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Preface

Photocatalysis on semiconductor surfaces has grown tremendously in the three

last decades. The reason for that is its analogy with photosynthesis, the most

important natural chemical process. Photosynthesis forms the basis of human

life by using visible solar light for the conversion of water and carbon dioxide

to oxygen and carbohydrates. The key steps in that admirable heterogeneous

photocatalytic process are photochemical charge generation, charge trapping,

interfacial electron exchange, and C–C coupling. The first two steps can be

mimicked to some extent by molecular systems, but not the two last steps

which represent the chemical synthesis part. However, simple C–C, H–H, and

C–N couplings become feasible upon irradiating a suspension of a semicon-

ductor powder in the presence of electron donor and acceptor substrates. The

light-generated charges are trapped at the surface, from where they undergo

concerted interfacial reduction and oxidation reactions with the substrates. In

most cases, the primary products are short-lived radicals, which are converted to

final products by selective chemical bond formation. Thus, the semiconductor’s

action is at least twofold. It enables a proper assembly of the substrates through

adsorption at the surface–solvent layer, and it catalyzes photoinduced interfacial

electron transfer to and from the substrates, often coupled to proton transfer.

The splitting of water, fixation of molecular nitrogen, and functionalization of

alkanes exemplify the high reactivity of such heterogeneous systems. While great

attention has been paid to water splitting and exhaustive aerobic degradation of

pollutants, only a small part of research has explored also the synthetic aspects.

The author believes that the latter may open novel aspects for organic synthesis,

including, eventually, production of solar fuels and food from water, carbon

dioxide, and dinitrogen.

The above brief description reveals that the multidisciplinary field of semi-

conductor photocatalysis combines molecular photochemistry with solid-state

chemistry, materials science, heterogeneous catalysis, and electrochemistry.

Accordingly, this book was written for masters students of complementary fields.

It is based on lectures given at the University of Erlangen-Nürnberg. The reader

should be aware of the fact that some of the experimental observations may

be explained also by mechanisms different from the proposed ones. But this is
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typical for research in basic sciences: mechanisms may change with time but the

experimental facts stay constant.1),2)

After a general introduction, Chapters 1–3 deal with the basics of molecular

photochemistry and with a few examples of molecular photocatalysis. Chapter 4

briefly treats the principles and methods of photoelectrochemistry that are

relevant for the characterization of semiconductor photocatalysts. The main

Chapter 5 finally discusses first the mechanistic and kinetic aspects followed by

characterization and preparation of photocatalysts and by organic cleavage and

addition reactions. Since the mechanism of the latter resembles the four key

steps of photosynthesis, it is treated in some detail focusing on C–C and C–N

couplings. Environmental aspects and a brief description of photoreactors are

presented at the end of Chapter 5.

Erlangen

June 23, 2014 Horst Kisch

1) The one who limits sets by thinking, which in reality do not exist/and then thinks them away, has

understood photocatalysis.

2) The author’s simple modification of the first part of a poem by F. Rückert in “Die Weisheit des

Brahmanen, ein Lehrgedicht in Bruchstücken.” Erstes Bändchen, p.19. Weidmann’sche Buch-

handlung, Leipzig, 1836: Wer Schranken denkend setzt, die wirklich nicht vorhanden/und dann

hinweg sie denkt, der hat die Welt verstanden.
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1

Introduction

1.1

A Brief History of Photochemistry

Photochemistry, which means chemical changes induced by absorption of light,

constitutes the basis of human life. This is linked to the property of a green leaf to

absorb the blue and red components of sunlight and generate carbohydrates and

oxygen. Only water and carbon dioxide are necessary for that unique process of

unprecedented selectivity, considering that only carbon dioxide is reduced even

though the competitive and much more reactive oxygen molecule is present in

about 600-fold excess. Thus, photosynthesis1) supports mankind with food to eat

and oxygen to breathe (Equation 1.1). Therefore, it is not surprising that in the

very earliest human cultures

nH2O + nCO2

sun
−−−−−→
green leaf

(CHOH)n + nO2 (1.1)

the sun was worshiped as a god. A prominent example is Egypt, where in the four-

teenth century BC pharaoh Ikhnaton rejected the many old gods and introduced

a monotheistic religion based on the sun-god Aton. Also, in the Christian genesis

God said, “let there be light,” after he had created the earth and heaven (Genesis,

verses 3–4). Besides photosynthesis, sunlight controls also the growth of plants

through the protein phytochrome [1]. The complicated action mechanism can be

broken down to an olefinic cis–trans isomerization. In the protein rhodopsin, the

same molecular process forms the basis of human vision.

Light absorption by other eye proteins controls the concentration of hormones

such as melatonin relevant for circadian rhythms, the immune system, and sea-

sonal defective disorders such as the “winter blues.” In the eyes of somemigratory

birds, another protein, cryptochrome, upon light absorption generates a short-

lived triplet ion pair having a magnetic moment. Interaction with the terrestrial

magnetic field seems to be the underlying mechanism of these birds’ admirable

1) Throughout this book, the word photosynthesis refers to photosynthesis of green plants. Artificial

reactions are called photochemical syntheses.

Semiconductor Photocatalysis: Principles and Applications, First Edition. Horst Kisch.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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navigation capability. A similar type of light-induced magnetic sensing is invoked

also for the spawn-migration of some salmons (Oncorhynchus nerka) [2].2)

The well-known synthesis of vitamin D in human skin is based on a sunlight-

driven electrocyclic ring opening of a 1,3-cyclohexadienyl fragment. Sufficient

supply of this vitamin seems to have also a positive influence on various types of

cancer. Contrary to this direct chemical action of sunlight, which is localized in the

skin, there is also an indirect one on the skin surface. Already, Egyptian physicians

were curing skin cancer by smearing bergamot oil onto the tumor and exposing

the patient to sunlight.This indirect effect is based on the oil-photosensitized for-

mation of the very reactive singlet oxygen and is utilized nowadays under the

name of photodynamic therapy (PDT) in cancer treatment. The use of artificial

light sources such as optical fibers allows conducting PDT also on internal tumors.

Scheme 1.1 summarizes the biological actions of sunlight.

Sunlight

Photosynthesis Plant growth Vision Vitamin D Immune system

Scheme 1.1

In addition to this unique relationwith human life, photochemistry is important

because of its distinct influence on natural and artificial matter.3) An early example

is the photochromic effect induced by a cis–trans photoisomerization of olefins.

It has been claimed that the Macedonian troops of Alexander the Great carried

rag bands around their wrists that contained a photochromic dye. The color

change observed after a specific time of sunlight exposure probably was the visual

command for attack. This early device for “optical communication” was referred

to as “Alexander’s Rag Time Band.” Until the end of the eighteenth century, the

interaction of light with matter was limited to qualitative observations such as

the darkening of colors and silver salts. Around 1790, J. Priestley observed a

red colorization when he exposed nitric acid (“spirit of niter”) to sunlight. He

also reported that in photosynthesis a reaction of water is responsible for gas

evolution and that a green compound is necessary for that. And in 1804, N.T. de

Saussure observed the mandatory provision of water and carbon dioxide for the

formation of oxygen. In early nineteenth century, the explosive action of light

on hydrogen/chlorine mixtures (R. Bunsen, H. Roscoe, J. W. Drapers, and W.C.

Wittwers) and the reduction of iron(III) to iron(II) upon exposing oxalic acid

solutions to sunlight (J.W. Döbereiner) were reported. Performed with artificial

light under well-defined conditions, the latter reaction became the basis for

ferrioxalate actinometry4) (C.A. Parker). From the observation that mixtures of

2) For a short summary, see I. Solov’yov and K. Schulten at http://www.ks.uiuc.edu/research/

cryptochrome/

3) Unless otherwise cited, the following historical considerations are taken from Ref. [3].

4) An actinometer is a chemical system for the measurement of the number of photons emitted by

a light source.
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O

O

O

O
O

HOOC

hν

O

O

O
hν

O
O

O
hν

H2O

Figure 1.1 Photorearrangement of santonin to photosantonic acid.

silver salts and chalk darken when left in daylight (J.H. Schultz), silver halide

photography was developed (N. Niépce, L. Daguerre, and W.F. Talbot). In the

second half of that century, organic photochemical syntheses became a central

topic. The earliest example is a photorearrangement of santonin (Figure 1.1),

an anthelmintic sesquiterpene lactone present Artemisia plants (F. Sestini,

S. Cannizzaro).5) Other reactions are the photodimerizations of anthracene

(C.J. Fritzsche) and thymoquinone (C.T. Liebermann). The latter constitutes the

first solid-state (2+ 2)-cycloaddition. Further examples are geometric isomeriza-

tions of olefins such as cinnamic acids (W.H. Perkin, C.T. Liebermann). It was

proposed that the absorption of light “causes a weakening of the double bond, so

that the formerly doubly bound carbon atoms become temporarily trivalent. This

leads to a migration of groups, then to rotation, and then to renewed bonding of

the carbon atoms” (K. Wislicenus). Another noteworthy reaction is the addition

of benzaldehyde to benzoquinone affording 2-benzoylhydroquinone, which is

probably the first example for a synthetically useful photoreaction. This and

analogous reactions were referred to as syntheses by sunlight and assumed to be

similar to photosynthesis of green plants (H. Klinger). To probe this similarity,

even wavelength-dependent irradiations were conducted as early as in 1888 using

inorganic filter solutions. It was found that quinones reacted fastest with blue

light, whereas the green plant preferred red light.

At about the same time, the photochemical reduction of nitrobenzene to ani-

line by ethanol and the hydrodimerization of aldehydes and ketones to pinacols in

alcohols were reported (Equation 1.2; G.D. Ciamician, P. Silber).

O

H3C CH3

HO

H3C CH3

H

Sunlight

OH

H3C

H3C

OH

CH3

CH3

(1.2)

5) In such types of formula drawings, a single bond without an attached atom label symbolizes

a methyl group. The second photochemical step of the rearrangement contains migration of a

methyl group. For mechanistic details, see p. 273 of Klan and Wirz [4].



4 1 Introduction

Long before the first oil crisis in 1973, the splitting of water into hydrogen and

oxygen, the “holy grail” of photochemistry, was discussed as an inexhaustible

energy source. About 100 years earlier, Jules Verne wrote in his book The Myste-

rious Island: “Yes, my friends, I believe that water will one day be employed as

fuel, that hydrogen and oxygen which constitute it will furnish an inexhaustible

source of heat and light. Water will be the coal of the future.” And Ostwald wrote

in 1911 that mankind should cover a maximum part of its energy demand from

solar energy [5].The use of sunlight for organic syntheses was visionary predicted

in 1912 by G.D. Ciamician stating that “On the arid lands there will spring up

industrial colonies without smoke and without smokestacks; forests of glass

tubes will extend over the plants and glass buildings will rise everywhere; inside

of these will take place the photochemical processes that hitherto have been the

guarded secret of the plants, but that will have been mastered by human industry

which will know how to make them bear even more abundant fruit than nature,

for nature is not in a hurry and mankind is” [6]. However, this vision still awaits

fulfillment.6) But an organic reaction became the basis of an industrial process

conducted with artificial light. That is the photolithographic process for the

manufacture of positive photoresists employed in the integrated circuit industry.

It consists of the photorelease of dinitrogen, subsequent Wolff rearrangement of

the generated carbene to a ketene, and the addition of water (Scheme 1.2).

N2

O
C

O

COOHH

hν H2O

Scheme 1.2

In the second half of the twentieth century, mechanistic aspects prevailed,

especially in organic chemistry. Because of the development of time-resolved

emission and absorption spectroscopy, the direct observation of excited states,

that is, molecular states generated by absorption of light in the wavelength range

from approximately 300 to 700 nm, became feasible. The initially obtained time

resolution of nanoseconds (Norrish and G. Porter) was gradually improved to

pico-, femto-, and attoseconds through the replacement of conventional flash

lamps by gradually improving laser systems [4, 8, 9]. Together with theoretical

calculations, the chemical properties of excited organic compounds could be

explored in great detail including physical primary processes such as energy

transfer.7) This applies also for the fast developing areas of atmospheric photo-

chemistry and photosynthesis, which are major topics in physical chemistry.

Mechanistic photochemistry of organometallic and inorganic compounds

6) For a realistic state-of-the-art review, see Esser et al. [7].

7) In photochemistry, the processes occurring directly from the excited state are called primary

processes. They are divided into photophysical and photochemical primary processes, depending

whether the process generates the same chemical entity in its ground state or a new and stable

one, respectively.
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developed much more slowly because of the more complicated electronic

structure of metal complexes. It started with the analysis of absorption and

emission spectra through the application of crystal and ligand field theory and

molecular orbital calculations. These theoretical concepts were primarily used to

understand the stereoselectivity and wavelength dependence of photochemical

substitution and isomerization reactions of octahedral coordination compounds.

The other classical research area deals with photoredox reactions, which became

the major topic after the first oil crisis in the early 1970s. This is due to the

fact that the chemical utilization of solar energy in general relies on photo-

catalysts capable of absorbing visible light and converting it into high-energy

redox equivalents. Transition-metal complexes fulfill this requirement much

better than organic compounds since, owing to their easily exchangeable d

electrons, they can exist in various stable oxidation states. The most prominent

example are d6-configured tris(bipyridyl)ruthenium(II) complexes employed in

hydrogen-evolving systems [10].

