
Bi(NO3)3·5H2O. The most active sample is highlighted. 

Bi2O3 label Umax (mV) k1  (s-1) τ1 (ms) k2 (s-1) τ2 (ms) 

Bi(NO3)3/7/500 7 43.7 22.9 43.4 23.0 

Bi(NO3)3/8/500 -42 46.6 21.5 46.4 21.6 

Bi(NO3)3/8/700 -27 46.5 21.5 46.1 21.7 

Bi(NO3)3/9/500 -5 38.2 26.2 37.9 26.4 

Bi(NO3)3/10/500 -6 39.1 25.6 38.9 25.7 

 
Astonishingly, the samples with highest (Bi(NO3)3/9/500, Fig. 6.3d) and 

lowest (Bi(NO3)3/10/500, Fig. 6.3e) photoactivity exhibit both similar values of 

τ1 which corresponds to the lifetime of charge carriers at the surface. After 

these results, α-Bi2O3 photocatalysts prepared from BiONO3 (purchased from 

Riedel-de Haën) were investigated which were precipitated at different pH-

values and calcined at different temperatures as described in Chapter 5 

(summerized in Table 6.5). In this case the highest activity of the degradation 

of 4-CP was reached at a precipitation pH of about 8 and a calcination 

temperature of 500 °C as reported before and shown in Fig. 6.5. 

 
Tab. 6.5. Semiconductor behavior of Bi2O3-powders obtained from BiONO3 (purchased from 
Riedel-de Haën) and their semiconducting behavior. The most active powder is highlighted. 

Bi2O3 label Precipitation 
pH-value 

Calcination 
temperature (°C) 

Result of 
Photo-EMF 

BiONO3/7/500 7 500 p-type 

BiONO3/8/500 8 500 n-/p-type 

BiONO3/8/600 8 600 n-type 

BiONO3/8/700 8 700 n-type 

BiONO3/8/800 8 800 n-/p-type 

BiONO3/9/500 9 500 p-type 

BiONO3/10/500 10 500 p-type 
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Fig. 6.5. 4-CP degradation using (a) BiONO3/7/500, (b) BiONO3/8/500, (c) BiONO3/8/600, 

(d) BiONO3/8/700, (e) BiONO3/8/800, (f) BiONO3/9/500, and (g) BiONO3/10/500. 

 

The photo-EMF measurements disclosed an interesting relation between 

the majority charge carriers and on one hand the pH- value at which the 

precipitation of the crude product was carried out, and on the other hand the 

applied calcination temperature (Fig. 6.6). The bismuth oxide photocatalysts 

prepared under non-optimized conditions at pH-values 7, 9 and 10 exhibited n-

type behavior (curves c,d,e). p-Type behavior was observed for oxides 

prepared at pH 8 (curves a, b). 
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Fig. 6.6. Photo-EMF signals of (a) BiONO3/8/600, (b) BiONO3/8/700, (c) BiONO3/7/500, (d) 

BiONO3/9/500, and (e) BiONO3/10/500. 

 

Again, two samples revealed extraordinary behavior since in different 

regions of the polymer pellets (Fig. 6.7) in the case of BiONO3/8/500 and 
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BiONO3/8/800 different signs of Umax were observed. This might be due to 

inhomogeneities of the bismuth oxide powders. In certain particles of the same 

sample the majority charge carriers are electrons, in others holes. Accordingly, 

no photovoltage Umax and lifetimes are given in Tab. 6.6. 
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Fig. 6.7. Photo-EMK signals of different sample regions in BiONO3/8/500. 
 

Tab. 6.6. Maximum photovoltage Umax, surface (k1) and bulk (k2) recombination rate 
constants, and corresponding lifetimes (τ1, τ2) of the α-Bi2O3 photocatalysts prepared from 
BiONO3 (purchased from Riedel-de Haën). The most active sample is highlighted. 

Bi2O3 label Umax (mV) k1  (s-1) τ1 (ms) k2 (s-1) τ2 (ms) 

BiONO3/7/500 12 47.2 21.2 46.6 21.5 

BiONO3/8/500 - - - - - 

BiONO3/8/600 -28 58.6 17.1 37.0 27.0 

BiONO3/8/700 -10 45.1 22.2 44.6 22.4 

BiONO3/8/800 - - - - - 

BiONO3/9/500 6.6 39.3 25.4 39.1 25.6 

BiONO3/10/500 7.1 44.1 22.7 43.8 22.8 

 

This unexpected inhomogeneity needed to be corroborated by additional 

experiments which were carried out by using bismuth oxide photocatalysts, 

prepared from bismuthyl nitrate (labeled as BiONO3’) that was purchased from 



6. Dependence of α-Bi2O3 photoactivity on charge carrier properties 
_______________________________________________________________________________________________________ 

78 

another company (Fluka instead of Riedel-de Haën). Due to this fact, the 

preparation condition had to be changed slightly. It appeared that a 

precipitation pH-value of 10 had to be chosen to obtain a photocatalytically 

very active material. Lower pH-values of 7 and 8 were also tested and 

exhibited the same moderate activity like the samples at a pH of 9 and 11. In 

order to find out whether the preparation conditions might influence the nature 

of majority charge carriers and/or photocatalytic activity, different 

precipitation pH-values from 9 to 11, and different calcination temperatures 

from 500 to 700 °C were tested (Fig. 6.8, Tab. 6.7). 

 

Tab. 6.7. Semiconductor behavior of Bi2O3-powders obtained from BiONO3 (purchased from 
Fluka, labeled BiONO3’) and their semiconducting behavior. The most active powder is 
highlighted. 

Bi2O3 label Precipitation pH-
value 

Calcination 
temperature (°C) 

Result of Photo-
EMF 

BiONO3
’/9/500 9 500 p-type 

BiONO3’/9/600 9 600 p-type 

BiONO3’/10/500 10 500 n-/p-type 

BiONO3’/10/600 10 600 p-type 

BiONO3’/10/700 10 700 p-type 

BiONO3’/11/500 11 500 p-type 

BiONO3’/11/600 11 600 p-type 
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Fig. 6.8. Mineralization of 4-CP using a) BiONO3’/9/500, b) BiONO3’/9/600, c) 

BiONO3’/10/500, d) BiONO3’/10/600, e) BiONO3’/10/700, f) BiONO3’/11/600, and g) 
BiONO3’/11/500 at λ ≥ 420 nm. 

 

The results of photo-EMF measurements are summarized in Fig. 6.9. 

According to the negative voltage of the fast decay all photocatalysts behaved 

like p-type semiconductors except for BiONO3
’/10/500 which is an n-type 

semiconductor. The observed zero passage can again be due to photoelectric 

effects or to the existence of p-/n-type particle mixture. In the case of 

BiONO3’/10/500 (Fig. 6.9c) the two zero crossings may again be due to a 

mixture of n- and p-type particles, similar to the assumed inhomogeneity in the 

case of BiONO3/8/500 (Fig. 6.7a). 
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Fig. 6.9. Photo-EMF signals of (a) BiONO3’/11/500, (b) BiONO3’/11/600, (c) 

BiONO3’/10/500, (d) BiONO3’/10/600, (e) BiONO3’/10/700, (f) BiONO3’/9/500, and (g) 
BiONO3’/9/600. 
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But in difference to the previous experiments now a clear correlation 

between photocatalytic activity and electronic properties of the as-prepared 

bismuth oxides is observable (Tab. 6.8). The most active bismuth oxide 

(BiONO3’/10/500, Fig. 6.8c) showed the lowest lifetime τ1 and the powder 

with lowest activity (BiONO3’/9/600, Fig. 6.8b) exhibited a much higher τ1 

value. This suggests again the likely influence of IFET and number of 

adsorption sites as mentioned before. 

 

Tab. 6.8. Maximum photovoltage Umax, surface (k1) and bulk (k2) recombination rate 
constants, and corresponding lifetimes (τ1, τ2) of the α-Bi2O3 photocatalysts prepared from 
BiONO3 (purchased from Fluka, labeled BiONO3’). The most active sample is highlighted. 

Bi2O3 label Umax (mV) k1  (s-1) τ1 (ms) k2 (s-1) τ2 (ms) 

BiONO3
’/9/500 -14 52.0 19.2 29.3 34.1 

BiONO3’/9/600 -28 49.9 20.0 28.1 35.6 

BiONO3’/10/500 4 282 4.5 43.2 23 

BiONO3’/10/600 -23 55.7 17.9 31.7 31.5 

BiONO3’/10/700 -21 52.0 19.2 31.9 31.3 

BiONO3’/11/500 -19 49.5 20.2 28.6 35.0 

BiONO3’/11/600 -16 60.7 16.5 34.2 29.2 

 

6.4 CONCLUSION 

α-Bi2O3 photocatalysts were prepared similar to the procedure described in 

Chapter 5 and characterized by transient photoelectromotive force 

measurements (photo-EMF) to determine relations between lifetime of charge 

carriers at the surface (τ1) and photomineralization rates. All decay curves 

exhibited zero line crossing. This could be due to photoelectric effects or to the 

existence of a p-/n-type particle mixture. Photocatalysts prepared from 

(BiO)2CO3 are all p-type semiconductors with similar values of τ1. Since 
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however the photocatalytic activity of the various samples is very different 

other parameters such as effective IFET and number of adsorption sites also 

play an important role for the photoactivity. In bismuth oxides prepared from 

Bi(NO3)3·5H2O both n- and p-type behavior was observable. When BiONO3 

was applied as starting material the powder which exhibited the highest 

photoactivity (BiONO3’/10/500) gave the lowest τ1 value, whereas the powder 

with smallest activity a five-times higher τ1 value. Therefore again no 

correlation of activity and lifetime of charge carriers was found. However, the 

observation of two zero line crossings and the fact that locally resolved 

measurements afford different results suggests that the powders are 

electronically inhomogeneous. This mutual presence of p- and n-type 

conducting areas may lead to a better charge separation. This might impede the 

recombination of the charge carriers and therefore improve the photocatalytic 

activity. 
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7. VISIBLE LIGHT ACTIVITY OF β-Bi2O3 

7.1 INTRODUCTION 

The environmental pollution of the last decades motivated current scientist 

in the investigation of new, safe, clean and cheap technologies for the 

purification of air and water. Hitherto the research changed from UV light 

photocatalysis by TiO2 to visible light photocatalysis by different materials, 

because about 45 % of the sunlight that reaches the earth’s surface falls into the 

wavelength region from 400–700 nm. Since semiconductor materials 

absorbing in the visible suffer from photocorrosion like CdS[177] or low activity 

such as WO3 or Fe2O3,[178] the research focused on visible light sensitization of 

well known photostable and highly active TiO2. This target was successfully 

achieved by various approaches such as modifying TiO2 with Pt(IV)-

chloride[21] or “doping” TiO2 with transition metals (Cr, V, Fe)[179] as well as 

with non-metals, like N,[22-36] C,[37-40] and S.[180, 181] Generally, in these 

modified photocatalysts an additional weak absorption shoulder appeared in 

the visible light region, allowing photodegradation of pollutants even at 

wavelengths higher than 455 nm. Besides the modification of titanium dioxide 

the preparation of different photocatalysts like BiCu2PO6 and AgIn5S8 were 

published which absorb light with wavelengths λ ≥ 420 nm.[209, 210] However, 

up to now, examples of non-corroding and undoped binary metal oxide 

semiconductor powders of high visible light activity are rare. Recently Zhang 

et. al., as well as we, reported on the visible light photocatalysis by α-Bi2O3 

which shows similar environmental inertness and photostability like TiO2.[187, 

211] The outstanding advantage of α-Bi2O3 is that no additional modification by 

metals or non-metals is necessary for high visible light activity in 

photomineralization of pollutants. β-Bi2O3 is one of the modifications of 

bismuth oxide which has hitherto predominantly attracted attention in materials 

science, because of its oxide ion conductivity.[150, 212] Unfortunately, the yellow 

metastable high-temperature modification undergoes transformation to α-Bi2O3 
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upon cooling down to room temperature.[128] However, β-Bi2O3 could 

successfully be stabilized by applying the citrate gel preparation method,[136] by 

incorporation of rare earth metals or PbF2,[137-139] or by thermal decomposition 

of basic bismuth carbonate or oxalate.[134, 135] Until now no report on its 

photocatalytic activity appeared in the literature. Herein we report on the 

photoelectrochemical characterization of β-Bi2O3 and its photoactivity in the 

mineralization of 4-chlorophenol by irradiation with visible light (λ ≥ 455 nm). 

 

7.2 EXPERIMENTAL 

7.2.1 Chemicals and equipment 

All experiments were performed under air. As starting material in the β-

Bi2O3 synthesis, (BiO)2CO3 from Fluka (purum p.a.) was applied. 4,5-Dihydro-

3a,5a-diazapyrenium dibromide ((DP)Br2, Ered = –0.27 V vs. NHE) used in 

quasi-Fermi potential measurements as pH-independent electron acceptor was 

prepared according to the literature.[190] 4-Chlorophenol (4-CP, purum) and 

phenol (puriss. p.a.) were purchased from Fluka. 

The photodegradation experiments were performed in a cylindrical Solidex 

glass tube. The reaction vessel was positioned in the focus of an Osram XBO 

150 W Xenon-lamp which was installed in a light-focusing lamp housing 

(AMKO, PTI A 1010S). The beam passes a water IR- and a 455 nm cut-off 

filter (Ptot = 950 ± 100 W/m2) before reaching the reaction mixture. For the 

quasi-Fermi level measurements a similar set up without cut-off filter (full 

light irradiation, λ ≥ 390 nm, Ptot = 1200 ± 100 W/m2 with AM 1.0 filter) was 

used. The development of the 4-CP concentration was monitored by a Varian 

CARY 50 Conc UV/Vis spectrometer (ε225nm = 4000 L /mol cm). Initial rates 

(ri) were calculated from the decrease of the 4-CP concentration in one hour. 

Mineralization of 4-CP was followed by total carbon content (TC) and 

inorganic carbon content (IC) measurements applying a Shimadzu Total 

Carbon Analyzer TOC-500/5050 with a NDIR optical system detector. The 
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total organic carbon content (TOC) was calculated by subtraction of the IC 

values from the corresponding TC values. Intensity of light (Ptot) was 

determined by a MacSolar-E (Solarc, calibration: IEC904/3) applying an AM 

1.0 filter. For XRD analysis a Phillips X’Pert PW 3040/60 instrument was 

used. Lorentzian fit of the (201) peak at 2θ = 28 ° afforded a value of full 

width at half maximum of 0.20 and a signal area of 133.19 from which a 

crystallite size was calculated by the Scherrer equation. Diffuse reflectance 

spectra were recorded on a Shimadzu UV-2401PC UV/Vis scanning 

spectrometer equipped with a diffuse reflectance accessory. Therefore a 

mixture of 50 mg of β-Bi2O3 (0.11 mmol) and 2.0 g of BaSO4 (8.58 mmol, 

Fluka) was ground homogeneously, pressed to a pellet, and analyzed. The 

reflectance of pure BaSO4 served as a reference. The obtained diffuse 

reflectance was converted to F(R∞) values according to Kubelka-Munk theory 

using the instrument software. The bandgap energy (Eg) was acquired from the 

extrapolation of the linear part of the [F(R∞)E]1/2 or [F(R∞)E]2 versus energy 

(E) plot, assuming an indirect or direct nature of the optical band-to-band 

transition, respectively. 

 

7.2.2 Preparation of β-Bi2O3 

The used preparation process was based on a method described by Blower 

and Greaves.[134] First 5.0 g (10 mmol) of commercial (BiO)2CO3 were 

suspended in 100 mL H2O and refluxed for three hours. Then the suspension 

was cooled to room temperature and stirred over night. The white powder was 

filtered off, washed three times with about 100 mL of H2O and dried at 100 °C. 

After calcining the white crude product at 400 °C for one hour in a tubular 

furnace the intense yellow colored β-Bi2O3 was obtained. In ref. [37] (BiO)2CO3 

was freshly prepared and immediately calcined thereafter at 377 °C for about 

1.5 hours in an alumina boat. 
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7.2.3 Degradation experiments 

The Solidex glass vessel was filled with a mixture 40 mg of β-Bi2O3 (2.0 

g/L, 0.09 mmol) and 20 mL 4-CP solution (2.5·10–4 mol/L). In order to reach a 

homogeneous suspension the mixture was sonicated for 30 seconds before it 

was irradiated with visible light (λ ≥ 455 nm) under vigorous stirring. 4-CP 

samples were taken shortly before the illumination was started, and 

continuously every 30 minutes during the experiment. After two hours the 

experiment was stopped. The catalyst was filtered off with a nanopore filter 

(Rotilabo, 0.22 μm) and the remaining 4-CP was determined by TC 

measurements. 

 

7.3.4 Quasi-Fermi level measurements 

The quasi-Fermi level of electrons (nEF*) was obtained by measuring the 

photovoltage as a function of pH-value, based on a method developed by Roy 

et al.[21, 192] The experimental set up consisted of an electrochemical cell (pH 

meter, Pt working electrode, Ag/AgCl reference electrode), which was filled 

with a mixture of 50 mg of β-Bi2O3, 15 mg of (DP)Br2 and 50 mL of KNO3 

solution (0.1 mol/L). The resulting suspension was first acidified to pH 3 with 

diluted HNO3 and purged with nitrogen for about one hour under full light 

irradiation. Thereafter the procedure was as follows. (1) The photocurrent and 

pH values were noted. (2) Diluted NaOH (0.01 and 0.001 mol/L) was dropped 

into the mixture to attain a pH change of 0.2-0.4 units. (3) After two minutes 

the photocurrent and pH values were noted and diluted NaOH was added again 

similar to step 2. This procedure was repeated several times until a pH value of 

about 10 was reached. 
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7.2.5 Photostability test 

In a centrifuge tube 50 mg of β-Bi2O3 (2.5 g/L) were suspended in a 

mixture of 20 mL of phenol solution (3.13·10–4 M) and 5 mL H2O to reach an 

overall phenol concentration of 2.5·10–4 M. The reaction mixture was 

centrifuged and 5 ml of the supernatant were taken out and analyzed via TC 

and IC measurements. The residual suspension was irradiated for two hours 

using a 455 nm or a 420 nm cut-off filter (see Fig. 7.6). After each experiment 

the suspension was centrifuged, 15 ml of the supernatant were removed, and 

again analyzed. To the remaining bismuth trioxide suspension in the centrifuge 

tube 20 mL of phenol solution were added. After centrifugation, 5 ml from the 

supernatant were taken out and analyzed. Then the remaining 20 mL of the 

reaction mixture were irradiated again for two hours. This procedure was 

repeated several times until almost no mineralization was detectable. 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Characterization 

The modification of the as prepared bismuth trioxide was determined by 

XRD measurements as shown in Fig. 7.1. The obtained XRD spectrum 

compares well with the literature values (JCPDS data file 27-50). No α-Bi2O3 

was present since corresponding signals are missing. The average particle size 

was estimated by applying the Scherrer equation to the main peak at (201). 

After fitting with the Lorentz model a particle size of about 41 nm was 

obtained. 



7. Visible light activity of β-Bi2O3 
_______________________________________________________________________________________________________ 

87 

10 20 30 40 50 60 70 80

 

 

in
te

ns
ity

 / 
a.

u.
2θ  / degree

(201)

a

b

 
Fig. 7.1. a) XRD spectrum of β-Bi2O3 and b) the reference signals from the JCPDS file 27-50 

(β-Bi2O3). 

 

Fig. 7.2a displays the diffuse reflection spectrum of bismuth trioxide. The 

bandgap energy (Eg) of β-bismuth oxide was determined by using the modified 

Kubelka-Munk function as shown in Fig. 7.2, assuming b) an indirect or c) a 

direct band-to-band transition. 
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Fig. 7.2. (a) Diffuse reflectance spectrum and (b) determination of the bandgap energy (F(R∞) 
= 0) for an indirect and (c) a direct electron band-to-band transition from the modified 
Kubelka-Munk function versus the energy of irradiated light curve for β-Bi2O3. 

 

The graphical analysis of the curves resulted in bandgap energies of 2.3 eV 

and 2.7 eV, for an indirect and direct transition. A similar trend was found for 

β-bismuth oxide thin films for which values of 1.74 ± 0.05 eV and 2.6 ± 0.02 

eV were published, respectively.[213, 214] The flattened absorption profile of the 

initial Kubelka-Munk spectra (Fig. 7.2a) suggests an indirect transition, which 

was already suggested by George et. al.[213, 215] Thus, a bandgap energy (Eg) of 

2.3 eV is assumed. 

For the calculation of valence band edge potential (EVB) by using eq. (7.1), 

the quasi-Fermi level of electrons (nEF*) is suggested to be equal to the 

conduction band edge of the irradiated semiconductor.  
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     EVB = nEF* + Eg    (7.1) 

The nEF*-value of β-Bi2O3 was obtained by measuring the photovoltage 

generated upon irradiation of a photocatalyst/(DP)Br2 suspension as a function 

of corresponding pH-value.[192] By increasing the pH-value the quasi-Fermi 

level is shifted cathodically. When the quasi-Fermi level potential is equal to 

the pH-independent redox potential of (DP)Br2 (-0.27 V) an inflection point in 

the titration curve is observable. The corresponding pH-value is labeled pH0. In 

the case of β-Bi2O3/(DP)Br2 a pH0-value of about 6.8 was determined (Fig. 

7.3). The nEF*-value at pH 7 was calculated by applying eq. (7.2)[200] 

nEF* (pH 7) = –0,27 V + k · (pH0 – 7)  (7.2) 

where constant k is assumed to be 0.060 ± 0.005 V, which was found in the 

case of α-Bi2O3 (see Chapter 5.3.2). Within experimental error this value is 

identical to 0.059 V valid for most metal oxides.[78] Therefore a nEF*-value of –

0.28 ± 0.02 V (vs. NHE) was obtained. Together with the determined bandgap 

energy of 2.3 eV an EVB value of 2.02 ± 0.02 V was calculated from eq. (7.1). 
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Fig. 7.3. Sigmoidal profile of the photovoltage as a function of pH-value curve in the nEF* 

measurements. 

 

7.3.2 Pollutant degradation using visible light 

First the dependence of the degradation rate on the amount of β-Bi2O3 

photocatalyst was investigated to ensure maximum light absorption under the 
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given experimental conditions (λ ≥ 455 nm). The investigation resulted in a 

saturation curve, where the plateau of the reaction rate was reached at a 

catalyst concentration of about 2.0 g/L (Fig. 7.4). In the following degradation 

experiments at least this concentration was applied. 
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Fig. 7.4. Dependence of initial rate ri of 4-CP disappearance in one hour on the β-Bi2O3 

amount using λ ≥ 455 nm. 

 

The model pollutant 4-CP was used in the investigation of the 

photomineralization ability of β-bismuth oxide. In the case of α-Bi2O3 4-CP 

was almost total degraded within two hours using λ ≥ 420 nm. For the β-

modification a mineralization of 94 % in two hours at λ ≥ 455 nm was reached 

(Fig.7.5). 
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Fig. 7.5. Variation of relative TC-values with irradiation time in the presence of β-Bi2O3 (a) 

in the absence (b) and presence of visible light irradiation (λ ≥ 455 nm). 
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A blank experiment in which the reaction suspension was not irradiated but 

kept strictly under dark conditions, resulted an only entire adsorption of 4-CP 

about 10 % within two hours. 

In order to investigate the photostability of β-Bi2O3, a defined amount of 

photocatalyst was re-used in a series of mineralization reactions. To minimize 

catalyst loss, the solidex cylinder was replaced by a centrifuge tube. By using 

this set up, the bismuth trioxide powder could be separated from the phenol 

solution by centrifugation and partly removal of the clear supernatant. Phenol 

was selected instead of 4-CP since no chloride ions are produced, which may 

influence the photocatalytic reaction.[202, 203] As displayed in Fig. 7.6, the β-

bismuth oxide material was not photostable. After seven reaction cycles, no 

photomineralization of phenol was detectable, irrespective of irradiation was 

conducted at λ ≥ 420 nm or λ ≥ 455 nm. 
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Fig. 7.6. Repeated use of β-Bi2O3 in the photodegradation of 4-CP at (a) λ ≥ 455 nm or (b) λ 

≥ 420 nm. 

 

In addition the color of the powder changed from intense yellow to beige 

color. This may indicate a structural change of β-Bi2O3. Actually a transition 

from β- to α-modification occurred as verified by XRD measurements (Fig. 

7.7 and 7.8). 
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Fig. 7.7. XRD spectra of (a) intense yellow β-Bi2O3 and (b) of the beige deactivated product. 

 

The beige photocatalytically inactive substance consisted of different 

materials which could not be identified in detail. The main peak at 2θ = 27 ° in 

Fig. 7.8a confirmed the existence of α-bismuth oxide (ASTM data file 71-

2274). Some minor signals suggested the presence of (BiO)4CO3(OH)2 (ASTM 

data file 38-0579), and (BiO)2CO3 (ASTM data file 41-1488), which is 

similarly observed in the case of α-Bi2O3 photoconversion (see Chapter 5.3.3). 