Except the solid-state dimerization of thymoquinone, all the reactions were

conducted in homogeneous solutions. However, initiated by the light-to-current-

conversion capability of semiconductor single-crystal electrodes in contact

with a liquid electrolyte, that is, photoelectrochemistry, also semiconducting

inorganic powders such as titania turned out to photocatalyze redox reactions

of dissolved substrates without the need of applying an electric field. These

heterogeneous systems combine classical photochemistry with electrochemistry

and heterogeneous catalysis. They constitute the most promising systems for the

chemical utilization of visible light [11, 12].

1.2

Catalysis, Photochemistry, and Photocatalysis

Catalysis is one of the most important phenomena both in nature and chemistry.

According to the generally accepted definition, a catalyst is a substance that

increases the rate at which a chemical system approaches equilibrium, without

being consumed in the process.8) And catalysis is therefore the phenomenon of a

catalyst in action. According to reaction rate theories, the difference between a

stoichiometric (uncatalyzed) and catalytic reaction can be described in the form

of a potential energy diagram (Scheme 1.3). There, the reaction coordinate (RC)

describes a characteristic property of the reacting molecule R, such as a bond

length or bond angle, that changes significantly with progressing reaction. In an

uncatalyzed process, the activation energy Ea has to be provided to the system

in order to reach the geometry of the transition state, located at the maximum

of the diagram. According to collision theory, the rate constant k is given by

Equation 1.3:

k = P × Z (exp−Ea∕RT) (1.3)

8) It is noted that the catalyzed reaction may be exothermic or endothermic.
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R + C

Ea

P + C

E

RC

R---C

Ea′

Scheme 1.3 Potential energy diagram of the stoichiometric (thin line) and catalytic (bold

line) exothermic reaction of reactant R to product P. RC= reaction coordinate.

In the equation 1.3, P is a steric factor, Z is the collision frequency, R is the gas

constant, and T is the absolute temperature. In the presence of a catalyst C, the

activation energy becomes much lower (Ea

′
) because of the interaction with the

reactant R, leading often to an intermediate (R⋅⋅⋅C) of very low stability, as indi-

cated by the shallow energy minimum.

According to the definition of catalysis, a catalyst must not be consumed during

the reaction.This is usually evidenced by calculating the turnover number (TON),

which is defined as the ratio of concentration of product formed divided by the

catalyst concentration. Only if this number is greater than 1, the reaction is cat-

alytic. While the calculation can be easily performed for homogeneous systems,

it is difficult for heterogeneous ones. Now, the catalyst concentration is given by

the surface concentration of active sites present on the solid catalyst. That num-

ber is known in rather rare cases and usually the catalytic nature is proven by the

repetitive use of the catalyst without significant decrease in the reaction rate.

Before discussing a photocatalytic reaction, we first treat the more basic case

of thermal and photochemical stoichiometric reactions (Scheme 1.4). As men-

tioned, a supply of thermal energy Ea is necessary to reach the transition state,

from where product formation proceeds without activation. This differs drasti-

cally from a photochemical reaction, in which absorption of light in the range

200–700 nm, corresponding to energies of 40–150 kcal, generates an excited state

R*. Since activation energies of thermal reactions in condensed phases are typ-

ically in the range 4–25 kcalmol−1, the energies of excited states are usually far

above these values. The conversion of R* to the product P has therefore, if at all,

only a very low activation energy Ea
* (in the range of a few kcalmol−1). The prod-

uct may be formed via two classical pathways. The most common is the diabatic

path, that is, the systempasses from the photochemical potential curve to the ther-

mal curve in the area indicated by the dashed cross and continues directly to the

product. The probability of that crossing is the larger, the smaller the energy dif-

ference between the two curves.When R* does not change the potential curve but
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R

R* Ea*

Ea

P*

P

hν
hν′

E

RC

Scheme 1.4 Potential energy diagram of the thermal (thin line) and photochemical

(bold line) endothermic reaction of R to P.

transforms to the product in its excited state P* followed by radiative (h𝜈′) or non-

radiative deactivation to the ground state, the photoreaction is called adiabatic.

According to Scheme 1.4, there is also a certain possibility that a thermal reac-

tion when reaching its transition state may change to the photochemical potential

energy surface and finally end up at the excited product P*. If the latter reaches the

ground state by a radiative process, that is, by the emission of light, the reaction is

called chemiluminescence in artificial systems and bioluminescence in natural sys-

tems, respectively. A prominent example is the firefly, which attracts her mate by

sending out pulsed light flashes.9)

No general agreement exists on the definition of the term photocatalysis.

According to the IUPAC (International Union of Pure and Applied Chemistry)

photocatalysis is defined as “change in the rate of a chemical reaction or its

initiation under the action of ultraviolet, visible, or infrared radiation in the

presence of a substance – the photocatalyst – that absorbs light and is involved

in the chemical transformation of the reaction partners” [14]. The reaction

fulfilling this requirement is then called photocatalytic.10) This definition includes

photosensitization, “a process by which a photochemical alteration occurs in one

molecular entity as a result of initial absorption of radiation by another molecular

entity called photosensitizer,” since the substance mentioned above may be a

“molecular entity” or a nonmolecular solid such as an inorganic semiconductor.

Note that in these definitions no difference is made between heterogeneous and

homogeneous systems. Thus, the general field of catalysis can be divided into

thermal catalysis (usually just named catalysis) and photocatalysis. Both fields

include homogeneous and heterogeneous reactions.The terms Photokatalyse and

9) In the case of Japanese Hotaria parvula, both sexes produce precisely timed flash signals con-

taining information on species identity and sex. Once a female responds by flashing, a reciprocal

courtship dialog ensues in which males and females exchange flash signals [13].

10) Although photocatalytic in a strict sense signals that the reaction is catalytic in photons, this is

not the case!
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photokatalytisch appeared probably the first time in the textbook Photochemie,

published by Plotnikov in 1910 [15].

A simplified reaction diagram is depicted in Scheme 1.5 for a thermal catalytic

(R+C) and photocatalytic (R+PC) reactions. Different from an uncatalyzed pho-

toreaction (Scheme 1.4), now, in general, the photocatalyst is absorbing the light.

But this is not a stringent condition since also the reagent R or a weak R…PC

surface complex may be the absorbing species (see Chapter 5). In addition to this

direct effect of light, the original surface may be restructured to a catalytic surface

during an induction period, a process well known from thermal heterogeneous

catalysis. In general, photocatalytic reactions follow a diabatic pathway.

R + C

(R + PC)*

P* + PC

P + C + (PC)

hν

hν ′

E

RC

(R + PC)

R---C

(R---PC)

Scheme 1.5 Potential energy diagram of a thermal (thin line) and photochemical (bold

line) catalytic reaction of R to P. C symbolizes a thermal catalyst, and PC a photocatalyst.

As discussed for the case of heterogeneous thermal catalysis, also in hetero-

geneous photocatalysis the catalytic nature is proven by the observation of an

increased reaction rate and repetitive use of the photocatalyst. In some cases,

a reliable estimation of the number of active sites may be also possible. Quite

often, the reported reaction is claimed to be photocatalytic, although only the rate

increase but not the repetitive use has been demonstrated. This applies especially

for the many reactions producing very small amounts of products in presence of

rather large photocatalyst concentrations.
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2

Molecular Photochemistry1)

2.1

Absorption and Emission

When a molecule absorbs light, it is transformed to a species of higher energy,

the excited state. Depending on the specific molecular structure, lifetimes of this

new molecular state range from picoseconds to microseconds.2) UV and visible

light, which correspond to wavelength ranges of 200–400 and 400–700 nm,

respectively, may deliver energies of 240–70 and 70–40 kcalmol−1. These values

are comparable with the (homolytic) bond dissociation energies of 70, 83, and

100 kcalmol−1 known for C–N, C–C, and aliphatic C–H bonds.Therefore, from

the thermodynamic point of view, homolytic bond-breaking can be a reliable

reaction path of an excited state. The energy of 1mol of photons (6.02× 1023

photons) is called an einstein and can be calculated with help of the relation

E(kcal mol−1) = (2.86 × 104kcal mol−1 nm)∕λ.

When, instead of the wavelength the wavenumber of light is employed, as defined

by

ν̃ = 1∕𝜆, the relation of 1 eV ≈ 23 kcal mol−1 ≈ 8000 cm−1

is quite useful for a fast calculation.3) Figure 2.1 summarizes these relationships.

The amount of light absorbed by a molecule can be calculated from the

Beer–Lambert law. Imagine a 1-cm-thick cuvette containing a sample solution.

When P0(𝜆) is the spectral radiant power of light of a given wavelength before

entering the solution and Ptr(𝜆) the radiant power after passing through the

solution,4) the absorbance A and transmittance T of the sample are given by

1) For detailed introductions see, for example, two recent textbooks Balzani et al. [16] and Klán and

Wirz [4] and references cited therein.

2) The lifetime is defined as the time when the initial concentration has decreased by the factor 1/e,

that is, by about 37%.

3) In older times, the unit of kilokayser (1 kK= 1000 cm−1) made this mental math a bit more

comfortable.

4) The unit of spectral radiant power isWm−1. It is defined as the radiant power received or emitted

per unit time at a given wavelength interval. The intensity or irradiance (symbol I, the unit is

Wm−2) is the spectral radiant power arriving at a surface.

Semiconductor Photocatalysis: Principles and Applications, First Edition. Horst Kisch.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 2.1 Relationship between energy, wavenumber, and wavelength.

Equation 2.1.

A(𝜆) = log
[
P0 (𝜆) ∕ Ptr(𝜆)

]
= − logT(𝜆); T(𝜆) = 10−A(𝜆) (2.1)

For an ideal diluted solution of one compound, that is, in the absence of any aggre-

gation phenomena, the Beer–Lambert law is given by Equation 2.2.

A(𝜆) = 𝜀(𝜆)cl (2.2)

The path length l is given in centimeters, the proportionality constant 𝜀(𝜆) is

called the molar decadic absorption coefficient at the wavelength 𝜆, and c is the

molar concentration in the usual dimension of M=mol dm−3. With these units,

the absorption coefficient then gets the dimension of M−1 cm−1. Equation 2.2

is of basic importance when deciding which concentration of the substrate is

optimal in a photochemical experiment. Assume that an absorbance of 2.0 is

measured for a 0.1M solution of a substrate having an absorption coefficient of

2× 103 M−1 cm−1. Using Equation 2.1, one arrives at the result that 99% of P0

is absorbed at this concentration.5) And from Equation 2.2, it follows that this

occurs within a path length of 0.1mm. That means only molecules in a very thin

film at the inner wall of the photoreactor can be photoexcited. Therefore, the

concentration has to be reduced and vigorous stirring is to be employed to ensure

optimal light absorption.

A plot of 𝜀 or A as a function of wavelength is called electronic absorption spec-

trum. It is easily obtained by measuring Ptr(𝜆) at various wavelengths. At a known

sample concentration, the absorption coefficient can then be calculated. It is to

be noted that only a plot of 𝜀 (and not of A) versus wavelength is independent of

concentration. The value of the absorption coefficient is high if the correspond-

ing electronic transition is allowed, and low if it is forbidden (see below). Instead

of measuring the amount of light transmitted upon excitation at various wave-

lengths, one can keep the wavelength of the impinging light constant andmeasure

the relative intensity of the emitted light (Irel) at various wavelengths. A corre-

sponding plot of Irel versus wavelength (or wavenumber) is called the emission (or

luminescence) spectrum (see Section 2.9).

In terms of molecular orbital (MO) theory, light absorption can be described

by the moving of an electron from a lower energy orbital to a higher energy one.

5) From 2= log(P0/Ptr), one obtains that Ptr =P0/100 and from the latter the absorbed spectral radi-

ant power Pa, given by (P0 −Ptr), is found to be 99% of P0.
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σ*

σ

π*

π

hν1

hν1

hν2

S1

S1S0

(a) (b)

S0

T1

T1

ISC
ISC

Figure 2.2 (a) Electronic configuration and (b) energy state diagrams for the photochemi-

cal excitation of an olefin.6)

In Figure 2.2, the MOs of an olefin are schematically depicted. For each occupied

MO (σ and π), there exists an empty orbital of higher energy (σ* and π*) which is

antibonding with respect to the C–C bond.7) The ground state is labeled S0 where

S refers to the spin multiplicity and the index zero signifies that it is the energet-

ically lowest state (ground state) within this multiplicity. Absorption of a photon

with an energy of at least the difference between the π and π* levels transports one
electron under spin conservation to the π*MO.The resulting state is called S1.The

index “1” signifies that it is the excited state of the lowest energy. If the molecule

contains heavy atoms, a spin flip from singlet to triplet, called intersystem crossing

(ISC), may occur. The resulting state is therefore named the triplet T1. The prob-

ability for a spin flip is higher the higher the spin–orbit coupling constant, which

is proportional to the fourth power of the atomic number. Accordingly, the val-

ues for carbon and molybdenum of 28 and 3500 cm−1, respectively, differ by two

orders of magnitude.

The energetic relations between the various states are usually displayed in an

energy state diagram (right side of Figure 2.2). In the figure, the straight and wavy

arrows refer to radiative and nonradiative processes, respectively. A radiative pro-

cess is connected with absorption or emission of light, whereas a nonradiative (or

radiationless) process converts the energy of a higher excited state to vibrational

energy of a lower state. Absorption and emission of light are governed by a few

basic rules.

1) The Grotthuss–Draper Law states that only light that is absorbed by the

molecule can induce a photochemical change.

2) The Stark–Einstein Law states that light absorption is a one-quantum pro-

cess. That means that one photon absorbed can excite only one molecule.

6) The symmetry labels σ* and π* designate MOs that antisymmetric with respect to a molecular

symmetry plane.

7) It is recalled that orbitals of molecules are mathematical concepts; the observables are only ener-

gies of states.
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Exceptions occur with very intense light sources such as lasers, in which case

two or more photons can be absorbed.

3) The Kasha Rule states that, in condensed phase, the emission in polyatomic

molecules in general occurs from the lowest vibrational level of the lowest

excited state within a given multiplicity (see below). In most cases, also the

chemical reaction starts from that state.TheVavilov Rule states that the quan-

tum yield of luminescence is independent of the excitation wavelength (see

below).

4) The Franck–Condon Principle states that photon absorption is so fast that the

positions of nuclei in the molecule and in its environment do not change.

The application of these rules for the description of primary processes, that is,

processes occurring from the initially generated excited state, is best performed

with help of a Jablonski diagram (Scheme 2.1). It was developed originally for con-

densed aromatic compounds. In that diagram, the bold lines refer to electronic

states in their lowest vibrational energy state (defined by the vibrational quan-

tum number v= 0) and the thin lines to vibrational states. Thus the energy of the

first excited state is given by the energy difference between the lowest vibrational

levels of the ground and excited state, named E0–0 (see Figure 2.3). States of the

same spin multiplicity are arranged within one single column. After absorption

of a photon of energy h𝜈1, the molecule is moved within about a femtosecond to

an electronically and vibrationally excited state S2. After vibrational relaxation

(VR) (also called thermalization or vibrational cooling), the vibrational ground

state of S2 is reached in about 0.1 ps. The heat released during that process is

absorbed by the solvation shell. From S2, an isoenergetic nonradiative transition to

S0

S1

S2

VR

IC

ISC

F

P

10−13

10−6 –10−12

10−6 –10−11

10−9 –10−7

10−2–10−6

hν1

hν2

10−15 hν2

T2

T1

Scheme 2.1 Jablonski diagram for the visualization of photophysical processes. The isoen-

ergetic nature of IC is not depicted. Wavy arrows indicate nonradiative processes. Average

lifetimes are given in seconds.
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the S1 state occurs.
8) Such a radiationless transition between two electronic states

of the samemultiplicity is named internal conversion (IC).The generated S1 state is

the lowest within the singlet multiplicity, and therefore according to Kasha’s rule

the emission to various vibrational states of S0 may occur.9) The reason why, in

accordance with Kasha’s rule, fluorescence is observable from S1 and not from S2
is based on the energy gap law. It states that the rate constant of a radiationless

transition (such as IC and ISC) increases exponentially with decreasing energy

gap (ΔE) between these two states.10) That gap generally becomes smaller when

going to higher excited states. This means that ΔE between S2 and S1 is much

smaller than that between S1 and S0. Accordingly, IC from S2 to S1 is so fast that

light emission cannot compete, whereas it is slow enough from S1 to S0 and there-

fore emission becomes possible. The latter proceeds under spin conservation and

is named fluorescence (F). Typical lifetimes are in the range of nanoseconds to

microseconds. When the energy gap between S2 and S1 is much larger than that

between S1 and S0, fluorescence may occur from S2, as in the case of azulene, a

well-known but very rare case.

In case the molecule contains heavy atoms, a radiationless transition including

a spin flip may be favored. This ISC is an isoenergetic process and produces

the triplet state T1 in a vibrationally excited state. After thermal relaxation,

spin-forbidden light emission named phosphorescence (P) or VR re-forms the

singlet ground state. Transitions between states of different spin multiplicity

are in general “forbidden” and therefore are much slower than the “allowed”

transitions within one multiplicity (fluorescence). Scheme 2.1, by no means,

RH + hν2

RH + ΔH 

RH + A*

RH    +  A

P

A

AR
hν1

RH*

Emission

Radiationless deactivation

Energy transfer

Oxidative electron transfer

Reaction

Photophysical

Photochemical
A

R   +  A-H

A
R   +  A-H

Proton transfer

H - abstraction

RH    +  A
A Reductive electron transfer

Scheme 2.2 Basic primary processes of an electronically excited molecule.

8) The corresponding higher lying vibrational states of S1 are omitted in Scheme 2.1, but the isoen-

ergetic nature of radiationless transitions is depicted for ISC from S1 to T1.

9) Electronic transitions in which both the vibrational and electronic quantum number change

(absorption of a photon, IC, and ISC), are called vibronic transitions.

10) IC occurs isoenergetically as drawn in Figure 2.1 only for ISC. Such processes are faster when the

overlap between two vibrational wave functions is better (see Figure 2.3).
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contains all basic primary processes. Amore complete description is summarized

in Scheme 2.2 for the molecule RH containing a C–H bond.

2.2

Intensity of Electronic Transitions

When a molecule absorbs electromagnetic radiation of energy equal to or larger

than that of the lowest excited state, an electron is promoted to a higher energetic

state and the chromophore11) undergoes an electric dipole transition.The resulting

transition dipolemoment exists only during the transition.Quantum theory is able

to calculate the probability of finding the ground state in an excited state. It is given

by Equation 2.3, where M is the transition dipole moment and f is the oscillator

strength of the transition. Its maximum value is equal to 1, and may be envisaged

as the effective number of electrons that are involved in the transition.

f = prop. 𝐌2 (2.3)

Based on the Born–Oppenheimer approximation, which assumes that the move-

ments of nuclei and electrons are independent of each other,12) the transition

dipole moment can be factorized into three integrals. The terms <ΘGlΘE> and

<SGlSE> refer to the overlap integrals

𝐌 = < ΘGlΘE > × < SGlSE > × < 𝜑Glμl𝜑E > (2.4)

between the nuclear (vibronic) and spin wave functions (Θ and S) of the ground

and excited states G and E, respectively (Equation 2.4). In the third term,

<𝜑Gl𝜇l𝜑E>, called the electronic transition moment, 𝜑G and 𝜑E are the electronic

wave functions of the G and E states and 𝜇 is the dipole moment operator. When

the value ofM is equal to or larger than zero, the transition is called forbidden or

allowed, respectively. As a result of the approximations made in the deduction

of Equation 2.4, also forbidden transitions are observable although only at a

very low intensity. A qualitative inspection on the value of M can performed as

follows:

2.2.1

Contribution of Nuclei

Figure 2.3 depicts in the upper part the simplified13) potential energy curves of

ground and excited states. Thin horizontal lines represent vibrational energy

states characterized by the indicated vibrational quantum numbers v. They

11) The corresponding part of the molecule is named chromophore, for example, the C=C group in

a higher olefin, the N=N group in an aliphatic 1,2-diazene, and the central transition metal in a

metal complex.

12) It assumes that the nuclei of a molecule are motionless during the movement of electrons. We

recall that the nucleus of an atom is several thousand times heavier than an electron.

13) The change of potential energy of the molecule is depicted only along one vibrational mode.
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Figure 2.3 Application of the Franck–Condon principle to correlate vibrational fine struc-

ture or band shape of electronic absorption emission bands with excited state geometry.

are overlain by the vibrational wave function. Full and dashed vertical arrows

symbolize electronic excitation and emission processes, respectively. On the left

side of the figure, the energy minima of ground and excited state are located at

the same position, indicating that the geometries of the two states are identical.

This is the case for rigid molecules. Contrary to that, a displaced excited state

is depicted on the right side exemplifying the most common case of a nonrigid

molecule. According to theory, the probability of a transition between vibrational

states is higher when the overlap of the vibrational wave functions is better.

Combining this with the Franck–Condon principle, which states that the

light-induced movement of the electron (absorption of a photon) is so fast that

the positions of the nuclei do not change their position,14) one can conclude that

the most probable transition is from S0(v= 0) to S1(v
′ = 0′).15) A visual estimation

14) As a consequence of the Franck–Condon principle, the transitions can be drawn as vertical

arrows; the length of an arrow is proportional to the energy of the transition.

15) The as generated excited state has the geometry and solvent shell of the ground state and is called

the Franck–Condon state.
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shows that the overlap integral16) between two vibrational wave functions (the

Franck–Condon integral) decreases as the difference between the two quantum

numbers increases. As a result, the intensity (oscillator strength) of a transition

decreases in the sequence E0–0 >E0–1 >E0–2. The resulting vibrational fine

structure of the electronic absorption band is depicted in the second row of

Figure 2.3, as also for the case of a nonrigid molecule. Whereas the rigid molecule

gives rise to an unsymmetrical band with the 0–0′ transition as themost probable

Franck–Condon transition, the nonrigid molecule gives a symmetrical band with

the 0–1′ transition as highest intensity peak. Thus, the shape of the electronic

absorption band allows reaching conclusions on the structure of the excited state.

Further basic information is obtainable from the vibrational spacing of the

absorption band. It is related to the molecular vibration, which is most strongly

influenced by the electronic transition.17) In acetophenone (Ph–CO–Me), the

spacing is 1200 cm−1, indicating that the lowest excited state is localized on

the carbonyl group. In the ground state, the carbonyl stretching vibration is

observable by IR spectroscopy at about 1700 cm−1. The strong decrease of

500 cm−1 signals a lengthening of the C=O bond through the population of an

antibonding MO.

Unfortunately, the vibrational fine structure is not commonly observed because

line broadening through solvent interaction generally results in broad and struc-

tureless absorption and emission bands. Experiments in frozen solvent glasses and

more sophisticated techniques often result in the appearance of nicely resolved

bands.

In the condensed phase, emission occurs from the lowest vibronically excited

level (v′ = 0) to the various levels of the S0 ground state. A visual inspection of

the overlap between the corresponding wave functions reveals that the intensity

decreases in the order 0′–0> 0′ –1> 0′ –2 (Figure 2.3, second row). The vibra-

tional spacing corresponds now to a vibration of the ground state. Note that the

emission spectrum is the mirror image of the absorption spectrum only when a

very rigid molecule such as anthracene is involved.

The difference between the 0–0 Franck–Condon transitions of absorption and

emission from the same electronic states (e.g., between S0 and S1) is called the

Stokes shift. It arises from the fact that the Franck–Condon state generated by light

absorption in general is more polar than the ground state. Solvent reorientation

then induces a stabilization, resulting in a decrease of the excited state energy.18)

As mentioned above, in most cases a fine structure is absent, and accordingly it

has become a practice to just take the distance between the absorption and emis-

sion bandmaxima. Note that, when comparing the various values of Stokes shifts,

one has to use the energy proportional dimension of the wavenumber ν̃ and not

the wavelength. In summary, one can state that the shape and fine structures of

16) Recall that the sign of the wave function is positive above and negative below the horizontal line

of the vibrational state.

17) This usually belongs to the chromophore of the molecule.

18) The resulting slightly lowered potential energy curve is not displayed in Figure 2.3 for the sake of

simplicity.
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absorption and emission bands allow us to reach conclusions on the structural

changes induced by absorption of a photon.

2.2.2

Contribution of Spin

According to quantum theory, the overlap integral <SGlSE> between the spin

wave functions is equal to 1 if G and E have the same total spin; but it is zero

if the spins are different. The corresponding transitions are named allowed and

forbidden, respectively. This spin selection rule is restricted to molecules having

no spin–orbit coupling. As mentioned above, the latter increases with increasing

atomic number. As a consequence, also many spin-forbidden transitions, like the

T1→S0 phosphorescence depicted in Scheme 2.1, can be observed experimentally.

2.2.3

Contribution of Orbitals

From theory, it follows that the electronic transition moment<𝜑Gl𝜇l𝜑E> is equal

to 1 (or symmetry-allowed) if the direct product of the electronic wave functions

(𝜑G ×𝜑E) contains an irreducible representation identical to that of one of 𝜇x, 𝜇y,

𝜇z, the three components of the electronic dipole moment operator. In the case of

an octahedral molecular geometry (Oh symmetry), this rule brakes down to the

simple Laporte rule, which states that transitions between states of unlike sym-

metry (g→u, u→g) are allowed, whereas those between like symmetry (g→g and

u→u) are forbidden.19)

We again emphasize that the terms allowed and forbidden used in the discussion

on spin and orbital symmetry selection rules have no absolute meaning but rather

describe the probability of one process relative to another.

2.3

Excited States Radiative Lifetimes

Assuming the ideal behavior that the excited state A* returns to the ground state

only by a radiative transition according to Scheme 2.3, one can estimate the excited

state lifetime from a simple absorption spectrum. Quantum theory arrives at the

result that the rate constant ke
n (the index “e” and superscript “n” stand for emis-

sion and natural, respectively) is proportional to the integrated absorption band

(Equation 2.5). Assuming a symmetric absorption band, the integral

ke
n = const. ν̃2 ∫ νdν ≅ const. × ν̃2 × 𝜀max Δν̃1∕2 (2.5)

19) The labels g (gerade) and u (ungerade) describe the symmetry behavior relative to the inversion

center, for instance, the d and f orbitals of gerade and ungerade character, respectively.
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Figure 2.4 Definition of the full width at half-maximum of an absorption band.

can be approximated by the area given by the product of 𝜀max with Δν̃1/2, the full
width at half-maximum (Figure 2.4). Since the numerical factor (const.) times

(𝜀max ×Δν̃1/2) is equal to the oscillator strength, the rate constant of emission is

given by Equation 2.6.

ke
n𝛼 f × ν̃2max (2.6)

Assume two molecules have symmetric absorption bands at the same wavelength

500 nm (20 000 cm−1) but different oscillator strengths of 1 for molecule A and of

10−4 for molecule B (corresponding to absorption coefficients of about 105 and

10M−1 cm−1). With the help of Equation 2.6, one obtains rate constants of 4× 108

and 4× 104 s−1 for molecules A and B, respectively. Since the natural radiative

lifetime is given by

𝜏n = 1∕ke
n (2.7)

one arrives at lifetimes of 2.5 and 2.5× 104 ns for the excited state of molecules

A and B with a strong and weak absorption band, respectively. Accordingly, the

probability of undergoing a bimolecular reaction is much higher for molecule B.