But the intense signals at 10 ° could not be assigned. 
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Fig. 7.8. Identification of the deactivated 
product by comparison with reference signals 
of the ASTM data files (a) 71-2274 (α-Bi2O3), 
(b) 38-0579 ((BiO)4CO3(OH)2), and (c) 41-
1488 ((BiO)2CO3). 
 

The structural conversion to α-Bi2O3 can be explained by the observations 

of Romanov et al. [216] This group investigated the thermal desorption of 

atomic and molecular oxygen which appeared during the transformation from 

BiO2-x via β-Bi2O3 to α-Bi2O3 between 200 °C and 700 °C. They found atomic 

oxygen generation at about 540 °C, and around 445 °C and 560 °C, 

respectively, two maxima of oxygen evolution. These latter signals are likely 

due to the removal of overstoichiometric lattice oxide which diffuses from the 

bulk to the surface. Due to oxygen vacancies in the lattice β-bismuth oxide 

readily accepts higher oxygen contents which may stabilize the modification 

without reconstructing the lattice.[142] A photomineralization experiment under 

Argon exhibited that no reaction occurred. In consequence, 

photomineralization of 4-CP is not due to photoinduced oxidation of the model 

pollutant of Bi2O3 which should lead to corrosion of the oxide. Moreover, the 

holes may preferential react with excess lattice oxide, which may diffuse from 

the bulk to the surface, combine, and desorb as molecular oxygen or a similar 
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species. Thereby the crystal structure is destabilized and converts to α-Bi2O3. 

As we reported earlier α-Bi2O3 used to exhibit low photocatalytic activity 

except special preparation condition were kept. Thus finally no 

photomineralization of 4-CP was observable. 

 

7.4 CONCLUSION 

β-Bismuth trioxide was prepare of by thermal decomposition at 400 °C of 

commercially available (BiO)2CO3 which was washed prior with water. The 

intense yellow product was characterized by XRD measurements exhibiting a 

crystallite size of about 41 nm. A bandgap energy of about 2.3 eV was 

determined, assuming an indirect optical transition The quasi-Fermi energy 

was measured to be –0.28 ± 0.02 V (vs. NHE) leading to a valence band edge 

position of about 2.02 eV. To observe maximum degradation rate at least 2.0 

g/L of photocatalyst had to be applied. By irradiation at λ ≥ 455 nm 4-CP was 

successfully mineralized within two hours. Unfortunately, re-using the 

photocatalyst several times in phenol photomineralization experiment the 

reaction rate strongly decreased until no mineralization was observable. This is 

due to a progressive structural change to α-bismuth oxide and bismuthyl 

carbonates. 4-CP mineralization experiments under argon exhibited no 

disappearance of 4-CP. This means that β-Bi2O3 undergoes no photoinduced 

stoichiometric oxidation reaction with 4-CP. It is recalled that the α-

modification is active only if prepared under particular conditions as reported 

in Chapter 5. 
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8. KBiO3, NaBiO3 AND NaxBiO3 AS SUITABLE VISIBLE LIGHT 
PHOTOCATALYSTS 

8.1 INTRODUCTION 

Bismuthate compounds found great interests both in physics and organic 

synthesis. In physics the investigations were focused on superconducting 

properties of different dimetal bismuthate oxides (see also Chapter 4.2).[170, 217, 

218] In the area of organic synthesis especially sodium bismuthate is used for 

example as oxidative cleavage reagent. It selectively cleaves diols to the 

corresponding carbonyl compounds, α-hydroxy carboxylic acids to the ketone 

and CO2 and α-hydroxy ketones to the corresponding acid and aldehyde.[157, 164, 

165] 

Recently, the group of Kako et al. investigated the photocatalytic 

decomposition of organic compounds by NaBiO3 under visible light 

irradiation.[219] They photooxidized 2-propanol in the gas phase at λ ≥ 460 nm 

and bleached methylene blue (MB) in liquid phase at λ > 400 nm. This group 

claims NaBiO3 to be relatively stable under visible light irradiation even in 

aqueous solution. This assumption is based on six subsequent methylene blue 

degradation experiments with correlated XRD measurements of four and six 

times re-used photocatalyst. The rate of methylene blue decomposition 

decreased only slightly in this experiment and the corresponding XRD signals 

of NaBiO3 were still detectable. Only four additional small signals appeared in 

XRD spectrum which were assigned to NaBiO3·2H2O. 

Tang et al. reported about visible light driven photocatalysis by BaBiO3 

which is a mixed valence bismuth oxide.[220] BaBiO3 degraded acetaldehyde to 

about 80 % and methylene blue fully within one hour using λ ≥ 440 nm and λ 

≥ 420 nm, respectively. This photocatalyst showed high stability in gas phase 

reactions but photocorroded in aqueous solution.  
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Based on these promising results, we investigated the visible light activity 

of KBiO3, NaBiO3, and NaxBiO3 which is an intermediate in the NaBiO3 

synthesis. These bismuthates were prepared according to the methods 

described by Scholder and Stobbe.[168] In the following we present the results 

of 4-CP photomineralization by using λ ≥ 455 nm, quasi-Fermi level and 

bandgap energy determinations, and photostability experiments. 

 

8.2 EXPERIMENTAL SECTION 

8.2.1 Chemicals and methods 

Bi2O3 (99.9 %) was purchased from Acros, Bromine (p.a.) and 4-CP 

(purum) from Fluka. The utilized hydroxide solutions were prepared from 

NaOH and KOH pellets from Acros (extra pure). The electron acceptors 1,1’-

Bis(2-hydroxyethyl)-4,4’bipyridinium dibromide ((HEV)Br2) [188] and 1-

benzyl-1’-[4-[(1-benzylpyridinium-2-yl)methyl]phenyl]-4,4’-bipyridinium 

tribromide ((BPV)Br3)[189] were prepared according to literature (see also 

Appendix B). All redox potentials given in this chapter are referenced to NHE. 

4-CP mineralization was followed by total carbon (TC) and inorganic 

carbon (IC) measurements using a Shimadzu Total Carbon Analyzer TOC-

500/5050 with a NDIR optical system detector. The difference between TC and 

IC values resulted in total organic carbon content (TOC) of the given samples. 

Intensity of light (Ptot) was determined by a MacSolar-E (Solarc, calibration: 

IEC904/3) applying an AM 1.0 filter. For XRD analysis a Phillips X’Pert PW 

3040/60 instrument was used. Diffuse reflectance spectra were recorded on a 

Shimadzu UV-2401PC UV/Vis scanning spectrometer equipped with a diffuse 

reflectance accessory. Therefore 50 mg of photocatalyst were mixed with 2.0 g 

of BaSO4 (Fluka) and ground homogeneously. The spectrum obtained from a 

pressed pellet was recorded relative to BaSO4 as a reference and the reflectance 

was converted to F(R∞) values according to the Kubelka-Munk theory using the 

instrument software. 
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8.2.2 Preparation of KBiO3·1.45 H2O 

KBiO3·1.45 H2O was prepared by suspending 16.5 g of Bi2O3 (35.4 mmol) 

in 150 mL of 50 % KOH solution and heating to boiling temperature. At this 

temperature 16.1 mL of bromine (50.0 g, 31.3 mol) were added dropwise and 

carefully. After stirring 15 min at reflux the yellow starting material was 

transformed to the purple crude product. After cooling to room temperature, 

500 mL of water were added to dissolve formed KBr. The crude product was 

filtered off, re-suspended in 100 mL of hot 40 % KOH solution and stirred for 

five minutes. Then the red powder was filtered off again, one more time re-

suspended in about 750 mL of H2O and stirred over night. The bright red 

product was filtered off and dried at room temperature and normal pressure. 

 

8.2.3 Preparation of NaxBiO3 and NaBiO3 

17 g of Bi2O3 (40 mmol) were suspended in 120 mL of 40 % NaOH 

solution and heated to reflux. Then the starting material was oxidized by 

careful and dropwise addition of 12.9 mL of bromine (40 g, 0.25 mol). After 

heating the mixture for one hour the brown crude product was filtered off and 

washed with 100 mL of 40 % NaOH. Then the powder was re-suspended in 

about 400 mL of water and stirred for ten minutes. The solid was filtered off 

again washed with water and dried yielding NaxBiO3. 

For removal of the sodium excess and remaining Bi(III)-content in the 

intermediate, NaxBiO3 was suspended in 120 mL of 50 % NaOH and refluxed 

for 30 minutes. The formed yellow powder was filtered off, washed with about 

100 mL of 50 % NaOH and re-suspended three times in 400 mL of water. Then 

the yellow NaBiO3 was filtered off, washed with about 750 mL of water and 

dried at 90 °C. 
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8.2.4 Degradation experiments 

Photodegradation was accomplished in a cylindrical glass cuvette (Solidex, 

20 mL) which was irradiated with a focused beam of an Osram XBO 150 W 

Xenon-lamp (AMKO lamp housing, PTI A 1010S) passing a water IR-filter, 

and a 455 nm cut-off filter (Ptot = 950 ± 100 W/m2). The cuvette was filled 

with a suspension of photocatalyst and 20 mL of 4-CP solution (2.5·10-4 

mol/L). Samples were taken shortly before irradiation, then every 30 minutes 

and kept in the dark. After finishing the experiment, the bismuthate powders 

were filtered off the samples with a nanopore filter (Rotilabo, 0.22 μm). 

Progress in photomineralization was monitored from the clear solutions by 

TOC-measurements. 

8.2.5 Quasi-Fermi level measurements 

The quasi-Fermi level of electrons (nEF*) was obtained from photovoltage 

as a function of pH-value measurements (see Appendix A).[192] Therefore a 

mixture of about 30 mg of bismuthate, 15 mg of (HEV)Br2 or (BPV)Br3, and 

50 mL of KNO3 solution (0.1 mol/L) was filled in an electrochemical cell (pH 

meter, Pt working electrode, Ag/AgCl reference electrode). The suspension 

was acidified to pH 3 with diluted HNO3 or alkalized to pH 10 with diluted 

NaOH, and purged with nitrogen. Full light irradiation was performed on an 

optical train (Osram XBO 150 W Xenon-lamp, λ ≥ 390 nm, Ptot = 1230 ± 100 

W/m2). The pH-value was increased by adding nitrogen saturated NaOH 

solution (10 and 1.0 mmol/L) or decreased by adding nitrogen saturated HNO3 

solution (10 and 1.0 mmol/L), and the corresponding photovoltage values (Uph) 

were recorded. 

 

8.2.6 Photostability test 

In a centrifuge tube bismuthate photocatalyst was suspended in a mixture 

of 20 mL of phenol solution (3.13 · 10-4 mol/L) and 5 mL H2O. After 

centrifugation the initial phenol concentration was determined by TC and IC 
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measurement from 5 mL of the supernatant. The remaining 20 mL 

photocatalyst/phenol suspension was irradiated on an optical train (see 

photodegradation experiments) for a particular time period (see Results and 

Discussion). Then irradiation was stopped, the reaction mixture was 

centrifuged, 15 mL of supernatant were removed and analyzed by TC/IC 

measurements. The remaining 5 mL suspension in the centrifuge tube was 

filled up with 20 mL of phenol solution, the mixture centrifuged and 5 mL of 

supernatant were analyzed again. This photomineralization cycle was repeated 

several times until almost no reaction was observable. 

 

8.3 RESULTS AND DISCUSSION 

8.3.1 KBiO3·1.45H2O 

KBiO3 does not play an important role as reactant or catalyst. In the 

literature it was referred to in the synthesis of superconducting materials. 

Additionally, it is said to be a weak potassium ion conductor.[160] Based on 

previous results of visible light photocatalysis applying bismuthates, KBiO3 

might also exhibit an exceptional photodemineralization ability. 

XRD measurements of the bright red product revealed KBiO3·1.45 H2O 

compared to the ASTM file 46-0806 (Fig. 8.1). From Lorentzian fit of the 

(310) peak the full width at half maximum and the 2θ value were determined. 

By using the Scherrer equation an approximate particle size of about 34 nm 

was calculated. 
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Fig. 8.1. XRD spectra of KBiO3·1.45 H2O and the peaks of the reference ASTM file 46-0806. 

The diffuse reflectance spectrum of KBiO3 exhibited absorptivity around 

600 nm with an onset at about 800 nm (Fig. 8.2). The profile of the diffuse 

reflectance spectrum shows a steep increase of absorption which allows the 

assumption of a direct optical absorption. 
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Fig. 8.2. Diffuse reflectance  spectrum as a function of wavelength. 