Recall that the above conclusions were reached under the assumption that A*

undergoes only emission.This is very rarely the case, and therefore a true lifetime

𝜏 can be formulated according Equation 2.8.

𝜏 = 1∕
∑

ki (2.8)

Here, the termΣki describes the sumof the rate constants of all processes originat-

ing from the excited state, such as IC, ISC, and chemical reaction. This radiative

lifetime is therefore always much smaller than the natural radiative lifetime.

As mentioned above, the rate constants of IC and ISC increase with increasing

overlap between the vibrational wave functions. For a given transition, a distortion

of the excited state improves the overlap and the resulting higher rate constant

induces a shorter lifetime (Figure 2.5).
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Internuclear distance Internuclear distance

Figure 2.5 Increased overlap of vibrational wave functions upon structural distortion.

2.4

Energy and Electron Transfer

2.4.1

Energy Transfer

A further photophysical process is an energy transfer from an excited donor

molecule D* to an acceptor A. This is thermodynamically feasible when the

energy of D* is equal to or larger than the energy of A*. Four basic mechanisms

are briefly discussed in the following.

1) Radiative energy transfer (trivial energy transfer) In this process, a photon

of D* is spontaneously emitted and immediately absorbed by the acceptor A.

Thismeans that the absorption spectrum of Amust overlap with the emission

spectrum of D* (spectral overlap, Figure 2.6). The distance between D* and A

may be as long as from the earth to the sun, as indicated by the absorption

of sunlight by chlorophyll. Another example is the laboratory photoreactor

where photons emitted by a lamp are absorbed by a component of the reacting

solution. In these systems, there is no contact between the light-emitting D*

and the acceptor. Therefore, the lifetime of D* is not influenced (quenched)

by the presence of A.

2) Förster resonance energy transfer (FRET) The second mechanism, also called

the Coulomb, dipole–dipole, or resonance mechanism, is a nonradiative

process. Different from the trivial energy transfer, now the lifetime of D*

ν (103 cm−1)˜

ε 
(M

−1
c
m

−1
)

Irel

30 20 10

Figure 2.6 Spectral overlap between the acceptor absorption and donor emission

spectrum.
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D* A D A*

Scheme 2.4 Pictorial description of the Förster energy transfer mechanism. The double-

head arrow symbolizes the Coulombic interaction.

decreases with increasing acceptor concentration. The key feature of the

FRET process is that the dipole moment of D* can induce also a dipole

in A and generate a Coulomb interaction. The resulting dipole–dipole

interaction induces subsequently an energy transfer if there is a spectral

overlap. Scheme 2.4 displays a pictorial description of the process for the

case of a singlet–singlet energy transfer. According to Förster’s theory, the

rate of FRET is directly proportional to the spectral overlap integral but

inversely proportional to the sixth power of the donor–acceptor distance.

However, the latter may reach up to 100Å as experimentally proven. When

the distance is smaller than about 5Å, another mechanism starts operating.

3) Electron exchange or Dexter mechanism This mechanism requires suffi-

cient overlap between the molecular donor and acceptor orbitals. Typical

donor–acceptor distances are therefore below or equal to 10Å. According

to Dexter, the process can be described as a synchronous dual exchange of

electrons, as depicted in Scheme 2.5 for the most important case of triplet

energy transfer. Both singlet–singlet and triplet–triplet energy transfers are

allowed.

4) Energy hopping, energy migration In a crystalline solid, the energy transfer

may occur also via excitons. An exciton is a bound electron–hole pair that

can propagate through the crystal lattice. Depending on the electronic struc-

ture of the solid, the binding energy may be large (Frenkel excitons) or small

(Wannier excitons). In Frenkel excitons, the charge distance is in the range of

an atomic radius. An extreme example is solid krypton with a binding energy

of 2 eV and a radius of 2Å. Contrary to that, the values of 0.6× 10−3 eV and

600Å were found for the Wannier exciton in indium antimonide, a narrow-

gap semiconductor. Excitons canmigrate over rather large distances, reaching

several thousand nanometers, until they are trapped at structural defects. In a

crystalline solid, themolecules are regularly arranged at constant intermolec-

ular distances in the three spatial directions. Scheme 2.6 gives a schematic

description of the hopping process in a crystal of the molecule M along one

direction.

In summary, we note that energy transfer is a method to produce an electroni-

cally excited state of a substrate without the necessity of direct light absorption. A

suitable donor molecule, the photosensitizer, which does not undergo a chemical
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3D* A D 3A*

Scheme 2.5 Pictorial description of the Dexter energy transfer mechanism.

---M*---M---M---M---M ---M---M*---M---M---M ---M---M---M---M---M*

Scheme 2.6 Energy hopping in a molecular solid M.

change, absorbs light. The full process is called photosensitization or just sensi-

tization. Instead of energy, the sensitizer may also exchange electrons with the

substrate. In that case, it is oxidized or reduced and has to be re-formed by a

reducing or oxidizing agent in order that it does not suffer a permanent chemical

change. Otherwise, it would not be a sensitizer but just a reaction partner.

2.4.2

Electron Transfer

An excited molecule RH* may participate also in an electron transfer (ET) to and

from an appropriate partner. When its reduction potential is more negative, it

will donate an electron to an acceptor; if it is more positive, it will accept an elec-

tron from a donor.The reduction and oxidation potentials of excited states can be

estimated according to Equations 2.9 and 2.10.20)

∗Ered
o = Ered

o − E0−0′ (2.9)

∗Eox
o = Eox

o + E0−0′ (2.10)

Here, E0–0′ refers to the energy of the transition between the lowest vibrational

levels of the electronic ground and lowest excited state (vide Figure 2.3) [17]. It

follows from Equations 2.9 and 2.10 that the excited state is both a better reduc-

tant and an oxidant than the ground state. The difference is remarkably high as

exemplified for [Ru(bpy)3]Cl2 (bpy= 2,2′-bipyridyl), which exhibits the E0–0′ tran-

sition at about 540 nm (2.30 eV). According to the electrochemical ground-state

standard potentials, the complex (Equations 2.11 and 2.12) is both a poor reducing

and an oxidizing agent.21) But after application of Equations 2.9 and 2.10, we obtain

20) They were deduced assuming a small Stokes shift (see below).

21) It is recalled that standard conditions require that both the reduced and oxidized form are present

in a concentration of 1M.That is rarely the case since in a chemical reaction usually only one redox

form, for example, [Ru(bpy)3]
2+ is employed. Assuming that it is present in a 10 000-fold excess

over the oxidized form, the actual reduction potential is obtained as +1.02V through application

of the Nernst equation.
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Figure 2.7 Simplified scheme illustrating the different redox properties of ground and

excited state. The dashed line marks the electron energy in vacuum and is drawn not to

scale.

−1.04 and +1.02V, signaling much higher reducing and oxidizing properties than

the ground state.22) This can be rationalized by inspecting the change in the fron-

tier orbital occupation induced by light absorption. Figure 2.7 displays the highest

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) only. Their energetic positions are determined by the ionization energy

(IE) and the electron affinity (EA). In a first approximation, the HOMO/LUMO

energy difference can be taken as the E0–0′ energy

[
Ru

(
bpy

)
3

]3+ + e− =
[
Ru

(
bpy

)
3

]2+
Ered

o = +1.26 V (2.11)

[
Ru

(
bpy

)
3

]2+ + e− =
[
Ru

(
bpy

)
3

]+
Eox

o = −1.28 V (2.12)

of the lowest excited state. A high EA value corresponds to a high oxidation

potential, whereas a high IE value is indicative of a low reduction potential. From

Figure 2.7, it follows that in the excited state IE is lowered by the value of E0–0′ ,

whereas EA is increased correspondingly.

The radical cations (RH+•) generated by ET (Scheme 2.2) are strong Brønsted

acids and undergo a very fast deprotonation to R• and H+. In some cases, no

experimental evidence for an intermediate radical cation can be found, and ET

and deprotonation may occur in concert, a process named proton-coupled elec-

tron transfer. When RH* accepts an electron from the donor molecule, the gen-

erated radical anion is also a very labile primary product. Classical examples are

benzylhalides such as ArCH2Cl, in which case the initially formed radical anion

immediately suffers C–Cl cleavage with the generation of the ArCH2
• radical and

a chloride ion. In the presence of an appropriate monomer, the radical may induce

a polymerization reaction.

22) This is typical for transition-metal complexes, in which the difference between the ground state

reduction and oxidation potentials is in the range of 2–3V. In most simple organic compounds,

that difference is in the range of 5V ormore, and therefore the compounds are only good reducing

or good oxidizing agents.
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2.5

Proton Transfer and Hydrogen Abstraction

Depending on the chemical nature of RH and A, also proton and hydrogen

atom transfer (H-abstraction) are well known photochemical reaction paths.

An example for the latter is H-abstraction by excited acetone from 2-propanol

producing two 2-hydroxypropyl radicals, which dimerize to the final product

pinacol.23) Since the electron distribution in general is quite different between the

ground state and the excited state, the acidity may change considerably. As an

example, we consider an aromatic alcohol such as 2-naphthol (Ar-OH), which in

the ground state is a very weak acid (pK a = 9.5). The lowest excited singlet state

(n,π*)24) is generated by the excitation of a nonbonding oxygen lone-pair electron

to the naphthyl group. As a consequence, the initially negatively polarized oxygen

atom becomes rather positive and the acidity is increased by almost six orders of

magnitude, reaching that of formic acid.

Of course, RH*may undergo isomerization and fragmentation reactions, all hid-

den under the name “reaction” in the lowest line of Scheme 2.2.

2.6

Photosensitization

The process by which a photochemical alteration occurs in a molecular entity as a

result of initial light absorption by anothermolecular entity, called the photosensi-

tizer, is named photosensitization. In principle, sensitization may occur by one of

the three excited state reactions discussed above, most frequently by energy (EnT)

and ET.

S
hν
−−→ 1S∗→3S∗ (2.13)

3S∗ + A → S + 3A∗ (2.14)

3A∗ → B (2.15)

In any case, the absorption spectra of the sensitizer and the substrates have to

differ significantly in order to prevent light absorption by the latter. Usually, the

sensitizer (S) absorbs at a longer wavelength (smaller energy h𝜈1) than the sub-

strate (larger energy h𝜈2). For triplet energy transfer sensitization, an efficient

ISC and an energy of 3S* of at least equal to that of the acceptor substrate A are

required to observe a fast process (Equations 2.13 and 2.14). Thus, as the overall

reaction, the photoconversion of substrate A to product B (Equation 2.15) occurs

23) G. Ciamician performed this reaction with sunlight already in 1911. See Equation 1.2.

24) The letter “n” refers to an occupied nonbonding orbital like present in OH, NH2, –N=N– and

many other functional groups.
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without light absorption byA.Accordingly, triplet–triplet sensitization is a conve-

nient way to selectively induce photochemical reactions from a triplet state avoid-

ing mutual reaction pathways via the singlet state. The energetic requirements

are summarized in Scheme 2.7. We can conclude that favorable conditions exist

when the sensitizer and acceptor have a small and large singlet–triplet splitting,

respectively.

hν1

hν2

S0

S1

S1

S0

T1 T1

Sensitizer Acceptor

ISC
EnT

E

Scheme 2.7 Electronic state scheme for triplet–triplet energy transfer sensitization.

For a sensitization mechanism via reductive ET, thermodynamics requires that

the excited state reduction potential of the sensitizer S is more negative than, or

at least equal to, the acceptor potential. On the contrary, a more positive potential

is necessary for efficient oxidative sensitization (Scheme 2.8).

D + A
hν
→
S

D⋅+ + A⋅− (2.16)

S
hν
−−→ ∗S (2.17)

S∗ + A → S⋅+ + A⋅− (2.18)

S⋅+ + D → S + D⋅+ (2.19)

hν

S+/*S

A0/−

Sensitizer

Acceptor

V

+1

0

−1

S+/S

ET

hν

S/S−

Sensitizer

*S/S−
D+/0

Donor

ET

Scheme 2.8 Electrochemical potentials for favorable reductive (left part) and oxidative

(right part) electron transfer sensitization.
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Since ET of the excited sensitizer to the acceptor A or from the donor D to excited

S produces an oxidized or reduced sensitizer, it has to be reduced or oxidized

back to S. In a sensitized bimolecular ET reaction (Equation 2.16), the nonexcited

reaction partner, for example, the donor D, takes over this important reaction step

(Equations 2.17–2.19). In some cases, another reaction component may enable

the recovery of the pristine sensitizer.

2.7

Rates and Quantum Yields

The rate of any photoreaction is given by the product of the quantum yield and the

photon flux absorbed by the substrate per volume and time (Ia). To prevent light

absorption by products, the quantum yield has to be measured at very early reac-

tion times.Therefore, a high quantum yield does not always signal a preparatively

useful photoreaction. In Equations 2.20 and 2.21, the index x describes whether

the disappearance of the substrate or the formation of the product was measured.

From Equation 2.22, the

rate = Φx(𝜆) × Ia (2.20)

Φx(𝜆) = rate∕Ia (2.21)

quantum yield can be defined as the ratio of the reaction rate (M−1 s−1)

to the moles of photons absorbed per volume and unit time. Recalling the

Stark–Einstein law, it follows that the quantum yield cannot be larger than 1, in

which case each excited molecule is converted to one product molecule. Because

of the competitive radiative and nonradiative processes, this maximum value is

only rarely observed. However, in case the photoreaction generates very reactive

intermediates such as radicals, which initiate a chain reaction, the quantum yield

can far exceed the value of 1 (see Scheme 2.25 and Section 3.4).

Note that the product quantum yield is not connected with the chemical prod-

uct yield. The latter may be 100%, although the quantum yield is only as low as

0.1 as a result of dominant photophysical processes. We also emphasize that the

quantum yield does not contain any mechanistic assumptions like the number of

photochemical or thermal reaction steps.

The above definition can be extended also to photophysical processes, arriving

at the general definition given in Equation 2.22. There, the number nx of pho-

tophysical or photochemical events x is divided by the number np of photons

absorbed by

Φx(𝜆) = nx∕np (2.22)

the reactant at the wavelength 𝜆. The quantities of nx and np are measured in

moles. Thus, a fluorescence quantum yield of 0.9 means that 90% of the lowest

excited singlets undergo radiative decay to the ground state.
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2.8

Quenching of Excited States

In Section 2.3, we discussed only the intramolecular processes of the excited state.

They all follow first-order reaction kinetics. However, in condensed phase, there

are always collisions and reaction partners present, which will influence the life-

time of the excited state. Such molecules are called quenchers and the process

by which they decrease the excited state lifetime is called quenching. Deactiva-

tion processes in general have higher activation energies than radiative decays.

Upon lowering the temperature, they often become so slow that emission becomes

observable.25) Molecular oxygen is one of the most efficient quenchers and there-

fore luminescence measurements have to be performed in oxygen-free solutions.

To meet such conditions, nitrogen bubbling is not sufficient. Only at least three

freeze–pump–thaw cycles fulfill usually that requirement.26)

In the following example, we demonstrate how the concentration dependence of

the quenching processmay be used to extract basic information on themultiplicity

and lifetime of the excited state fromwhich the reaction occurs (reactive state) and

on the rate constant of quenching.

First, the rate of a simple photoreaction A+ h𝜈→B is measured in the absence

and presence of a quencher Q at different concentrations c(Q). Assuming that (i)

quenching occurs through free diffusion (dynamic quenching), (ii) the reaction

occurs only from the lowest excited singlet state, and (iii) the only other processes

from that state are fluorescence (f ) and radiationless decay (d), we arrive at the

reactions summarized in Scheme 2.9. Assuming further that the very low concen-

tration of A* can be considered as quasistationary, that is, the rate of its formation

equals the disappearance rate, we find Equation 2.23.

Ia = c(A∗)
[
kf + kd + kr + kq × c (Q)

]
(2.23)

A + hν → A* Ia

A* → A + hν′ kf × c(A*) 

A* → A + Δ• kd × c(A*)

A* → B kr × c(A*)

A* + Q → Q* kq × c(A*)

Scheme 2.9

25) These different temperature dependences rationalize a very early observation of sunlight-induced

protein phosphorescence by the Bolognese physician J . Beccari in the eighteenth century. Only

when the hands of his patient were washed with cold water before going into the sunlight, the

skin was phosphorescing. At room temperature, oxygen quenching was too fast.

26) One cycle consists of cooling the solution to liquid nitrogen temperature, evacuating for remov-

ing any gas, sealing from the atmosphere, and thawing to room temperature again to enable the

escape of dissolved gases.
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Figure 2.8 Stern–Volmer plot for static quenching. (a) Reaction from S1 only, (b) reaction

from S1 and T1, and (c) static quenching.

Recalling that for any photoreaction ΦB = rate/Ia and that the rate of formation

of B equals krc(A*), we can express the quantum yield of product formation as

Equation 2.24.

ΦB = kr × c(A∗)∕Ia = kr∕kf + kd + kr + kq × c(Q) (2.24)

In the absence of the quencher, the quantum yield is given by Equation 2.15:

ΦB
0 = kr∕kf + kd + kr (2.25)

Dividing the two product quantum yields and recalling that the lifetime in absence

of a quencher is given by 𝜏 = 1/kf + kd + kr, we obtain the Stern–Volmer equation

(Equation 2.26).

ΦB
0

ΦB

= 1 + kq × τ × c(Q) = 1 + KSV × c(Q) (2.26)

Here, the product kq × 𝜏 is called the Stern–Volmer coefficientKSV. Thus, a plot of

ΦB
0/ΦB as function of the quencher concentration affords a straight line with the

value of KSV in the unit of M−1 (Figure 2.8, line a). If the lifetime of S1 is known,

the rate constant of the quenching process (kq) can be calculated. It is empha-

sized that a diffusion-controlled quenching was assumed in the deduction of the

Stern–Volmer equation.

Equation 2.26 is of basic value for estimating the quencher concentration nec-

essary to quench excited states of different lifetimes. As an example, we take the

latter values as 10−9 s for an S1 and 10−5 s for a T1 state and the quenching rate

constant should be at the diffusion controlled limit of 1× 10−10 M−1 s−1. To find

the quencher concentration c(Q)1/2 able to quench 50% of the excited state,27) we

use Equation 2.27.With the given numbers, we obtain values of 1× 10−1 M for the

singlet and 1× 10−5 M for the much longer lived triplet state. Note, that at c(Q)1/2

27) In that case, the value of ΦB
0/ΦB is equal to 2.
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of only 10 μmol l−1, half of the T1 state is already quenched. Thus, from the mag-

nitude of the half-concentration of quenching, we can draw conclusions on the

nature of the emitting excited state.

c(Q)1∕2 = 1∕kq × 𝜏0 (2.27)

Instead of product quantum yields, also the fluorescence intensity can be mea-

sured at a given wavelength if the shape of the emission spectrum is not altered

in the presence of the quencher. The corresponding form of the Stern–Volmer

equation is then given by

If
0

If
= 1 + KSV × c(Q). (2.28)

Recall that, in the deduction of the Stern–Volmer equation, it was assumed that

the photoreaction occurs only from one excited state (S1) and that quenching is

a diffusion-controlled process. When the reaction occurs also from another state,

such asT1, an exponential dependence is observed (curve b, Figure 2.8). Andwhen

static quenching is present but not diffusional quenching, that is, A and Q form a

weak ground-state complex which absorbs the light, again no linear relationship

is observed (curve c in Figure 2.8).

2.8.1

Identification of the Reactive Excited State

As a standard procedure, the following experiments should be conducted to iden-

tify the reactive state of a substrate exhibiting emission at the temperature the

photoreaction is performed.

• Find a compound that inhibits product formation.

• Check whether that compound quenches also the emission. If so, the

emissive and reactive states are identical. If not, try to find an appropriate

inhibitor/quencher.

• Decide whether the inhibition/quenching proceeds through energy transfer or

ET by variation of the energy or redox potential of the quencher’s lowest excited

state.

2.9

Absorption, Emission, and Excitation Spectra

The basic components of an absorption spectrophotometer are a light source, an

excitation monochromator (Mexc), a photomultiplier (PM), and a recorder (Rec,

Figure 2.9). In the measurement, the intensity of the transmitted light is measured

as a function of the wavelength of the exciting light selected by Mexc.

An emission spectrophotometer contains, in addition, an emission monochro-

mator Mem. Now, the light emitted by the sample is measured perpendicular to
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Figure 2.9 Schematic diagram of an absorption and emission spectrophotometer.

the incoming beam in order to separate it from the transmitted light (Figure 2.9).

During the measurement, the excitation wavelength selected by Mexc is kept con-

stant and the intensity of the emitted light is recorded at various wavelengths with

the help of Mem. Thus, a plot of the intensity as function of the wavelength of the

emitted light gives the emission spectrum. When a pulsed light source such as a

laser is employed in combination with a fast detection system, the lifetime of the

emitting state can be easily measured.

Emission spectroscopy is a very sensitivemethod, and one has tomake sure that

the emission observed originates from the pristine sample and not from an impu-

rity exhibiting a strong luminescence. This can be clarified by recording the exci-

tation spectrum, which is done by setting Mem to the wavelength of the emission

maximum and modifying the wavelength of the exciting light over the absorption

range of the sample.The resulting plot of the intensity of the emitted light as func-

tion of the excitation wavelength coincides with the absorption spectrum of the

sample. This applies only for very dilute solutions (absorbance below 0.05) and

for the generally given case that the emission quantum yield is independent of the

excitation wavelength; that is, the rule of Kasha holds. Note that one obtains an

absorption spectrum although the emission is measured.This can be explained as

follows by assuming monochromatic irradiation.

The intensity of fluorescence is proportional to the product of the quantum yield

and the intensity of the light absorbed (Ia) by the sample. Since Ia is equal to

the difference between incident and transmitted light (i.e., I0 − It), we can write

Equation 2.29.

If = Φf (I0 − It) (2.29)

Recalling the relationship It = I0exp(−𝜅cd), we obtain Equation 2.30, wherein 𝜅 is

the molar natural absorption coefficient.

If = Φf × I0
[
1 − exp (−𝜅cd)

]
(2.30)
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Assuming that the absorbance (𝜅cd) is smaller than 0.05, the term exp(−𝜅cd)
becomes (1− 𝜅cd).28) After converting 𝜅 to the molar decadic absorption coef-

ficient and inserting into Equation 2.30, we arrive at Equation 2.31.

If = Φf (2.3εcd)I0 (2.31)

Thus, at a given excitation wavelength the emission intensity is directly propor-

tional to the absorption coefficient.Therefore, scanning the excitation wavelength

at a constant emission wavelength results in a spectrum corresponding to the

absorption spectrum.

2.10

Classification and Reactivity of Excited States

2.10.1

Organic Molecules

As discussed in Section 2.2, an electronic transition may be allowed or forbidden

depending on the electron spin and orbital symmetry conservation rules. Since

most organicmolecules do not contain heavy atoms, spin–orbit coupling is rather

weak and singlet–triplet absorption bands are difficult to find. Therefore, in gen-

eral, one observes bands arising from singlet–singlet transitions. In the following,

we briefly summarize the most important types of these HOMO–LUMO transi-

tions including their chemical reactivity. According to the modified Kasha rule, a

photochemical reaction in general starts form these lowest excited states.

2.10.1.1 𝛑,𝛑* States
These states are characteristic of chromophores such as olefins and aromatic

systems. Whereas ethylene absorbs at 180 nm, conjugated systems such as

anthracene exhibit the π,π* transition at 380 nm. In both cases, the absorption

coefficient is about 10 000M−1 cm−1. Extended conjugated double bond systems

absorb at much longer wavelengths. Typical reactions of singlet π,π* states are
the cis–trans isomerizations of olefins such as trans-stilbene, cycloadditions,

electrocyclic reactions, and nucleophilic or electrophilic addition reactions. In

the case of efficient ISC, the triplet state becomes the reactive state from which

radical addition and fragmentation occur as additional reaction types.

2.10.1.2 n,𝛑* States
Inmolecules that contain functional groups having lone-pair electrons (e.g., C=O,

OH, NH2, N=N), the corresponding nonbonding frontier orbitals are usually

located above the highest occupied π orbital. Therefore, the HOMO–LUMO

transition is of n,π* type, which is forbidden by symmetry (in C2v symmetry) and

therefore gives rise to low absorption coefficients in the range 10–100M−1 cm−1.

28) The function exp(−𝜅cd) can be developed as the power series exp(−x)= 1− (x/1!)+ (x2/2!)− · · ·.
For x≤ 0.05, the third term is negligible.
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Figure 2.10 Simplified electron configurations and energies of the lowest excited states of

acetone.

Since the n orbital is localized at the oxygen atom but the π* orbital at the oxygen
and carbon atoms, the transition transfers some charge in this direction, which

is opposite to the ground-state polarization of the C=O bond. As a consequence,

the dipole moment of S1 is smaller than that of S0.

In Figure 2.10, the spin electronic configuration and state diagrams of the lowest

excited states of acetone are summarized as an example.This molecule absorbs at

271 nm with an absorption coefficient of 16M−1 cm−1. In all the depicted excited

states, the C=O bond is weakened because of the population of the antibonding

π* orbital. We note that the singlet–triplet splitting between the π,π* states (ΔE2)

is much larger than for the n,π* states (ΔE1), which is a consequence of the better

orbital overlap in the former case.

Typical reactions are hydrogen atom abstraction and addition to olefins, as sum-

marized in Scheme 2.10. In the photohydrodimerization of benzophenone, the

triplet excited state abstracts hydrogen from the alcohol, producing the interme-

diate Ph2C–OH and Me2COH radicals. Successive second hydrogen abstraction

from Me2COH generates Me2CO and a second Ph2COH radical, which chemos-

electively undergoes C–C coupling to benzopinacol. The resulting net reaction is

summarized in Scheme 2.11.