 

For the graphical determination of the bandgap energy Eg of KBiO3 the 

Kubelka-Munk function was modified assuming an indirect or direct optical 

band-to-band transition (Fig. 8.3). The extrapolation of the linear part in each 

curve to F(R∞) = 0 resulted in bandgap energies of 1.9 eV and 2.1 eV, 

respectively. 
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Fig. 8.3. Modified Kubelka-Munk function for the bandgap determination assuming a) an 
indirect or b) direct optical transition. 

 

Unfortunately, irradiation of a 4-CP/KBiO3 suspension at λ ≥ 455 nm did 

not afford any photocatalytic mineralization within two hours. The filtered 

solutions showed a yellow color. The reason for this observation could not be 

identified. nEF* values could not determined.  

By acidifying an aqueous suspension of KBiO3 to pH < 1, the color of the 

powder changed first from bright to dark red and after a while to bright orange. 

XRD determination exhibited no structural change but the signals broadened 

suggesting lower crystallinity (Fig. 8.4). The crystallite size was calculated 

from the (310) peak to be around 19 nm. 
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Fig. 8.4. XRD spectrum of the (a) acidified orange KBiO3 powder and (b) the signals of the 

ASTM reference file 46-0806 (KBiO3·1.45 H2O). 
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Compared to the original red KBiO3 the absorptivity of orange KBiO3 

showed a blue shift as expected (Fig. 8.4). The bandgap determination from the 

modified Kubelka-Munk functions resulted in Eg ≈ 1.82 eV for indirect and 

2.15 eV for direct band-to-band transition, respectively. The Kubelka-Munk 

function in Fig. 8.5a did not reach total reflection (F(R) = 0) within 

instrumental limits (200-800 nm) and therefore only estimated threshold value 

of Eg for indirect optical transition (Fig. 5a) could be stated. 
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Fig. 8.5. Standardized diffuse reflectance spectra of a) red KBiO3 and b) acidified orange 

KBiO3. 

Fig. 8.6. Modified Kubelka-Munk spectra of acidified KBiO3 assuming a) indirect or b) direct 
optical transition. 
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As red KBiO3 also the orange modification did not show any degradation 

of 4-CP with visible light and exhibited again yellow colored filtrate. As a 

consequence KBiO3 was neglected as feasible visible light photocatalyst. 

 

8.3.2 NaBiO3·xH2O 

Sodium bismuthate is used as oxidant in organic chemistry. Due to its 

intense yellow color photocatalysis with visible light seemed possible and was 

already investigated by Kako et al.[219] This group looked at the visible light 

photocatalysis of waterfree NaBiO3. They prepared the photocatalyst by drying 

commercially available NaBiO3·xH2O for five hours at 413 K. We prepared 

NaBiO3 through oxidation of Bi2O3 as explained in the experimental section 

above. XRD analysis of our as-prepared photocatalyst showed the presence of 

NaBiO3·xH2O (ASTM reference file 30-1160, Fig. 8.7). A particle size of 

about 60 nm was calculated from the (003) signal. 
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Fig. 8.7. XRD spectrum of (a) NaBiO3·xH2O and (b) the reference signals from the ASTM 

file 30-1160. 

 

The diffuse reflectance spectrum displays absorption around 450 nm with 

an onset around 650 nm (Fig. 8.8). The preband absorption might be due to 

lattice oxygen defects as already suggested by Kako et al.[219] 
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Fig. 8.8. Diffuse reflectance spectrum of NaBiO3·xH2O. 

 

The bandgap energy of NaBiO3 was determined by using the modified 

Kubelka-Munk functions assuming an indirect or a direct electron band-to-band 

transition as shown in Fig. 8.9a and 8.9b, respectively. 

Fig. 8.9. Modified Kubelka-Munk function for Eg determination assuming a) an indirect and 
b) a direct optical transition. 

 

In the case of indirect transition, bandgap energy of 2.62 eV and of direct 

transition Eg of 2.71 eV was assigned, respectively. Kako found a bandgap 

energy of 2.60 eV which corresponds well to our indirect Eg value. 

Considering the steep shape of the diffuse reflectance spectrum (Fig. 8.8), we 

favor the 2.71 eV value. The quasi-Fermi level (nEF*) was determined from the 

change of photovoltage in dependence on pH value by using eq. 8.1 
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nEF* (pH 7) = Ered (HEV2+/+•) + 0.059 V · (pH0 – 7) (8.1) 

where Ered is the redox potential of (HEV)Br2 (0.19 V) and pH0 represents 

the pH-value where the redox potential and the quasi-Fermi level of the 

semiconductor are equal. Hence a value of –0,19 ± 0,05 V was determined for 

NaBiO3·xH2O which resulted in an EVB value of about 2.5 V. 

Different from KBiO3 4-CP degradation was achieved for NaBiO3·xH2O. 

First, the minimum concentration of photocatalyst for achieving maximum 

reaction rate was determined. Fig. 8.10 indicates clearly that at least a 

concentration of about 0.8 g/L is necessary for this. 
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Fig. 8.10. Dependence of initial rate ri of 4-CP degradation on NaBiO3·xH2O concentration. 

 

By irradiation of a 4-CP/photocatalyst suspension at λ ≥ 455 nm the model 

pollutant was almost fully mineralized within 30 min. This agrees in general 

with the results of Kako et al., who considered the decomposition of organic 

compounds with NaBiO3·xH2O under visible light irradiation.[219] They 

photooxidized 2-propanol in the gas phase and methylene blue (MB) in the 

liquid phase at λ ≥ 420 nm and showed that NaBiO3·xH2O is a prominent and 

relatively stable visible light photocatalyst. In our case the photomineralization 

of 4-CP stopped after 30 min irradiation time and the TC value rose again. This 

was probably due to desorption of intermediates in the photomineralization 

process from the photocatalyst surface.  
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Fig. 8.11. Mineralization of 4-CP using NaBiO3·xH2O (0.9 g/L) a) under irradiation with λ ≥ 
455 nm and b) under dark conditions; with (●) TC, (▲) IC, and (■) TOC values. 

 

Photostability investigation revealed a deactivation of the applied NaBiO3 (Fig. 

8.12). During the experiment the color of the photocatalyst slowly changed 

from yellow to brown. This suggests that NaBiO3·xH2O may act as a 

stoichiometric oxidizing agent. From the amount of photocatalyst present it is 

calculated that about 5·10-5 mol of phenol can be degraded, which corresponds 

to ten reaction cycles.  
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Fig. 8.12. Photostability investigation by re-using NaBiO3·xH2O (0.9 g/L) for several phenol 
mineralization cycles at λ ≥ 455 nm. 

 
XRD analysis of the brown powder revealed a conversion of NaBiO3·xH2O 

to (BiO)2CO3. This result is similar to the observations in the case of α-Bi2O3 

(Chapter 5.3.3) and β-Bi2O3 (Chapter 7.3.2) photostability experiments. 
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Therefore NaBiO3·xH2O was neglected as suitable material for visible light 

photocatalysis. 
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Fig. 8.13. (a) XRD spectra of  the brown deactivated product and (b) the signals of the ASTM 

reference file 41-1488 ((BiO)2CO3). 

 

After the acidification in the quasi-Fermi level determination the dark 

yellow color changed to brown similar as aforementioned for KBiO3. 

Therefore in a separate experiment 5.0 g of NaBiO3·xH2O were suspended in 

H2O and acidified to pH 0.9. XRD analysis of the yielded brown modification 

showed a dramatic signal broadening, which means that the crystallite size 

decreased from 60 nm to approximately 16 nm calculated form the ( 201 ) 

signal (Fig. 8.14). 
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Fig. 8.14. XRD spectra of a) original NaBiO3·xH2O, b) brown modification and c) the ASTM 

reference file 30-1160 (NaBiO3·xH2O). 
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The absorptivity of the brown powder is red shifted as compared to the 

dark yellow photocatalyst (Fig. 8.15). The rather flat profile of the diffuse 

reflectance curve suggests an indirect transition whereby the onset of 

absorption was beyond the scope of the instrument (detection range ≤ 800 nm). 
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Fig. 8.15. Diffuse reflectance spectra of a) dark yellow NaBiO3·xH2O and b) brown 

NaBiO3(ac.). 

 

From the modified Kubelka-Munk function a bandgap energy for the 

indirect and direct band-to-band transition of Eg ≈ 1.92 eV and 2.26 eV was 

determined, respectively (Fig. 8.16). Quasi-Fermi level determination gave a 

nEF* value of –0.19 ± 0.05 V which resulted in valence band edge potential of 

about 1.7 V. Thus, no significant difference to NaBiO3·xH2O is observed. 
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Fig. 8.16. Plot of modified Kubelka-Munk function versus energy of light for a) indirect and 
b) direct optical transition. 
 

The smaller bandgap energy should enable photomineralization of 4-CP 

even with red light (λ ≥ 600 nm). The dependence of reaction rate on the 

catalyst concentration resulted in a minimum concentration of about 0.4 g/L of 

NaBiO3(ac.) (Fig. 8.17). At higher amounts of catalyst the reaction rate 

decreased an observation already well-known. Higher solid concentrations lead 

to shorter light penetration depth. Thereby only a small amount of 

photocatalyst can use the light energy for electron-hole pair generation and the 

reaction rate is decreased. But in our case the suspensions were almost clear up 

to a catalyst concentration of about 1.5 g/L. This means that the standard 

explanation is not valid here. Another explanation is connected to strong 

oxidative ability of NaBiO3(ac.). This leads to a considerable dark reaction 

whose rate increases with increasing NaBiO3(ac.) concentration. Therefore, at 

concentrations above 0.5 g/L one observes a decrease of the initial 

photodegradation rate instead of the expected plateau. This might imply 

oxidation of the pollutant at higher amounts of photocatalyst before irradiation 

which disturb the result. But nevertheless a good hint for minimum 

concentration was obtained for further investigations. 
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Figure 8.17. Determination of the minimum catalyst concentration for maximum degradation 

rate at λ ≥ 455 nm. 

 

Surprisingly, NaBiO3(ac.) showed disappearance (Fig. 8.18) but no 4-CP 

photomineralization (Fig. 8.17) with visible light. This means that 4-CP is 

oxidized, but not mineralized to CO2, H2O and chloride. As a result the brown 

NaBiO3(ac.) powder is no visible light photocatalyst just as KBiO3. 

Fig. 8.18. Mineralization of 4-CP using acidified NaBiO3·xH2O (0.9 g/L)  a) upon irradiation 
with λ ≥ 455 nm and b) under dark conditions; with (●) TC, (▲) IC, and (■) TOC 
values. 
 

8.3.3 NaxBiO3 

NaxBiO3 is a precursor in the NaBiO3 synthesis as reported by Scholder 

and Stobbe and shows more than 90 % Bi(V)-content.[168] They also 

determined a Na/Bi-ratio of 2.2 to 5.0 in the brown intermediate. The XRD 
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spectrum clearly shows that the material consists of NaBiO3 with a particle size 

of about 33 nm as calculated from the ( 201 ) peak (Fig. 8.19). 
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Fig. 8.19. XRD spectrum of NaxBiO3 and the reference signals of the ASTM files 30-1161 (– 

NaBiO3·2H2O) and 11-0006 (▼, NaBiO3). 

 

The diffuse reflectance curve of NaxBiO3 exhibited steep profile with 

absorptivity around 670 nm and an onset of light absorption at around 850 nm 

(Fig. 8.20). Considering the steep profile a direct band-to-band transition was 

assumed. 
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Fig. 8.20. Diffuse reflectance spectrum of NaxBiO3. 

 

From the modified Kubelka-Munk function (Fig. 8.21) Eg values of 1.50 eV 

for indirect and 1.77 eV for direct transition were determined, respectively. 
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Quasi-Fermi level of electrons was determined to be –0.33 ± 0.05 V. 

Combination of bandgap energy and quasi-Fermi level potential resulted in a 

valence band edge of about 1.44 V assumed for a direct transition. 

Fig. 8.21. Modified Kubelka-Munk spectra for a) indirect and b) direct optical transition. 

 

Determination of the minimum catalyst concentration required for 

maximum reaction rate in the photomineralization experiment gave an amount 

of at least 0.8 g/L NaxBiO3 (Fig. 8.22).  
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Fig. 8.22. Dependence of degradation rate on NaxBiO3 concentration. 

 

Fig. 8.23 shows the results of mineralizations using 455 nm cut-off filter 

and of corresponding blank experiment in which irradiation is avoided. Both 

experiments exhibited a relatively high initial amount of around 5 mg/L 
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inorganic carbon (IC). The origin of this remarkable IC-value could not be 

identified. Noteworthy is the low photocatalyst concentration of 0.9 g/L which 

was applied in the experiments. This concentration gave an almost clear 

mixture of model pollutant and photocatalyst compared to the strong 

suspension obtained in the case of Bi2O3. Despite of this low concentration the 

photomineralization rate was extraordinarily high. Within 60 minutes 4-CP is 

almost fully mineralized under irradiation with λ ≥ 455 nm (Fig. 8.23a). This 

might be due to a better charge separation between the Bi(III) and Bi(V) 

material which inhibits electron-hole recombination and enhances therefore the 

liftetime of charge carriers. 

Fig. 8.23. Mineralization of of 4-CP using NaxBiO3 (0.9 g/L) a) under irradiation with λ ≥ 
455 nm and b) under dark conditions; with (●) TC-, (▲) IC-, and (■) TOC-values. 

 

Photostability of the NaxBiO3 was determined by re-using a particular 

amount of photocatalyst in several subsequent photomineralization 

experiments. In Fig. 8.24a an amount of NaxBiO3 of about 0.9 g/L and in Fig. 

8.24b about 3.0 g/L were applied. The latter served for verification that a 

sufficient catalyst concentration (Fig. 8.22) was used. The experimental cycles 

lasted for 2.5 h (Fig. 8.24a) and 1 h (Fig. 8.24b), respectively. From the figures 

it can be concluded that unfortunately the NaxBiO3 material photocorroded. In 

the case of 0.9 g/L photocatalyst concentration the reaction rate decreases 

dramatically within ten cycles. By using higher amount of NaxBiO3 this 
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decrease is much slower, however within 26 cycles the remaining 

photomineralization gets close to zero as well. 

Fig. 8.24. Photostability investigation by re-using NaxBiO3 for several phenol 
mineralizations; c (NaxBiO3) is (a) 0.9 g/L and (b) 3.0 g/L 
 

An acidification of NaxBiO3 led only to a slight color change. XRD 

analysis revealed a decrease of crystallinity (Fig. 8.25). Because of the extreme 

broadening of the signals it is difficult to decide, if structural change occurred 

or not. The main signals at 12 and 32 degree were still apparent in the spectrum 

but a new signal appeared around 26 degree, which might belong to α-Bi2O3. 
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Fig. 8.25. XRD spectra of a) original NaxBiO3, b) acidified NaxBiO3 and c) JCPDS reference 

signals 27-53 (α-Bi2O3). 
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The diffuse reflectance curve showed that the band edge of acidified 

NaxBiO3 was shifted to lower wavelengths and the onset stayed at about 850 

nm (Fig. 8.26). The flattened profile refers to an indirect band-to-band 

transition. 

300 400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

 

 

F(
R

∞
)

λ / nm

a b

 
Fig. 8.26. Diffuse reflectance spectrum of (a) acidified NaxBiO3 and (b) NaxBiO3. 

 

The bandgap determinations resulted in 1.45 eV and 2.03 eV for indirect 

and direct optical transition, respectively (Fig. 8.27). Quasi-Fermi level 

determinations gave –0.34 ± 0.05 V. Therefore the conduction band edge is 

situated at about 1.11 V (indirect). 

Fig. 8.27. Plot of modified Kubleka-Munk spectrum versus energy of light for a) indirect and 
b) direct band-to-band transition. 
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From determination of initial photomineralization rates as a function of 

catalyst concentration it follows that maximum reaction rate is obtained by 

using at least 0.6 g/L of NaxBiO3(ac.) (Fig. 8.28). Nevertheless, in 4-CP 

mineralization an amount of 0.9 g/L was applied to ensure comparability to the 

original NaxBiO3 experiments. 
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Fig. 8.28. Dependence of degradation rate of 4-CP on NaxBiO3 (ac.) concentration. 

 

Figure 8.29 exhibits the results of 4-CP photomineralization experiments 

with and without irradiation (blank experiment). The mineralization is faster as 

in the case of the original NaxBiO3. Here already within about 30 min the 

model pollutant is almost fully mineralized. 

Fig. 8.29. 4-CP mineralization by NaxBiO3(ac.) a) using λ ≥ 455 nm and b) under dark 
conditions; with (●) TC-, (▲) IC-, and (■) TOC-values. 
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But unfortunately a photostability test which was performed analogous to 

the original NaxBiO3 showed that after six reaction cycles the photocatalytic 

activity almost ceased (Fig. 8.30). This means that also the acidified 

photocatalyst is not a suitable alternative to α-Bi2O3 or modified TiO2. 
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Fig. 8.30. Photostability investigation by re-using NaxBiO3(ac.) for several 4-CP 
mineralizations. 

 

8.4 CONCLUSION 

KBiO3·1.45H2O, NaxBiO3, and NaBiO3·xH2O were prepared according to 

literature through oxidation of α-Bi2O3 by bromine in hot KOH or NaOH 

solution. Apart from showing no visible light activity, Red KBiO3·1.45H2O 

exhibited a bandgap energy of about 2.1 eV assuming a direct optical 

transition. A quasi-Fermi level (nEF*) could not be measured. Acidification of 

this material resulted in orange KBiO3(ac.) of similar bandgap energy. 

For yellow NaBiO3·xH2O an Eg value of about 2.7 eV was determined 

assuming a direct band-to-band transition. nEF* was obtained as –0,19 ± 0.05 V 

which resulted in an EVB value of about 2.5 V. The yellow powder was able to 

mineralize 4-CP within 60 minutes using λ ≥ 455 nm. Photostability 

experiments revealed stoichiometric oxidation of phenol. Brown NaBiO3(ac.) 

has a bandgap energy of about 1.9 eV assuming an indirect transition. A quasi-
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Fermi level similar to NaBiO3·xH2O was measured. But unfortunately 4-CP 

mineralization experiments showed no photocatalytic activity. 

The dark brown NaxBiO3 is an intermediate of the NaBiO3·xH2O synthesis. 

Assuming a direct band-to-band transition, this substance exhibited an Eg 

value of about 1.8 eV. Quasi-Fermi level determination gave –0.33 ± 0.05 V 

resulting in a valence band potential of about 1.5 V. Within 60 minutes 4-CP 

was mineralized at λ ≥ 455 nm but, unfortunately, NaxBiO3 was also 

deactivated during photostability experiments indicating stoichiometric 

oxidation. Brown NaxBiO3(ac.) showed a bandgap energy of about 1.5 eV 

assuming an indirect transition. In this case Eg was determined to be 1.5 eV 

and a nEF* value similar to NaxBiO3. 4-CP was photomineralized within 30 

minutes at λ ≥ 455 nm but the photocatalyst was also deactivated. 

In summary, metal bismuthates induce exceptional photomineralization 

rates, but the herein investigated materials were deactivated during repeated 

use revealing a stoichiometric oxidation process. 
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9. APPENDIX A: THEORETICAL BASICS OF SOME 
CHARACTERIZATION METHODS 

In Appendix A a brief theoretical background is given concerning some 

particular spectroscopic and photoelectrochemical methods, such as diffuse 

reflectance spectroscopy, quasi-Fermi level determination (nEF*), and photo 

electro motive force (photo-EMF) measurements. 

 

9.1 DIFFUSE REFLECTANCE SPECTROSCOPY 

The discussion of photocatalysis is strongly connected to the bandgap 

energy Eg of applied semiconductors, since light absorption is the initial step of 

electron-hole pair generation. 

For excitation of electrons from the occupied valence band into the empty 

conduction band, absorption of energy is necessary which is equal or higher 

than Eg. The determination of bandgap energy in homogeneous systems can 

simply be done by UV-Vis spectroscopy where Eg is indicated by a steep 

increase of absorptivity. The bandgap energy is connected to wavelength by 

eq. (9.1): 

( ) ( )eVE
nm

g

1240
=λ    (9.1) 

In the case of metal oxide materials transmission spectroscopy is 

unemployable, because preparation of transparent samples is very difficult or 

impossible. Therefore diffuse reflectance spectroscopy is the method of choice, 

which is based on the measurement of the light reflected by the solid 

powders.[221, 222] Diffuse reflectance can be described by two components: 1) 

the diffuse specular reflectance and 2) the diffuse reflectance contribute 

differently to the overall amount of reflected light. The spectrometer is 

measuring the light scattered from the sample relative to BaSO4 as a function 

of wavelength. BaSO4 is used as a non-absorbing reference material. The 
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scattered radiation is collected by an Ulbrich integration sphere and directed to 

the detector. 

The theory behind diffuse reflectance spectroscopy was based on 

considerations by Schuster and further developed by Kubelka and Munk. The 

obtained Kubelka-Munk function F(R∞) is given by Eq. (9.2). 

    ( ) ( )
SR

RRF α
=

−
=

∞

∞
∞ 2

1 2

   (9.2) 

in which α is the absorption coefficient and S the scattering coefficient of 

the substance. R∞ is the diffuse reflectance of an infinitely thick sample layer 

and is defined as 

4BaSO

sample

R
R

R =∞     (9.3) 

It must be emphasized that the Kubelka-Munk function is only valid under 

particular circumstances: i) the applied irradiation must be monochromatic, ii) 

the layers thickness must be infinitely which can be assumed to be the case at 

about 5 mm for most materials, iii) the sample concentration must be low, iv) a 

uniform distribution of the sample has to be granted, and v) the sample must 

not show fluorescence. 

Since α is connected to wavelength and photon energy, respectively, 

different values for direct and indirect gap semiconductors are obtained. The 

dependence of the absorption coefficient on the photon energy near the 

absorption edge is described by[77] 

( )
ν

ν
α

h
Eh j

g−
∝    (9.4) 

The exponent j depends on the present transition and is defined for 

crystalline seminconductors as 

2
1

=j  for allowed direct transitions (k = 0) 
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2
3

=j  for forbidden direct transitions (k ≠ 0) 

j = 2  for allowed indirect transitions 

j = 3 for forbidden indirect transitions. 

According to eq. (9.4), not only the absorption coefficient α, but also the 

scattering coefficient S has to be considered for calculation of F(R∞). The 

assumption that S is wavelength independent leads to eq. (9.5) 

( ) α∝∞RF     (9.5) 

Combining Eqs. (9.4) and (9.5) results in 

    ( )( ) gEhhRF j −∝⋅∞ νν
1

  (9.6) 

According to eq. (9.6) extrapolation of the linear part to F(R∞) = 0 in the 

plot of the expression on the left side term versus the incident photon energy 

results in the bandgap energy Eg. This method was applied in the present work. 

Note that for amorphous semiconductors the energy dependence of α is 

given by Eq. (9.7) which is similar to the dependence of an allowed indirect 

transition. 

 ( ) ( )( ) gEhhRF −∝⋅∞ νν 2
1

2   (9.7) 

 

9.2 QUASI-FERMI LEVEL DETERMINATION 

Several methods have been developed for the flatband or quasi-Fermi 

potential determination such as Mott-Schottky measurements,[223-225] 

modulation spectroscopy,[226-228] photocurrent[200] or photovoltage[192] 

measurements, respectively. In the case of semiconductor powders only 

photocurrent or photovoltage measurements are applicable. In our 

investigations the quasi-Fermi level of electrons nEF* was determined by 
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photovoltage measurements. The experimental set-up is schematically shown 

in Fig. 9.1. 

 
 

Fig. 9.1. Schematic view of experimental set-up for quasi-Fermi level determination (taken 
from ref.[229]). 

 

For heavily doped n-type oxides such as TiO2 the conduction band edge 

ECB practically merges with nEF* (|ECB – nEF*| < 0.1 V).[230]  This was also 

assumed for our bismuth oxide photocatalysts. For nEF* determination we 

recorded the pH dependence of the potential of a platinum electrode immersed 

in an irradiated suspension of photocatalyst in the presence of a pH-

independent electron acceptor (EA2+). The structures of applied electron 

acceptors are shown in Tab. 9.1. 
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Tab. 9.1. Structures and determined redox potential (see also Appendix B) of applied 
electron acceptors. 