C
R R

O3
+ H R′

R R

OH
+    R′

Scheme 2.10

2 Ph2CO  +  Me2CHOH C

OH

Ph C

Ph

Ph

Ph

OH

hν +    Me2CO

Scheme 2.11

Radical addition to olefins leads to regioisomeric 1,4-diradicals a and b fol-

lowed by ring closure to oxetanes (Paterno–Büchi reaction) as summarized in

Scheme 2.12.
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In the absence of an appropriate reaction partner, ketones may undergo two

classical intramolecular elimination reactions. If the molecule does not contain

hydrogen atoms in the γ-position, an α-cleavage affords two primary radicals,

which under decarbonylation and subsequent C–C coupling produce carbon

monoxide and ethane (Scheme 2.13). In the presence of an appropriate monomer,

the photogenerated radicals may induce polymerization and cross-linking

reactions. These include technologically relevant processes such as curing of

photoresists, dental glues, and all kind of surface coatings.

C

O

+

CH3H3C
CH3CH3   +  COCH3C

O

H3C

hν

Scheme 2.13 Norrish Type I elimination.

When a substituent contains a γ-hydrogen atom, a β-cleavage leads to an

olefin and an enol, followed by tautomerization to the corresponding ketone

(Scheme 2.14).

HO

Ph
R O

Ph R
H

HH

OH

Ph
R

H
+

Me

O

Ph

hν

Scheme 2.14 Norrish Type II elimination.

2.10.1.3 Charge-Transfer (CT) States

Intramolecular CT When a molecule contains both electron-donating and

electron-accepting functional groups, a new absorption band may be observable.
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C

O

NN

Me
Me

Me

Me

Figure 2.11 Michler’s ketone.

A classical example is Michler’s ketone (Figure 2.11), which exhibits a strong

and broad absorption band at 350 nm. Photoexcitation within this band results

in a charge transfer (CT) from the dimethylamino group to the keto group. As a

result, the dipole moment of the CT state is increased as compared to the ground

state.

Intermolecular CT In some cases, molecules of different electronic properties

may form weak intermolecular complexes, giving rise to a new, broad absorption

band. Often, the solvent molecules or traces of dissolved oxygen are involved. An

example for the former is the broad absorption appearing at about 350 nm when

the spectrum

A + D −→←−
[
A𝛿− · · · ⋅D𝛿+] hν

−−→
[
A⋅− · · · ⋅D⋅+]∗ (2.32)

of p-benzoquinone is measured in 2,3-dimethyl-1,3-butadiene instead of cyclo-

hexane. Thus, the better donor induces the formation of a CT complex [A· · ·D]
according to Equation 2.32, where A andD correspond to an acceptor and a donor

molecule, respectively. The energy of the CT transition ECT can be estimated

according Equation 2.33 from the ionization energy of the donor (IED) and the

EA of the acceptor (EAA) according to Scheme 2.15 neglecting the rather small

enthalpies of complex formations ΔH1 and ΔH0.

ECT

E IED

EAA

ΔH1

ΔH0

A + D

A     +  D

E = 0 

rDA
r[D…A]

[Aδ− +… Dδ+
 ]* 

hν

Scheme 2.15 Potential energy diagram for the formation and excitation of a charge-

transfer complex. The abscissa describes the distance between D and A.
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Table 2.1 Physical properties of some lowest intramolecular excited states.

𝛑, 𝛑* n, 𝛑* CT

𝜀 (M−1 cm−1) 103–105 102–103 103–104

f (oscillator strength) 10−2–100 10−3–10−2 10−2–10−1

𝜏 (s) 10−7–10−9 10−6–10−7 10−7–10−9

ΔE(S−T) (kcalmol−1) 23 8 8

Solvatochromism (cm−1) +600 −800 +2500

ECT = IED– EAA–ΔH1 + ΔH0 (2.33)

Because of its strong electron-accepting properties, oxygen may form CT com-

plexes even with very weak donors such as saturated hydrocarbons. Although

sometimes difficult to be detected, these complexes represent the very first inter-

mediates in many photoxidation reactions. Intermolecular CT absorption bands

may be very weak and therefore often escape experimental observation.

Table 2.1 summarizes some characteristic physical data of the most important

intramolecular excited states. In addition to the already discussed physical prop-

erties, also the solvent dependence is shown at the bottom row as a further exper-

imental hint on the nature of an absorption band. The numbers given represent

the approximate shift of the absorption maxima when going from a nonpolar sol-

vent such as n-hexane to a highly polar solvent such as methanol. Recalling that

the solvation of amolecule is primarily determined by dipole–dipole interactions,

the difference in the stabilization of the ground and excited states should be gov-

erned by the difference of the corresponding dipole moments, as schematically

depicted in Scheme 2.16 for two extreme cases. In the left part, the excited state

has a smaller dipole moment resulting in a smaller solvent stabilization as com-

pared the ground state when going form a unipolar to a polar solvent. Therefore,

the absorption band is shifted to a higher energy as observed for the n,π* tran-
sition of simple ketones. This case is also called negative solvatochromism. The

right-hand case applies for the CT state ofMichler’s ketone. Now the excited state

has the larger dipole moment, resulting in a positive solvatochromism.

hν1

hν2

hν1

hν2

Unpolar Polar Unpolar Polar

Scheme 2.16 Solvatochromic shifts on n,π* and CT transitions. Horizontal arrows symbolize

dipole moments.
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The typical reaction mode of CT states is ET. We consider the case of the

bimolecular ET between A and D (Equation 2.34). Two basic mechanisms may

be operating depending whether the CT state or the excited state of A

A + D
hν
−−→ A⋅− + D⋅+ (2.34)

or D is involved. From the potential energy scheme, it is evident that excitation

within the CT band directly generates the vibrationally excited, charge-separated

state at point 1, from where relaxation to the vibrational ground state occurs

(Scheme 2.17). This differs from the case where one of the reaction components

such as, for example, D, is locally excited. In this case, ET is happening at the

crossing point 4 followed by relaxation to point 2.

hνCT

hνD

4

D* + A

[D  +  A]

1

3

2

[A•− + D•+]   

Scheme 2.17 Optical electron transfer (OET via paths 1, 2) and photoinduced electron

transfer (PET) (paths 3, 4, 2).

Excimers and Exciplexes Some aromatic molecules such as pyrene exhibit

concentration-dependent emission spectra. In a highly diluted solution, a struc-

tured emission band is observed at 380 nm. Its intensity decreases at the expense

of a new, broad emission appearing at 480 nm upon increasing the concentration.

All attempts failed to find a new band also in the absorption spectrum. This

behavior can be rationalized by assuming that the new species is a dimer of

pyrene existing only in an excited state (excited dimer= excimer). An analogous

behavior is observed for anthracene, but only in the presence of increasing

amounts of N,N-diethylaniline. In this case, an excited complex is formed

between the two different molecules, named exciplex. Scheme 2.18 summarizes

the potential energy change as function of the distance between the molecules A

and B. There, the energy does not have a minimum in the ground state, as in the
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E

A + B

A* + B
[A…B]*

r [A…B]*

hν1hν2
hν1

A* + B

rAB

Scheme 2.18 Potential energy curves for exciplex formation between molecules A and B

assuming that only A is absorbing the light.

case of a CT complex, but only in the excited state [A· · ·B]*. Light absorption by

A generates A*, which may undergo emission (h𝜈1) or diffusion to B forming an

exciplex at the intermolecular distance r[A· · ·B]*. From there, emission occurs at

lower energy (h𝜈2).

The reason why an exciplex or excimer is stable only in the excited state can be

seen by considering the energy changes involved in bond formation (Scheme 2.19).

In the ground state, two electrons are stabilized and two electrons are destabilized

upon bond formation (left side). However, when A is in the excited state, only

one electron is destabilized resulting in a net stabilization of two electrons, and

therefore a stable exciplex is formed. Excimers and exciplexes may be formed as

very first intermediates in many bimolecular reactions.

A A + B B A* [A…B]* B

E

Scheme 2.19 A simplified MO correlation diagram for complex formation between

molecules A and B and A* and B.

2.10.1.4 Triplet and Singlet Oxygen Reactions

Molecular oxygen is one of the most important reagents in artificial and natu-

ral systems. Its approximate concentration is 0.2× 10−3 M in air saturated water

and 10 times higher in organic solvents. In accordance with MO theory, it has a

triplet ground state (3O2) because of the presence of two unpaired electrons. It is a
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rather inert molecule, since most mutual reaction partners are in the singlet state.

However, if the latter are carbon-centered radicals (RCH2
•) produced as short-

lived intermediates, a fast C–O bond formation generates peroxyl radicals that

can start an autoxidation reaction. The peroxyl radical formed in this initiation

step (Equation 2.35) can abstract hydrogen from RCH3 producing another RCH2
•

radical (propagation step, Equation 2.36) and the chain reaction is started. A typi-

cal disproportionation reactionmay terminate the chain reaction (Equation 2.37).

It should be mentioned that carbon-centered radicals in general are good reduc-

tants and may generate also the superoxide radical anion in a proton-coupled ET

reaction according to Equation 2.38.

RCH2
• + 3O2 → RCH2 −O −O• (2.35)

RCH2 −O −O• + RCH3 → RCH2OOH + RCH2
• (2.36)

2 RCH2OO• → RCH2OH + RCHO +O2 (2.37)

RCH2
• + 3O2+ → RCH⋅ +O2

⋅− +H+ (2.38)

The lowest excited state contains only paired electrons and is therefore named

singlet oxygen (1O2). It is located just 15 kcalmol−1 (5454 cm−1) above the ground

state.The lifetime inwater andhuman cells is about 3 μs, allowing diffusion lengths
in the range of 120 nm.These propertiesmake 3O2 an efficient quencher for almost

all other excited states.29) Quenching may occur by energy transfer and ET, gen-

erating 1O2 and superoxide as summarized in Equations 2.39 and 2.40, where S

refers to a photosensitizer. Typical sensitizers are organic dyes and porphyrins.

When these can be excited at about 600 nm30) and are able to selectively adsorb at

a human cancer cell, they produce in vivo singlet oxygen, a cytotoxic agent.This is

a commonly usedmethod in cancer treatment and is called photodynamic therapy

(PDT) [18, 19].

3S∗ + 3O2 →1S + 1O2 (2.39)

S∗ + 3O2 → S⋅+ +O2
⋅− (2.40)

In addition to this destructive action of singlet oxygen, it undergoes some

useful addition reactions [20]. With olefins such as tetramethylethylene, 1,2-

endoperoxides are formed (Scheme 2.20). They are thermally unstable and

decompose to ketones under efficient emission of light (chemiluminescence).31)

With less substituted olefins containing one allylic hydrogen atom, the ene reac-

tion is another typical reaction mode. And with 1,3-dienes such as α-terpinene,
a [4+ 2] cycloaddition to ascaridol is observed. The reaction was practically

applied in 1943 using spinach leaves as sensitizer (chlorophyll) and sunshine as

light source; the product is an antihelminiticum [21].

29) For that reason, photochemical experiments are conducted generally under dinitrogen or argon.

30) At 600–800 nm, light can penetrate 3–10 nm into human tissue.

31) And therefore 1,2-endoperoxides can be used as light source for “photochemistry in the dark,”

that is, without an external light source.
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Scheme 2.20 Some classical singlet oxygen reactions.

2.10.2

Inorganic and Organometallic Complexes

The excited states of inorganic complexes were initially described by crystal

field theory [22–24]. It is a purely electrostatic model analyzing the electrostatic

repulsion of initially energetically degenerate metal d electrons by the ligands,

considered as negative point charges. The interaction raises the energy of all

electrons, but in octahedral symmetry a little more for dx2−y2 and dz2 , which are

aligned along the three Cartesian coordinates, than for the remaining dxy, dxz,

and dyz orbitals pointing between the axes. The resulting energy difference is

called the crystal field splitting Δ (Δo for a complex of octahedral symmetry)

(Scheme 2.21). Its value is assumed to be identical to the energy of the lowest

optical transition as obtained from the absorption spectrum. Scheme 2.21

displays the electron configuration and energy state diagram for the simple case

of octahedral [Ti(H2O)6]
3+ having only one d electron. The symmetry labels t2g

and eg characterize triply and doubly degenerate states, respectively, of gerade

behavior with respect to reflection at the inversion center (center of symmetry).

Upon absorption of light, an electron is transported to one of the eg orbitals.

Δo

(t2g)1 (eg)1 2T2g

2EgE

hν
hν

t2g

eg

Scheme 2.21 Electron configuration and energy state diagram for an octahedral complex

with a d1 central metal such as Ti3+ .
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The resulting energy states have the spectroscopic term symbols 2T2g and 2Eg,

where the superscript designates the spin multiplicity given by 2S+ 1 (S= 1∕2 for a
single electron). It may be recalled that g→g transitions are symmetry-forbidden

and therefore have a very low intensity. The magnitude of Δo is in the range of

25–100 kcalmol−1 (8700–34 800 cm−1) and depends on the metal, the symmetry

of the complex, and type of ligand. On going from 3d to 4d and 5d metals, the

crystal field splitting in each step increases by about 50%. For a given ligand

and metal, the splitting in octahedral symmetry is about twice as large as in a

tetrahedral coordination sphere. Ligands inducing a large crystal field splitting,

corresponding to a high-energy absorption band, are called strong ligands.

They can be arranged in a sequence of increasing crystal field strength, called

spectrochemical series.

X− < C2O4
2− < H2O < pyridine < bpy < CN−.

From the series, it is apparent that the crystal field model is too simple because

there is no correlation with the ligand charge, as evidenced by the comparison

of oxalate with bpy. Subsequently, after development of MO theory, also lig-

and orbitals were included and this modified method was called ligand field.

(LF) theory. And later, MO and density functional theory (DFT) calculations

allowed a much better interpretation of electronic absorption spectra. For the

following discussion, the octahedral complex W(CO)5(py) is taken as an example

(py= pyridine). Its frontier MOs are obtained by constructing an interaction

diagram betweenW(CO)5 and pyridine (Figure 2.12). Like in LF theory, the three

HOMOs and two LUMOs of W(CO)5 have essentially dxy, dxz, dyz and dx2−y2 ,

dz2 character, respectively.32) Orbital overlap between dz2 and the nitrogen lone

pair of pyridine gives a bonding σ and an antibonding σ* orbital. The interaction

between the other MOs can be neglected in this simplified discussion. Filling

six tungsten and four pyridine electrons into the energy levels, we arrive at the

MO scheme of W(CO)5(py) as depicted in the middle of Figure 2.12. The capital

letters in parentheses signify whether the MO has predominantly metal or ligand

character. The electronic transitions 1–4 classify the basic excited states of a

transition-metal complex.

2.10.2.1 Metal-Centered (MC) states

Transition 1 in Figure 2.12 occurs between metal-centered MOs. The resulting

MC state33) has a weakened metal ligand bond since the electron is located in

an antibonding LUMO. In octahedral complexes, these transitions are forbidden

and therefore the corresponding absorption bands are broad and have rather low

extinction coefficients in the range of 10–102 cm−1.The typical reaction fromMC

states is ligand dissociation, as summarized in Scheme 2.22 for irradiation of a

d6-rhodium complex dissolved in water [25]. Upon excitation at 366 nm, the low-

est excited singlet MC state is populated. From the emission spectrum at room

32) The HOMOs are nonbonding whereas the LUMOs are antibonding with respect to the metal

ligand bond.

33) Older notations are d–d or LF transition.
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Figure 2.12 Construction of frontier molecular orbitals for W(CO)5(py). The pyridine ligand

is aligned along the z-axis, and the five carbonyl groups are located at the remaining octa-

hedral positions.

[Rh(NH3)5Cl]2+
hν

H2O

[Rh(NH

Φ = 0.18

Φ = 0.02

3)5H2O]3+  +  Cl−

trans-[Rh(NH3)4(H2O)Cl]2+  +  NH3

(a)

(b)

Scheme 2.22

temperature, the lowest triplet MC state is observed at 600 nm, corresponding

to an energy of 48 kcalmol−1. To find out whether the reaction occurs from the

triplet or singlet excited state, diacetyl is added as a triplet sensitizer. Although

the rhodium complex is not excited under the new experimental conditions, the

product quantum yields are the same as observed in the absence of diacetyl. This

indicates that ligand substitution occurs from the triplet MC state. In this clas-

sical sensitization experiment, the initially produced 1(MeCOCOMe) undergoes

an efficient ISC to 3(MeCOCOMe). Since the latter is located about 7 kcal above

the rhodium 3MC state, an efficient energy transfer leads to population of the

triplet MC state. From there, the substitution of the ammine and chlorido ligands

occurs with the same ratio as the unsensitized reaction.The basic mechanism can
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ΦISC

hν1

kpkd
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Scheme 2.23

therefore be summarized as depicted in Scheme2.23. After excitation and vibronic

relaxation, a fast ISC generates the vibronically excited triplet state. After relax-

ation, it can undergo radiationless and radiative deactivation to the ground state

with the rate constants kd, and kp, respectively, and ligand dissociation. Assuming

a quasistationary concentration for the triplet state, the product quantum yield

can be obtained as34)

Φr = ΦISC × kr∕(kr + kp + kd) (2.41)

WithΦISC = 1 and recalling that 1/(kr + kp + kd) is equal to the lifetime 𝜏 , we arrive

at

Φr = kr × 𝜏. (2.42)

Since the lifetime of the triplet state can be easily obtained by time-resolved

emission spectroscopy as 1.0× 10−8 s, we arrive at a first-order rate constant of

1.8× 107 s−1 upon using 0.18 for the quantum yield of chloride dissociation. This

value is about 10 orders of magnitude larger than the rate constant measured in

the absence of light. Notably, the photoreaction exhibits an activation energy of

about 7 kcalmol−1, suggesting that chloride substitution does not occur from the

coordinatively unsaturated intermediate [Rh(NH3)5]
2+.

In metal carbonyl photochemistry complexes, loss of carbon monoxide is usu-

ally the preferred reaction path. For M(CO)6 (M=Cr, Mo,W), the colorless start-

ing materials upon irradiation in inert gas matrixes at 20K are transformed to

red [M(CO)5(inert gas)] complexes, the absorption maxima of which depend on

the rare gas. Similarly, hydrogen is eliminated upon irradiation of dihydride com-

plexes. Thus, irradiation of the iridium(III) complex 1 in cyclohexane generates

a highly reactive iridium(I) intermediate via reductive elimination of hydrogen.

Subsequent oxidative addition of the solvent produces a hydridoalkyl complex 2
(Scheme 2.24) [26]. Because of the high bond energy of an aliphatic C–H bond

(about 100 kcalmol−1), such reactions are rather rare but of basic importance for

the utilization of natural gas and oil as chemical feedstock.

34) See derivation of the Stern–Volmer equation.
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Scheme 2.24 Generation of a highly reactive intermediate followed by C–H activation of

the solvent.

2.10.2.2 Ligand-Centered (LC) States

Transition 2 in Figure 2.12 involves only ligand-based MOs and is therefore

termed ligand-centered or intraligand transition. In the case of 4d and 5d

metals (high LF splitting), it is often the lowest excited states exhibiting typical

ligand reactivity. A characteristic reaction is the trans–cis isomerization of the

4-pyridylstyrene ligand (L) in Re(Cl)(CO)3L2.

2.10.2.3 Charge Transfer Metal to Ligand (CTML) States

When low-lying unoccupied MOs of ligand character are present in a complex

having an electron-rich central metal, the transition may involve a CT from the

metal to the ligand as symbolized by transition 3 of Figure 2.12. The classical

example is octahedral tris(bipyridyl)ruthenium(II) exhibiting a broad, low-energy

absorption band at about 500 nm. This excited state has a lifetime of 0.6 μs (in
water of 25 ∘C) and can be formally viewed as *[RuIII(bpy)2(bpy)

−]2+ to emphasize

the simultaneous presence of oxidizing and reducing centers. These properties

make it the best photochemically investigated coordination complex [16, 27].

2.10.2.4 Charge Transfer Ligand to Metal (CTLM) States

Transition 4 is connected with the transfer of an electron from a ligand- to a

metal-based MO.The violet color of permanganate, for instance, originates from

an O→Mn CTLM (charge transfer ligand to metal) transition. Another example

is the iron(III) complex [Fe(C2O4)3]
3− which undergoes an intramolecular redox

reaction to iron(II) and carbon dioxide (Scheme 2.25). The oxalate radical anion

generated through the reaction steps a and b is a strong reductant. It reduces

another [Fe(C2O4)3]
3− ion under concomitant oxidation to carbon dioxide. Thus,

absorption of one photon results in the formation of two molecules of the iron(II)

2 [FeIII(C2O4)3]3− hν
250–510 nm

2 [FeII(C2O4)2]2− +  C2O4
2− +  2 CO2

 *[FeII(C2O4)2(C2O4)− ]3−  [FeII(C2O4)2]2−    +  (C2O4)

 [FeIII(C2O4)3]3−

−

hν a

b

c

Scheme 2.25
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complex.Theoretically, themaximumproduct quantum yieldmay therefore reach

a value of 2, but experimentally the number 1.1–1.2 is found. The product quan-

tum yields (Φλ) have been measured at various wavelengths, and their knowledge

is the basis for the use as a chemical actinometer [28, 29]. We recall that the num-

ber ofmoles of product formed per unit time is given by n(FeII)=Φλ × Ia.Working

under the condition of total light absorption, the amount of light coming from the

lamp (I0) is identical to the amount of light absorbed (Ia). Since n(Fe
II) for a given

photoreactor is easily measured and Φ𝜆 is known from the literature, the lamp

intensity is obtainable.

A further example of the reactivity of CTLM excited states is connected with

photochemical reactions in natural waters (Scheme 2.26). At neutral pH values,

ubiquitous iron compounds are predominantly present as iron(III) hydroxido

complexes. Their CTLM band maximum is located at 297 nm and therefore

overlaps with the small UV part of sunlight.35) As the primary photoproduct,

[FeII(OH)(H2O)5]
2+ is formed. Within a few minutes, it is decomposed into

hydrated iron(II) and the strongly oxidizing hydroxyl radical which oxidizes other

water components or dimerizes to hydrogen peroxide as the final product.36)

H2O2 can oxidize iron(II) to hydroxide and a further OH radical. The artificial

version of the process is known as the photo-Fenton reaction [30].

[FeIII(OH)(H2O)5]2+                                [FeII(H2O)6]2+  +  OH
Sunlight OH

H2O2

Scheme 2.26 Iron-assisted formation of hydrogen peroxide in natural waters (photo-Fenton

reaction).

2.10.2.5 Charge Transfer to Solvent (CTTS) States

Simple inorganic ions of low IE exhibit intermolecular CT bands located in the

range of 200–400 nm. Examples are sulfide and hydrogen sulfide, showing max-

ima at 360 and 230 nm, respectively. Upon excitation, hydrated electrons are gen-

erated with a broad absorption maximum at 700 nm. Their lifetime of 0.6ms is

long enough to enable efficient redox reactions. Because of their reduction poten-

tial of −2.5V, they are extremely strong reductants. They very efficiently reduce

dinitrogen oxide to nitrogen and hydroxyl radicals (Equation 2.43).

e−aq +N2O +H2O → N2 +OH− +OH⋅ (2.43)

Thus, a strong reductant is converted to a strong oxidant. The reaction is often

used in radiation and photochemistry for the scavenging of solvated electrons.

2.10.2.6 Intervalence Transfer (IT) States

Multinuclear complexes containing at least twometals in different oxidation states

may exhibit a new, broad absorption band of low energy. That band does not

35) Which amounts to about 3% of the total solar spectrum. The rest consists of visible (47%) and

infrared (50%) light (see Figure 5.16).

36) The oxidation potential of the OH radical in neutral water is 1.9 V. In a Bavarian lake, a hydrogen

peroxide concentration of 1 μmol l−1 has been measured on a sunny day in September.
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appear in the spectra of the corresponding mononuclear complexes. It can be

viewed as originating from an inner-sphere ET between the two metals. A clas-

sical example is the Creutz–Taube ion (Figure 2.13) having the corresponding

absorption maximum at 1570 nm [31]. It is to be noted that the assigned oxida-

tion states are formal numbers37) assuming the absence of ruthenium–ruthenium

interactions.

Also outer-sphere ET bands are sometimes observable when in ion pairs the

two components have appropriate donor–acceptor properties. In addition to

purely inorganic complex pairs, also inorganic/organic systems exhibit this

phenomenon. Typical examples are 1 : 1 pairs between dianionic metal dithi-

olenes [ML2]
2− as donors and dicationic bipyridinium acceptors A2+ such as

methylviologen (Figure 2.14) [32]. In the solid state, the two planar components

are arranged in a classical cofacial arrangement of alternating ions exhibiting

a plane-to-plane distance of 3.4Å. The energy of the ion-pair CT transition

(EIPCT) is related to the driving force of this endergonic electron transfer

(ΔGIPCT) according to the modified Hush–Marcus relation (Equation 2.44)

[33, 34]. The latter is easily obtained from the redox potential difference

E(A2+/+)−E([ML2]
2−/−) of the two components as measured by cyclic

voltammetry.

EIPCT = χ × ΔGIPCT (2.44)

For a series of such ion pairs, a plot of the onset of the broad IPCT band (in range

from 0.1 to 1.4 eV) versus the driving force (0.1–0.7 eV) gives the required linear

relationship. From the slope, a reorganization energy (𝜒) of 14 kcalmol−1 can be

calculated. From these data, also the amount of charge transferred in the ground

state (𝛼2)38) from the dianion to the dication and the electronic coupling are obtain-

able. The latter is rather weak as indicated by coupling constants in the range

37) They are justified for the sake of basic classification. In reality, an average oxidation number

describes the bonding situation in the Creutz–Taube ion much better.

38) The maximum value of 𝛼2 = 1 corresponds the transfer of one electron.
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of 200 cm−1 (corresponding to 0.6 kcalmol−1), in accordance with the very small

𝛼2 value of 2× 10−4. Although this CT interaction is weak, it controls the electri-

cal solid-state conductivity.Thus, it increases from 1× 10−11 to 1× 10−3 Ω−1 cm−1

upon decreasing ΔGIPCT from 0.7 to −0.1 eV.
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3

Molecular Photocatalysis

3.1

Hydrogenation of 1,3-Dienes

Ultraviolet (UV) irradiation of an n-hexane solution containing equal amounts

of cis- and trans-1,3-pentadiene in the presence of catalytic amounts of hexacar-

bonyl chromium results in a regioselective 1,4-hydrogenation of the cis isomer

(Scheme 3.1). It is experimentally proven that in the first reaction step the excited

chromium carbonyl selectively reacts only with E-3, producing the true photocat-
alyst 5 [35, 36]. Light absorption by the latter results in the loss of carbon monox-

ide and the formation of the nonclassical dihydrogen complex1) (6), from which

a stepwise 1,4-hydrogen transfer may occur via allyl and olefin intermediates (7)
and (8) (Scheme 3.2). Decomplexation of the product Z-4 and complexation of

E-3 may regenerate the intermediate (6) directly or via 5. The latter seems more

likely, since continuous irradiation is necessary.