 

 A change of the pH-value in the solution leads to a shift of the band edge 

positions of the semiconductor, due to a deprotonation or protonation of the 

surface OH-groups. Increasing the pH of the solution will lead to a cathodic 

shift of the band edge positions expressed by  

( ) ( ) ( )pHpHkpHEpHEE FnFnc −+=≈ ∗∗
00   (9.8) 

where nEF* (pH) is the quasi-Fermi level of electrons for a particular pH, k 

is a constant, which is normally 0.059 V, a value valid for most metal oxides. 

pH0 describes the inflection point of the obtained photovoltage-pH profiles 

Label structure Ered/ V  

(DP)Br2 
 

 
4,5-dihydro-3a,5a-diaza-pyrenium ion 

-0,27 

(HEV)Br2  
 

1,1’-bis(2-hydroxyethyl)-4,4’bipyridinium ion 

-0.19 

(BPV)Br3 

 
 

1-benzyl-1’-{4-{(1-benzypyridinium-4-yl)methyl}phenyl}-4,4’-
pyridinium ion 

+0.07 



9. Appendix A: Theoretical basics of some characterization methods 
_______________________________________________________________________________________________________ 

124 

(Fig. 9.3). The processes occurring during pH titration of the irradiated 

semiconductor suspension are illustrated in Fig. 9.2. 

 

 
 

Fig. 9.2 Dependence of quasi-Fermi level of electrons nEF* on the suspension pH. 

 

Starting at low pH-values leads to a nEF* position below Ered of the given 

EA2+. This implies that an electron transfer from the irradiated semiconductor 

to EA2+ is impossible. By increasing the pH value nEF* equals the redox 

potential of EA2+ at a certain value named pH0. At this situation the excited 

electrons in the conduction band can reduce EA2+ to the colored radical EA+• 

and a steep change in measured photovoltage is observable (see Fig. 9.3). 

Higher pH-values afford again a flattening of the curve because all EA2+ is 

reduced and the potential of the suspension does not change any more so that 

the overall shape of the curve is sigmoidal. Based on eq. (9.8) nEF* (pH) can be 

calculated by 

( ) ( ) ( )pHpHkEAEpHEE redFnc −+=≈ •++∗
0

2  (9.9) 
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Fig. 9.3. Dependence of photovoltage as function of suspension pH-value. 

 

In similar experiments, but measuring the photocurrent as function of pH-

value, the usage of acetate as reducing agent to remove the photogenerated 

hole was recommended by Ward et al.[200] Roy et al. did not use any reducing 

agent in his photovoltage experiments and obtained good and repeatable 

results. Our experience in the application of this method exhibited no 

significant change of the values no matter if using or avoiding a reducing 

agent. Most important is total removal of oxygen from the reaction suspension, 

because oxygen is a much better reducing agent than any EA2+ and may 

therefore act as preferred electron scavenger. 

Nevertheless, the question what happens to the photogenerated hole can not 

be answered easily. Re-oxidation of the reduced electron acceptor is of minor 

importance, because the color change obviously underlines the presence of the 

reduced species EA2+/+•. Oxidation of water to oxygen seems to be improbable 

but possible since special conditions for water oxidation are required. The most 

probable process is photocorrosion of the semiconductor which is for example 

known for CdS. In CdS semiconductors the S2- is oxidized by h+ to elemental 

sulfur. In TiO2 the holes seem to oxidize surface OH-groups to built up several 

peroxo species.[231, 232] What happens in bismuth oxides during the 

measurement is unclear and needs to be further investigated. 
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9.3 PHOTO-ELECTROMOTIVE FORCE MEASUREMENTS 

A sophisticated method for determine the nature of charge carriers and 

their lifetimes is the time resolved photo-electromotive force measurement 

(PEMF).[69, 205-208] PEMF is an in-situ method for obtaining information about 

the behavior of the photogenerated electron-hole pairs without the application 

of an external field. The mobility of charge carriers depends on traps in the 

semiconductor or structural changes in the material. The set-up of PEMF 

measurements is illustrated schematically in Fig. 9.4.   

 

 
 

Fig. 9.4. Illustration of the basic principle of a photo-EMF measurement. 

 

Electron-hole pairs are generated on one side of the sample by laser flash 

irradiation. The intensity of light decreases with penetration depth, according 

to Lambert-Beer law 

   deII ⋅−⋅= α
0    (9.10) 

in which I is the remaining light intensity after passing the sample, I0 is the 

incident light intensity, α is the absorption coefficient, and d is the path length. 

Considering eq. (9.10) it is obvious that according to decreasing light intensity 

in the bulk of the material the amount of generated electron-hole pairs 

decreases also. Thus, a concentration gradient is built up which is the driving 

force for the diffusion of photogenerated electrons into and through the bulk. 

The essential point in PEMF measurements is the mobility of the charge 
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carriers. Electrons and holes exhibit different diffusion rates and therefore in 

the sample an electric field was generated. This electric field between the 

irradiated side and the dark opposite side is labeled photo-electromotive force 

or Dember voltage given by[233] 

( ) ( ) d
e
Tk

U
he

heB ⋅⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

= λα
μμ
μμ

λmax  (9.11) 

where kB is the Boltzmann constant, T is the temperature, e the elementary 

charge, and μe and μh are the molilities of electrons and holes, respectively. It 

has to be considered that eq. (9.11) is only valid if the lifetimes of the charge 

carries are higher than the duration of the laser flash. Additionally a high light 

intensity is required for the saturation of all traps with charge carries. Analysis 

of the obtained curve can be done by using second or third order kinetic 

models. Hence, the type of semiconductor, the lifetime of the charge carriers, 

and the efficiency of charge separation can be obtained. 

In a p-type semiconductor the holes are more mobile than the electrons 

which lead to a measurable negative voltage. In the case of a n-type 

semiconductor this considerations are vice versa and result in a positive 

voltage. Therefore the sign of the initial voltage signal gives information about 

the semiconductor type. 

The rate constant k calculated from the signal decay reflects the 

recombination of the charge carriers and is expressed by the reciprocal of the 

charge carrier lifetime τ1/2. 

       
21

1
τ

=k     (9.12) 

A longer lifetime of charge carriers may lead to higher photocatalytic 

activity since the photogenerated electrons and holes have more time for 

participating in surface and interfacial electron transfer processes. 
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A direct correlation with the efficiency of the charge separation of the 

electron-hole pair concentration and to the intensity of the incident light 

(constant for all measurements) is given by the maximum voltage Umax. 

Usually the plot of the voltage versus time (see for example Chapter 6.3) 

can be analyzed by the sum of a fast and a slow exponential decay curve as 

expressed by eq. (9.13). 

( ) tktk eUeUtU 21 0
2

0
1

−− ⋅+⋅=   (9.13) 

for t = 0  0
2

0
1max UUU +=⇒    (9.14) 

The pre-exponential factors 0
1U  and 0

2U  can exhibit positive, negative or 

mixed signs. Hence positive and negative profiles can be interpreted. Usually 

the process with higher decay rate is labeled 0
1U  and k1, respectively. It 

corresponds to recombination rates of electron-hole pairs near the surface, 

whereas the slower process is due to bulk recombination.[234]  
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10. APPENDIX B: HEV2+ AND BPV3+ 

In the following chapter preparation and cyclic voltammetry measurements 

of (HEV)Br2 and (BPV)Br3 are described. These substances served as electron 

acceptors in the nEF* determinations (see Appendix A). All reactions described 

were done under nitrogen atmosphere ny using standard Schlenk techniques. 
1H NMR spectra were recorded on a JEOL FT-JNM-GX 27 with a Lambda LA 

400 control unit and elemental analyses were carried out on a Carlo Erba EA 

1106 and 1108 instrument. 

10.1 HYDROXYETHYL VIOLOGEN (HEV2+) 

10.1.1 Preparation 

 
 

Bis(2-hydroxyethyl)-4,4’bipyridinium dibromide ((HEV)Br2) was prepared 

according to Ammon.[188] 5.0 g of 4,4’-bipyridyl (32 mmol, Acros) were 

dissolved in 75 ml of nitrogen saturated THF (Acros). Then 9.0 ml of N2-

saturated 2-bromethanol (16 g, 128 mmol, Acros) were added dropwise, 

whereby a white solid precipitated. The mixture was heated to 80 °C over 

night. After cooling to room temperature the obtained yellow solid was filtered 

off, washed with THF and dried in high vacuum. The crude product was 

refluxed 2 hours in ethanol. At room temperature, the slimy yellow residue was 
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filtered off, washed with EtOH and dried in high vacuum which resulted 6.2 g 

of (HEV)Br2 (yield: 79 %). 

1H-NMR (270 MHz, DMSO-d6): δ = 3.92 (t, 3J = 4.8 Hz, 4 H), 4.45 (s, 

OH), 4.78 (t, 3J = 4.7 Hz, 4 H), 8.80 (d, 3J = 6.5 Hz, 4 H), 9.32 (d, 3J = 6.8 Hz, 

4 H) 

Elemental analysis (%) calculated: N 6.90, C 41.40, H 4.47; found: N 6.56, 

C 40.55, H 4.47 

 

10.1.2 Cyclic voltammetry 

The redox potentials Eredox of prepared (HEV)Br2 were determined by 

cyclic voltammetry. In an electrochemical cell (Pt-counter electrode, Ag/AgCl 

reference electrode, carbon working electrode) 20 mg of (HEV)Br2 were 

dissolved in LiClO4 solution (0.1 M) and saturated with nitrogen. The 

dependence of current I on potential E was determined by a cyclic change of 

the applied voltage (scan rates see Tab. 10.1). Increasing the potential leads to 

oxidation of the viologene until no reduced form of the viologene is present on 

the surface of the working electrode. The concentration of the reduced form on 

the surface of the electrode is dependent on the diffusion rate from the solvent 

to the electrode. When the oxidation rate equals the diffusion rate, diffusion 

threshold current is reached which appeares as current maximum in the cyclic 

voltammogram. Further potential enhancement leads to a decrease of 

corresponding current since the Nernst diffusion layer increases and therefore 

the reduced viologene needs more time to reach the electrode. Analogous 

processes occur for the reductive pathway. Eredox was calculated as mean value 

of diffusion threshold current for corresponding oxidation and reduction. Fig. 

10.1 shows the cyclic voltammogram of (HEV)Br2 starting at anodic (Fig. 

10.1a) or cathodic (Fig. 10.1.b) potential, respectively. Both curves exhibit 

reversibility of oxidation and reduction. Two oxidation and reduction steps can 

be determined as expected for HEV2+. In this thesis we only give the redox 
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potential of the first reduction step Ered, since in nEF* investigation only this 

value is of interest. This potential was calculated as mean value from the 

second current maximum and minimum in the plot, respectively, which 

resulted in an Ered value of –0.19 V for (HEV)Br2. Ammon determined a 

reduction potential of –0.18 V. 

Fig. 10.1. Cyclic voltammogram of (HEV)Br2 starting form (a) anodic and (b) cathodic 
potential (vs. Ag/AgCl). The arrow indicates direction of slower scan rates. 
 

Tab. 10.1. Redox potentials of (HEV)Br2 determined from cyclic voltammetry starting at 
anodic (Eanod.) and cathodic (Ecath.) potential. The given Eredvalue was calculated as mean 
value of Eanod. and Ecath. 

Scan rate / mV s-1 Eanod. / V Ecath. / V 

500 -0.189 -0.191 

200 -0.189 -0.189 

100 -0.189 -0.191 

50 -0.188 -0.396 

20 -0.190 -0.189 

∑ -0.189 -0.191 

Ered -0.19 V (vs. NHE) 
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10.2 BENZYLPYRIDINIUM VIOLOGEN (BPV3+) 

10.2.1 Preparation 

1-benzyl-1’-{4-{(1-benzylpyridinium-2-yl)methyl}phenyl}-4,4’-

bipyridinium tribromide ((BPV)Br3) was prepared according to Bongard et 

al.[189] 

 

4-(4-nitrobenzyl)-pyridine 1 

 
 

First commercially available 4-(4-nitrobenzyl)-pyridine was reduced to the 

corresponding amine.[235] 5.0 g 4-(4-nitrobenzyl)-pyridine (23 mmol, Acros) 

and 15 g tin powder (126 mmol, Acros) were mixed and poured into a 250 ml 

round bottom flask. Then 80 ml of halfconcentrated HCl (5.1 M) was added 

and the suspension was refluxed at 130 °C for one hour. The excess of tin was 

filtered off the hot suspension. The obtained clear solution was cooled to room 

temperature, whereby white needles precipitated. The needles were filtered off, 

washed with ice-cold water and dried in high vacuum. The crude product was 

dissolved in H2O and neutralized with 40% NaOH, whereby a white emulsion 

resulted. The emulsion was extracted three times with EtOAc and the 

combined fractions were finally extracted once with water. The clear EtOAc 

phase was dried over NaSO4 (p.a., Acros). By evaporating the solvent, white 

plate-like crystals of 4-(4-aminobenzyl)-pyridine 1 were obtained in a yield of 

900 mg (21 %). 
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1H NMR (270 MHz, DMSO-d6): δ = 4.24 (s, 2 H), 7.20 (d, 3J = 8.6 Hz, 2 

H), 7.36 (d, 3J = 8.3 Hz, 2H), 7.85 (d, 3J = 6.5 Hz, 2 H), 8.77 (d, 3J = 6.5 Hz, 2 

H) 

 

1-(2,4-dinitrophenyl)-4,4’-bipyridinium chloride 2[236] 

N

N
NO2

NO2

Cl

+ EtOH, 40 °C, 40h

N

N
NO2

NO2

2

+ Cl

 

 
To a solution of 6.0 g of 4,4’-bipyridine (38 mmol, Acros) in 15 ml of 

ethanol a solution of 3.8 g of dinitrochlorobenzene (20 mmol, Acros) in 15 ml 

of ethanol was added dropwise at 40 °C and stirred for 40 hours. After the 

solution was cooled to room temperature the solvent was evaporated. The 

residue was washed with dry diethyl ether and recrystallized from ethanol to 

obtain 8.9 g of brown product 2 (65 % yield). 

1H NMR (270 MHz, CD3OD): δ = 8.12 (dd, 3J = 4.5 Hz, 4J = 1.8 Hz, 2 H), 

8.33 (d, 3J = 8.6 Hz, 1 H), 8.82 (d, 3J = 7.1 Hz, 1 H), 8.90 (dd, 3J = 6.0 Hz, 4J = 

2.1 Hz, 2 H), 8.92 (dd, 3J = 11 Hz, 4J = 3.0 Hz, 2 H), 9.31 (d, 3J = 2.4 Hz, 1 H), 

9.41 (d, 3J = 7.1 Hz, 2 H) 
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1-{4-(pyridine-4-ylmethyl)phenyl-4,4’-bipyridinium chloride 3 

 
 

360 mg of the intermediat product 2 (1.0 mmol) were suspended in 15 ml 

of iPrOH. To the suspension 280 mg of 1 (1.3 mmol) were added, whereby the 

color of the suspension changed to dark brown. The mixture was refluxed at 

100 °C for one hour. After cooling to room temperature the solvent was 

evaporated. The brown slurry was dried in high vacuum. For purification the 

residue was dissolved in H2O and extracted two times with EtOAc. The water 

was evaporated and the remaining pale brown solid of 1-{4-(pyridine-4-

ylmethyl)phenyl-4,4’-bipyridinium chloride 3 was dried in high vacuum. 

Yield: 300 mg (83 %) 

1H NMR (270 MHz, CD3OD): δ = 4.23 (s, 2 H), 7.39 (d, 3J = 5.9 Hz, 2 H), 

7.39 (d, 3J = 8.3 Hz, 2 H), 7.87 (d, 3J = 8.6 Hz, 2 H), 8.10 (dd, 3J = 4.8 Hz, 4J = 

1.5 Hz, 2 H), 8,46 (d, 3J = 5.9 Hz, 2 H), 8.70 (d, 3J = 8.6 Hz, 2 H), 8.56 (dd, 3J 

= 4.5 Hz, 4J = 1.9 Hz, 2 H), 9.37 (d, 3J = 6.8 Hz, 2 H) 
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1-benzyl-1’-{4-{(1-benzypyridinium-4-yl)methyl}phenyl}-4,4’-pyridinium 

bromide, (BPV)Br3 

N

N

N

3

+

Br
iPrOH, reflux, 18h

N

N

N

+ 3 Br

 

 

Then 265 mg of 3 (0.74 mmol) were dissolved in 8.0 ml of iPrOH and 0.9 

ml benzyl bromide (1.27 g, 7,4 mmol, Acros) were added. The mixture was 

refluxed for 18 hours. After cooling to room temperature an orange-yellow 

precipitation was formed. The solid was filtered off, washed three times with 
iPrOH and dried in high vacuum. The dark yellow crude product was re-

suspended in 20 ml iPrOH, refluxed for 30 min and cooled to room 

temperature again. The yellow product 1-benzyl-1’-{4-{(1-benzypyridinium-4-

yl)methyl}phenyl}-4,4’-pyridinium bromide ((BPV)Br3) was filtered off, 

washed three times with iPrOH and dried in high vacuum. Yield: 460 mg (84 

%) 

1H NMR (270 MHz, CD3OD): δ = 4.53 (s, 2 H), 5.81 (s, 2 H), 6.01 (s, 2 

H), 7.46-7.51 (m, 10 H), 7.74 (d, 3J = 8.6 Hz, 2 H), 7.94 (d, 3J = 8.6 Hz, 2 H), 
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8.03 (d, 3J = 6.5 Hz, 2 H), 8.77 (d, 3J = 6.8 Hz, 2 H), 8.83 (d, 3J = 7.1 Hz, 2 H), 

8.99 (d, 3J = 6.8 Hz, 2 H), 9.38 (d, 3J = 6.8 Hz, 2 H), 9.50 (d, 3J = 7.1 Hz, 2 H) 

Elemental analysis (%) calculated: N 5.63, C 57.93, H 4.32; found: N 5.08, 

C 51.97, H 4.57 

 

10.2.2 Cyclovoltametric measurements 

The redox potential of (BPV)Br3 was determined by cyclic voltammetry 

measurements analogous to (HEV)Br2. In Fig. 10.2 the cyclic voltammogram 

of (BPV)Br3 is shown starting from anodic and cathodic potential, respectively. 

Again reversibility of two oxidation and two corresponding reduction steps 

were observable. The important redox potential of the first reduction step Ered 

was calculated as mean value of the left maximum and minimum, respectively, 

to be 0.07 V (Tab. 10.2). This potential was inserted as Ered of (BPV)Br3 in 

nEF* determinations. Bongard et al. gave a potential of -0.14 V. 

Fig. 10.2. Cyclic voltammogram of (BPV)Br3 starting form (a) anodic and (b) cathodic 
potential (vs. Ag/AgCl). The arrow indicates direction of slower scan rates. 
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Tab. 10.2. Redox potentials of (BPV)Br3 determined from cyclic voltammetry starting at 
anodic (Eanod.) and cathodic (Ecath.) potential. The given Ered value was calculated as mean 
value of Eanod. and Ecath. 

Scan rate / mV s-1 Eanod. / V Ecath. / V 

800 0.079 0.096 

400 0.079 0.097 

200 0.080 0.087 

100 0.078 0.064 

50 0.082 0.050 

20 0.030 0.062 

∑ 0.071 0.076 

Ered 0.07 V (vs. NHE) 
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11. SUMMARY 

Worldwide intensive research is focused on the search for photocatalysts 

for oxidation reactions with visible light. Hitherto, good results were obtained 

by modification of TiO2 with main group elements generating weak light 

absorption in the visible spectral range. Bismuth oxides could represent an 

alternative material since they strongly absorb light in the visible, because of 

their bandgap energy of 2.3 to 2.9 eV. However, so far little was known about 

their photocatalytic properties. For ternary bismuth oxides, like CaBi2O4, 

NaBiO3, and BaBiO3 degradation of acetaldehyde in the gas phase and 

methylene blue in the liquid phase was reported. But in all these cases it is 

unclear, whether the bismuthates act catalytically or stoichiometrically. It is 

mentioned that Bi(V) salts are also good thermal oxidants. Therefore, the aim 

of the present work was to investigate the photocatalytic activity of α- Bi2O3, 

β-Bi2O3 and some alkali bismuthates in the complete oxidation of 4-

chlorophenol (4-CP). The bismuth oxides were characterized in detail by 

diffuse reflectance spectroscopy, photoelectrochemical measurements, and 

time-resolved photovoltage experiments.  

Commercially available α-Bi2O3 exhibits only low photocatalytic activity 

with visible light (λ ≥ 420 nm). Zang et al. reported in 2006 on the 

photocatalytic degradation of methylorange with nanocrystalline α-Bi2O3 and 

visible light. In their synthesis they required a surfactant and high energy 

ultrasound. Since α-Bi2O3 and its polymorphs absorb visible light and since 

this is the only report about its photocatalytic activity, it seemed worthwhile to 

investigate its photoelectrochemical and photocatalytic properties. Therefore, 

by variation of the precipitation pH, the calcination temperature, and the 

starting material the condition were established which led to a photocatalyst 

with high activity in the visible range (Chapter 5). The best preparation 

condition for bismuth nitrates (BiONO3, Bi(NO3)3·5H2O) as starting materials 

were a precipitation pH of about 8.5 and a calcination temperature of 500 °C. 
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To obtain a very active powder from (BiO)2CO3 only washing with water and 

calcination at 450 °C was necessary. From diffuse reflectance spectroscopy 

bandgap energies (Eg) of 2.80 eV for the indirect and 2.93 eV for the direct 

band-to-band transition were deduced. The difference to literature values of 2.3 

to 2.9 eV reflects the influence of different preparation and measurement 

methods. For the quasi-Fermi potential (nEF*) a value of –0.08 V was 

determined.* From XRD analysis a crystallite size of about 40 nm was 

calculated. The small specific surface area a value of 1-3 m2/g is responsible 

for the fact that at least 10 g/L of the catalyst are required to reach the 

maximum initial degradation rate. These bismuth oxides enable fast 

mineralization of 4-CP, cyanuric acid, and dichloroacetic acid. Photocurrent 

measurements indicated p-type behavior and the incident photon to current 

efficiency corresponded to the observed degradation rates. Investigation of the 

photostability in which a particular amount of α-Bi2O3 was re-used in the 

photomineralization of phenol exhibited a decreasing degradation rate. XRD 

analysis of the used powder showed that a conversion of bismuth oxide to 

bismuthyl carbonate occurred. This means that the photoreaction is not 

catalytic, but is in fact a Bi2O3-assisted photo-oxidation. 

The obtained α-Bi2O3 photocatalysts were characterized by transient 

photoelectromotive force measurements (photo-EMF) to determine relations 

between lifetime of charge carriers at the surface (τ1) and photomineralization 

rates (Chapter 6). The powders exhibited both p-type (negative photo-EMF 

signals) and n-type (positive photo-EMF signals) behavior. All decay curves 

showed zero crossing which might be due to photoelectric effects or to the 

existence of a p-/n-type particle mixture. In our investigations evidence for 

both varieties were found. Unexpectedly the α-Bi2O3 materials did not show a 

correlation of τ1 with photoactivity. This indicates that other parameters such 

as interfacial electron transfer (IFET) and number of adsorption sites also play 

                                              
* All potentials were given versus NHE and for pH 7. 
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an important role for the photoactivity. For the most active bismuth oxides as 

prepared from BiONO3 the photo-EMF exhibited different properties upon 

excitation at different sample regions. This suggests the presence a p-/n-type 

particle mixture leading to a better charge separation and therefore improving 

the photo-oxidation reaction. 

β-Bi2O3 is a metastable modification of bismuth(III) oxide. But it can be 

stabilized by, e.g. the application of certain preparation methods or the 

incorporation of rare earth metals. For our investigation stable β-Bi2O3 was 

prepared according to the literature by thermal decomposition of (BiO)2CO3 

(Chapter 7). The intense yellow product exhibited a flattened profile of the 

diffuse reflectance spectrum which indicates an indirect band-to-band 

transition. For Eg a value of 2.3 eV was determined and nEF* was found to be –

0.28 V. In the case of β-Bi2O3 about 2.0 g/L were sufficient to reach the 

plateau of maximum initial rates of 4-CP degradation. Complete mineralization 

occurred within two hours at λ ≥ 455 nm irradiation. Upon repeated catalyst 

use, degradation rate decreased to zero after four mineralization cycles. 

Thereby the color of the powder changed from intense yellow to beige. XRD 

measurements showed that the β-modification was converted to α-Bi2O3 and 

bismuthyl carbonate. It is recalled that the α-modification is active only if 

prepared under particular conditions as reported in Chapter 5. In the case of β-

Bi2O3 the mineralization is again not catalytic, but represents a Bi2O3-assisted 

photo-oxidation. 

Three bismuthate salts, namely red KBiO3, yellow NaBiO3·xH2O, and dark 

brown NaxBiO3, were prepared according to literature by oxidation of α-Bi2O3 

with Br2 in hot KOH or NaOH solution (Chapter 8). According to Scholder 

and Stobbe the crude product of the NaBiO3 synthesis (NaxBiO3) shows a 

Bi(V) content of 90 % and a Na/Bi ratio of 2.2-5.0. Therefore it was named 

NaxBiO3. 

In spite of its low Eg value of about 1.8 eV, KBiO3 exhibited no activity in 

the photomineralization of 4-P with visible light. No nEF* value could be 
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obtained by the standard photoelectrochemical procedure. Waterfree NaBiO3 

was reported to induce acetaldehyde and methylene blue degradation upon 

irradiation. Our prepared NaBiO3·xH2O and NaxBiO3 were active in 4-CP 

degradation and exhibited bandgap energies of 2.7 eV and 1.8 eV, and quasi-

Fermi levels of about –0.19 V and –0.33 V, respectively. For reaching the 

maximum initial degradation rate a photocatalyst concentration of only 0.9 g/L 

had to be applied. 4-CP was almost completely mineralized in about 60 min 

at λ ≥ 455 nm. But photostability test revealed that NaBiO3·xH2O and NaxBiO3 

were deactivated similar to α-Bi2O3 and β-Bi2O3. 

In this dissertation it was shown for the first time that α-Bi2O3 and β-Bi2O3 

enable the fast mineralization of 4-CP with visible light. Although these 

powders are electronic semiconductors, as indicated by time-resolved 

photovoltage and quasi-Fermi level measurements, they are no photocatalysts, 

but were deactivated during the photomineralization. Since no mineralization 

was observable in the absence of oxygen it is concluded that oxygen from air 

and not bismuth oxide does play the role of the oxidant. The deactivation is not 

due to photocorrosion to bismuth metal and O2 as expected for a 

semiconductor, but to a hitherto unknown photochemical conversion to 

bismuthyl carbonate.  
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12. ZUSAMMENFASSUNG 

Auf der Suche nach Photokatalysatoren für oxidative Reaktionen mit 

sichtbarem Licht wird weltweit intensive Forschungsarbeit betrieben. Gute 

Ergebnisse wurden bisher durch Modifizierung von TiO2 mit 

Hauptgruppenelementen erhalten, was zu einer schwachen Lichtabsorption im 

sichtbaren Spektralbereich führt. Bismutoxide könnten eine Alternative zu 

TiO2 darstellen, da sie, aufgrund ihrer Bandlückenenergie von 2.3 bis 2.9 eV, 

schon ohne Modifizierung sichtbares Licht stark absorbieren. Dennoch war 

bisher kaum etwas über ihre photokatalytischen Eigenschaften bekannt. Für 

ternäre Bismutoxide, wie CaBi2O4, NaBiO3 und BaBiO3 wurde berichtet, dass 

sie Acetaldehyd in der Gasphase und Methylenblau in wässriger Phase 

abbauen. In all diesen Fällen ist allerdings unklar, ob die Bismutate katalytisch 

oder stöchiometrisch wirken. Von Bi(V)-salzen ist bekannt, dass sie auch gute 

thermische Oxidationsmittel sind. Daher war Ziel dieser Arbeit, die 

photokatalytische Aktivität von α-Bi2O3, β-Bi2O3 und einigen 

Alkalibismutaten in der vollständigen Oxidation von 4-Chlorphenol (4-CP) zu 

untersuchen. Die Bismutoxide wurden mittels diffuser 

Reflexionsspektroskopie, photoelektrochemischen Messungen und Messung 

der zeitaufgelösten Photospannung detailliert charakterisiert. 

α-Bi2O3 besitzt in der käuflichen Form nur sehr geringe photokatalytische 

Aktivität mit sichtbarem Licht (λ ≥ 420 nm). Zang et al. berichteten 2006 über 

den photokatalytischen Abbau von Methylorange mit nanokristallinem α-

Bi2O3 und sichtbarem Licht. Für die Synthese des Bismutoxids setzten sie eine 

oberflächenaktive Substanz und hochenergetischen Ultraschall ein. Da α-Bi2O3 

und dessen Polymorphe sichtbares Licht absorbieren und weil dies der einzige 

Bericht über dessen photokatalytische Aktivität ist, schien es lohnend dessen 

photoelektrochemische und photokatalytische Eigenschaften zu untersuchen. 

Daher wurden durch Variation des Fällungs-pH-Wertes, der 

Kalzinierungstemperatur und des Eduktsalzes die Bedingungen ermittelt, die 
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zu einem Photokatalysator mit sehr hoher Aktivität im sichtbaren Bereich 

führten (Kapitel 5). Bei der Verwendung von Bismutnitrat (BiONO3, 

Bi(NO3)3·5H2O) als Ausgangsmaterial waren die optimalen 

Herstellungsbedingungen ca. 8.5 als Fällungs-pH-Wert und 500 °C als 

Kalzinierungstemperatur. Um ein sehr aktives Pulver aus (BiO)2CO3 zu 

erhalten waren lediglich Waschen mit Wasser und eine Kalzinierung bei 450 

°C nötig. Mittels diffuser Reflexionsspektroskopie wurden 

Bandlückenenergien (Eg) von 2.80 eV für den indirekten bzw. 2.93 eV für den 

direkten Elektronenübergang abgeleitet. Der Unterschied zu den 

Literaturwerten von 2.3 bis 2.9 eV spiegelt den Einfluss unterschiedlicher 

Herstellungs- und Messmethoden wider. Für das Quasi-Fermi-Niveau (nEF*) 

ließ sich ein Wert von –0.08 V ermitteln.* Aus XRD-Spektren wurde eine 

Kristallitgröße von ca. 40 nm errechnet. Die kleine spezifische Oberfläche von 

1-3 m2/g ist dafür verantwortlich, dass 10 g/L des Katalysators zum Erreichen 

der maximalen Anfangsabbaugeschwindigkeit benötigt werden. Diese 

Bismutoxide ermöglichen eine schnelle Mineralisierung von 4-CP, 

Cyanursäure und Dichloressigsäure. Photostrommessungen wiesen auf p-Typ-

Verhalten hin und die Effizienz der Umwandlung von einfallendem Licht in 

elektrischen Strom stimmt mit den beobachteten Abbaugeschwindigkeiten 

überein. Photostabilitätsuntersuchungen, bei denen eine bestimmte Menge α-

Bi2O3 mehrmals für Photomineralisierungen von Phenol verwendet wurde, 

zeigten, dass die Abbaugeschwindigkeit mit der Zeit abnimmt. Die XRD-

Analyse des deaktivierten Pulvers ergab, dass eine Umwandlung des 

Bismutoxids in Bismutylcarbonat stattgefunden hat. Dies bedeutet, dass die 

Photoreaktion nicht katalytisch ist, sondern dass es sich vielmehr um eine 

Bi2O3-assistierte Photo-Oxidation handelt. 

Die erhaltenen α-Bi2O3-Photokatalysatoren wurden mittels Messung der 

transienten photoelektromotorischen Kraft (Photo-EMK) charakterisiert, um 

                                              
* Alle Potentiale werden gegen NHE und für pH 7 angegeben. 
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Beziehungen zwischen der Lebensdauer der Ladungsträger an der Oberfläche 

(τ1) und der Photomineralisierungsgeschwindigkeit zu ermitteln (Kapitel 6). 

Die Pulver zeigten sowohl p-Typ- (negative Photo-EMK-Signale) als auch n-

Typ-Verhalten (positive Photo-EMK-Signale). Alle Abklingkurven wiesen 

einen Nulldurchgang auf, was auf photoelektrische Effekte oder auf eine 

Mischung aus p- und n-Typ-Partikeln zurückgeführt werden kann. In unseren 

Untersuchungen wurden Hinweise auf beide Möglichkeiten gefunden. 

Unvermutet zeigten α-Bi2O3-Materialien keinen Zusammenhang zwischen τ1 

und der Photoaktivität. Dies deutet darauf hin, dass andere Parameter, wie der 

interfacialer Elektronentransfer IFET und die Anzahl der Adsorptionsstellen, 

eine wichtige Rolle spielen. Für das Bismutoxid mit der höchsten Aktivität, das 

aus BiONO3 hergestellt wurde, zeigte die Photo-EMF in verschiednen 

Regionen der Probe unterschiedliche Eigenschaften, was auf  eine Mischung 

aus p- und n-Halbleiterpartikeln hinweist. Dies führt zu einer besseren 

Ladungstrennung und begünstigt daher die Photo-oxidationsreaktion.  

β-Bi2O3 ist eine metastabile Modifikation von Bimut(III)-oxid. Sie lässt 

sich aber z. B. durch Verwendung bestimmter Darstellungsmethoden oder den 

Einbau von seltenen Erdmetallen stabilisieren. Für unsere Untersuchungen 

wurde stabiles β-Bi2O3 nach Literaturvorschrift durch den thermischen Zerfall 

von (BiO)2CO3 hergestellt (Kapitel 7). Das intensiv gelbe Produkt zeigte einen 

flachen Verlauf des diffusen Reflexionsspektrums, was auf einen indirekten 

Elektronenübergang hinweist. Für Eg wurde ein Wert von 2.3 eV ermittelt und 

für nEF* ergab sich –0.28 V. Im Fall von β-Bi2O3 sind ca. 2.0 g/L ausreichend, 

um die maximale Anfangsgeschwindigkeit des 4-CP-Abbaus zu erreichen. Bei 

einer Belichtung mit λ ≥ 455 nm fand die vollständige Mineralisierung 

innerhalb von zwei Stunden statt. Durch wiederholten Einsatz des Katalysators 

sank die Reaktionsgeschwindigkeit und erreichte nach vier Reaktionszyklen 

den Wert Null. Dabei änderte sich die Farbe des Pulvers von intensiv gelb nach 

beige. XRD-Messungen ergaben, dass sich die β-Modifikation in α-Bi2O3 und 

Bismutylcarbonat umgewandelt hatte. Wie in Kapitel 5 beschrieben ist α-Bi2O3 
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nur dann aktiv, wenn es unter bestimmten Reaktionsbedingungen hergestellt 

wird. Die Mineralisierung ist also im Fall von β-Bi2O3 ebenfalls nicht 

katalytisch, sondern eine Bi2O3-assistierte Photo-Oxidation. 

Drei Bismutatsalze, nämlich rotes KBiO3, gelbes NaBiO3·xH2O und 

dunkelbraunes NaxBiO3, wurden nach Literaturvorschrift durch Oxidation von 

α-Bi2O3 mit Br2 in heißer KOH- oder NaOH-Lösung hergestellt (Kapitel 8). 

Nach Scholder und Stobbe zeigt das Zwischenprodukt der NaBiO3·xH2O-

Synthese (NaxBiO3) einen Bi(V)-Anteil von 90 % und ein Na/Bi-Verhältnis 

von 2.2-5.0. Deshalb wurde es NaxBiO3 genannt. 

Trotz seines geringen Eg-Wertes von ungefähr 1.8 eV zeigte KBiO3 keine 

Aktivität in der Photomineralisierung von 4-CP mit sichtbarem Licht. Mit den 

standardmäßig verwendeten photoelektrochemischen Methoden konnte kein 

nEF*-Wert erhalten werden. Von wasserfreiem NaBiO3 wurde berichtet, dass es 

unter Belichtung den Abbau von Acetaldehyd und Methylenblau hervorruft. 

Die von uns hergestellten Substanzen NaBiO3·xH2O und NaxBiO3 waren aktiv 

in Bezug auf den Abbau von 4-CP und zeigten Bandlückenenergien von 2.7 eV 

bzw. 1.8 eV und Quasi-Fermi Niveaus von –0.19 V bzw. –0.33 V. Um die 

maximale Anfangsabbaugeschwindigkeit zu erreichen musste nur eine 

Katalysatorkonzentration von 0.9 g/L eingesetzt werden. Mit Licht der 

Wellenlänge λ ≥ 455 nm wurde 4-CP in ungefähr 60 min fast vollständig 

mineralisiert. Aber Photostabilitätstests offenbarten, dass NaBiO3·xH2O und 

NaxBiO3 genauso wie α-Bi2O3 und β-Bi2O3 deaktiviert wurden. 

In der vorliegenden Dissertation wurde erstmalig gezeigt, dass α- und β-

Bi2O3 die Mineralisierung von 4-CP mit sichtbarem Licht in einer sehr 

schnellen Reaktion ermöglichen. Obwohl diese Pulver elektronische Halbleiter 

vom n- und p-Typ sind, wie aus den Messungen der zeitaufgelösten 

Photospannung und Quasi-Fermi-Niveau-Messungen geschlossen werden 

kann, fungieren sie nicht als Photokatalysatoren, sondern werden während der 

Reaktion deaktiviert. Da in Abwesenheit von Sauerstoff keine Mineralisierung 

beobachtet wird, kann gefolgert werden, dass Luftsauerstoff und nicht 
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Bismutoxid die Rolle des Oxidationsmittels übernimmt. Die Deaktivierung 

beruht nicht auf der für einen Halbleiter erwarteten Photokorrosion zu 

metallischem Bismut und O2, sondern auf einer bisher noch unbekannten 

photochemischen Umwandlung zu Bismutylcarbonat. 
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