3.2

Co-Cyclization of Alkynes with Nitriles

Visible light irradiation of catalytic amounts of CpCo(CO)2 (Cp= h5-

cyclopentadienyl)2) in presence of an alkyne and excessive nitrile affords

pyridine derivatives 6 [37] (Scheme 3.3). The reaction occurs also upon heating

[38, 39]. Similar to the photocatalytic hydrogenation, loss of carbon monoxide is

the primary photoreaction generating the alkyne complex 9 (Scheme 3.4). The

latter is photoconverted to the bis-alkyne intermediate 10. Subsequent steps are
nitrile-induced C–C coupling to a cobaltacyclopentadiene followed by insertion

of the nitrile into a Co–C bond. A final alkyne/CO-induced reductive elimination

affords pyridine 11 and catalyst 9.3)

1) Classical hydrogen complexes do not contain a hydrogen ligand with a H–H bond (M–H2) but

instead two M–H bonds (H–M–H).
2) The affix h gives a topological indication of the bonding between a π-electron ligand and the

central atom in a coordination entity. The superscript indicates the number of ligand atoms that

bind to the central metal.
3) For further homogeneous reactions see Refs. [40–43].

Semiconductor Photocatalysis: Principles and Applications, First Edition. Horst Kisch.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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3.3

Enantioselective Trifluoromethylation of Aldehydes

A unique combination of photoredox catalysis with enantioselective organocatal-

ysis is the visible-light-driven trifluoromethylation of aldehydes as summarized in

Scheme 3.5 [44]. Therein, tris(bipyridyl)ruthenium(II) is the redox photocatalyst,

and the chiral organocatalyst R(R*)NH is a commercially available imidazolidi-

none derivative. The net reaction consists of an enantioselective substitution of a

α-hydrogen atom by a trifluoromethyl group.

A mechanistic proposal is summarized in Scheme 3.6. In the initiating step,

omitted in the scheme, *[Ru]2+ reduces CF3I to the trifluoromethyl radical and

iodide.4) The radical then starts the cycle by adding to the chiral imine produced

from the aldehyde and the organocatalyst. Carbon-centered radicals are good

reductants and therefore (12) is easily oxidized by *[Ru]2+ to the iminium salt (13)

4) The produced [Ru]3+ reacts with (12) to [Ru]2+ and (13).
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zolium derivative, respectively.
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and [Ru]+. Hydrolysis generates the product 14 and re-forms the organocatalyst.

[Ru]+ is able to reduce CF3I to [Ru]2+, iodide, and the trifluoromethyl radical

which subsequently adds to the imine starting a new catalytic cycle.

3.4

Photoinduced Electron Transfer Catalysis

In all examples discussed, continuous irradiation is required to observe prod-

uct formation. We now discuss a substitution reaction, which after a short initial

irradiation continues in the dark [45]. The simple-looking photoreaction of the

d6-rhenium complex 15+ depicted in Scheme 3.7 exhibits three unusual features.

• First, no substitution is observable when PPh3 is replaced by pyridine.

• Second, a value of Φ(16+)= 20 points to a photoinduced chain reaction.

• And third, triphenylphosphine quenches the emission of 15+, whereas pyridine
has no effect.

[Re(CO)3(phen)(MeCN)]+  +  PPh3                         [Re(CO)3(phen)(PPh3)]+  +  MeCNhν

15+ 16+

Scheme 3.7

According to the energies of the involved excited states, quenching by energy

transfer is thermodynamically not feasible. However, when considering the corre-

sponding redox potentials, quenching by electron transfer (ET) is possible. Thus,

after excitation of 15+ (Equation 3.1), which is an 18-valence electron (VE) com-

plex,5) the first reaction step is a photoinduced ET according to Equation 3.2. The

reduced 19 VE complex 15 contains the accepted electron in an antibonding MO

allowing a fast substitution reaction to the labile 19 VE complex 16 (Equation 3.3).
[
𝟏𝟓+

]
+ hν → ∗[𝟏𝟓+] (3.1)

∗[𝟏𝟓+] + PPh3 → 𝟏𝟓 + PPh3
+ (3.2)

𝟏𝟓 + PPh3 → 𝟏𝟔 +MeCN (3.3)

𝟏𝟔 + 𝟏𝟓+ → 𝟏𝟔+ + 𝟏𝟓 (3.4)

PPh3
+ + 𝟏𝟓 → PPh3 + 𝟏𝟓+ (3.5)

5) In the usual formal electron count the number of VEs is obtained by adding the number of d

electrons to the number of ligand electrons involved in formation of the metal–ligand bonds.

Mono- and bidentate ligands deliver two and four electrons, respectively. Therefore, we obtain

the stable 18 VE configuration for complex 15+.
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Reduction of 15+ by 16 produces the stable 18 VE complex 16+ and another

labile 19 VE molecule of 15 (Equation 3.4), which represents the growth reac-

tion of an ET chain catalysis process as summarized in the general Scheme 3.8.

The chain reaction is terminated by various processes such as, for example, back-

electron transfer (BET) (Equation 3.5).

hν

ML
n

[MLn]−

[MLn–1L1]−

L1

LMLn

MLn–1L1

L1

(L1)

Scheme 3.8 Ligand substitution through a photoinduced electron transfer chain

mechanism.

3.5

Reduction and Oxidation of Water

Despite many attempts, no homogeneous system has been found until now

that photocatalyzes visible-light water splitting, that is, the photochemical

cleavage to hydrogen and oxygen. The standard free energy of the endothermic

reaction H2O(l)→H2(g)+ 1∕2O2(g) is 56.6 kcalmol−1. At pH7, the standard

reduction potentials (E0′ ) for the reduction and oxidation are −0.41 and +0.82V,
respectively (Equations 3.6 and 3.7).

2H2O + 2e− → H2 + 2OH− (3.6)

O2 + 4e− + 4H+ → 2H2O (3.7)

Since water absorbs only below 180 nm, that is, in the vacuum-UV (VUV)

region, a direct photolysis would require vacuum conditions to avoid light

absorption by oxygen.6) Correspondingly, sunlight arriving at the earth’s surface

contains no VUV and only a little UV light (about 3%). Water splitting by UV or

visible light therefore requires sensitization by ET. Because of their excellent redox

properties, transition-metal complexes constitute promising sensitizers. The

best investigated example is [Ru(bpy)3]
2+. Excited state reduction and oxidation

potentials of −0.86 and +0.84V render both the reduction and oxidation of water

thermodynamically feasible. But only reduction or oxidation and never water

splitting is observable when an aqueous solution of the complex is irradiated with

6) Oxygen and nitrogen start absorbing at 200 and 100 nm, respectively. The VUV spectral region

spans from 200 to 100 nm.
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visible light. However, in the presence of a reductant or oxidant, hydrogen or

oxygen formation may proceed upon visible light irradiation (Scheme 3.9). In the

literature, these reactions are in general referred to as sacrificial water splitting,

sacrificial water reduction, and sacrificial water oxidation in order to emphasize

that the reductant and oxidant are stoichiometrically consumed.7)

2 H2O  +  Dred H2  + Dox and 2 H2O  +  Aox O2  + Ared⇒ ⇒

Scheme 3.9

Forwater reduction, additionally the presence of an electron relay in its oxidized

form (Ox) and a thermally active redox catalyst (◽) is necessary (Scheme 3.10).

Typical examples are methylviologen (MV2+, see Figure 2.14) and colloidal plat-

inum. Dred is a fast and irreversibly reacting reducing agent for the oxidized pho-

tocatalyst (photosensitizer) such as EDTA, triethanolamine, and triethylamine. In

most cases, tris(bipyridyl)ruthenium(II) type of metal complexes were employed,

but also metal porphyrins and even organic dyes are good sensitizers [46–48].

[MLn]2+

[MLn]3+

Ox

Red

hν

1/2 H2O 

1/2 H2 + OH−

Dred

Dox

Scheme 3.10 Homogeneous visible light photoreduction of water by Dred assuming that

one photon generates one molecule of reductant (see text).

Visible light absorption generates the excited state *[MLn]
2+ which reduces Ox

to Red (Equation 3.8). In the case ofMV2+, the blue radical cationMV+⋅+ is gener-

ated. Although its reduction potential is only by 0.03Vmore negative than that of

water reduction, a fast hydrogen evolution is observable if colloidal platinum (◽)
is present as the reduction catalyst (Equation 3.9).This fast reaction is essential to

decrease the rate of the strongly exergonic BET according to Equation 3.10. BET

is further decisively slowed down by the fast and irreversible re-reduction of the

oxidized photosensitizer by Dred, thus regenerating the photosensitizer (Equation

3.11). When Dred is triethylamine, a carbon-centered radical is produced which is

capable of reducing another MV2+ (Equation 3.12). In that case, the absorption of

one photon generates two electrons for the reduction of water (1h𝜈/2e− process).8)

[
MLn

]2+ +MV2+ + hν →
[
MLn

]3+ +MV+⋅ (3.8)

2H2O + 2MV+⋅ + Ptcoll → H2 + 2OH− + 2MV2+ + Ptcoll (3.9)

7) This is an unnecessary and rather misleading habit. In any redox reaction, the reductant and

oxidant are consumed, of course.
8) The same type of process may be always observed when a strongly reducing intermediate is pro-

duced in a primary oxidation step. In photoelectrochemistry, this phenomenon is called current

amplification or (historically) current doubling (see Section 5.1.3).
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[
MLn

]3+ +MV+⋅ →
[
MLn

]2+ +MV2+ (3.10)

NEt2CH2CH3 +
[
MLn

]3+
→

[
NEt2CHCH3

]⋅ + [
MLn

]2+ +H+ (3.11)

[
NEt2CHCH3

]⋅ +MV2+ →
[
Et2N = CHCH3

]+ +MV+⋅ (3.12)

[
Et2N = CHCH3

]+ +H2O → Et2NH + CH3CHO +H+ (3.13)

The formed iminium cation undergoes a fast hydrolysis to diethylamine,

acetaldehyde, and a proton (Equation 3.13). Thus, Equation 3.14 gives the overall

stoichiometry.

H2O +NEt2CH2CH3 + hν → H2 + Et2NH + CH3CHO (3.14)

Analogous to water reduction, also for water oxidation a thermally active oxi-

dation catalyst (◽) and an efficient oxidant Aox are essential. Classical examples

are colloidal IrO2, MxOy (M=Rh, Mn), and peroxodisulfate or Co(III) complexes

(Scheme 3.11) [49, 50]. We note that, because of favorable kinetic conditions, no

electron relay is necessary. This requires that the BET according to Equation 3.15

is much slower than the oxidation of water by the strong oxidant [MLn]
3+ gener-

ated according to Equation 3.16. In the case of [CoCl(NH3)5]
2+ as oxidant, a very

fast hydrolysis (Equation 3.17) of the reduced complex (i.e., Ared) lowers its con-

centration significantly, thus rendering BET too slow to efficiently compete with

water oxidation.[
MLn

]3+ + Ared →
[
MLn

]2+ + Aox (3.15)

[
MLn

]2+ +
[
CoCl

(
NH3

)
5

]2+ + hν →
[
MLn

]3+ +
[
CoCl

(
NH3

)
5

]+
(3.16)

[
CoCl

(
NH3

)
5

]+ + 6H2O →
[
Co

(
H2O

)
6

]2+ + 5NH3 + Cl− (3.17)

Aox

Ared

hν
1/4 O2

1/2 H2O [MLn]3+

[MLn]2+

Scheme 3.11 Homogeneous visible light photooxidation of water by Aox assuming that

one photon generates one molecule of oxidant (see text).

In summary, we note that the reduction and oxidation of water proceed only if

the back-electron transfer between the primary products is slowed down by fast

decomposition reactions of the reducing and oxidation agent.
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4

Photoelectrochemistry

The previous chapters of this book dealt with the photochemical properties of

homogeneous systems, that is, of dissolved molecules. Light absorption and

reactivity of the excited state were discussed on basis of the electronic structure

obtained from molecular orbital (MO) theory.1) The same theory forms the basis

for the treatment of the electronic structure of a solid and its photophysical and

photochemical properties in the absence and presence of a liquid redox system.

In the following, we will discuss the principles of photoinduced charge generation

and interfacial electron transfer (IFET) at the solid–liquid interface. The latter

processes are the basis of photoelectrochemistry,2) which in turn is the basis of

semiconductor photocatalysis.

4.1

Electronic Structure and Nature of Excited States

4.1.1

The (Optical) Bandgap

InMO theory, bond formation between two atoms is explained by the spatial over-

lap of two atomic orbitals generating two MOs, one low-lying bonding MO and

one high-lying antibonding MO.When adding a third and fourth atom, the num-

ber of MOs increases to 6 and 8, respectively. Upon constructing a linear chain of

an infinite number of atoms (N), such as existing along one axis of an ideal crystal,

we arrive atN/2 occupied andN/2 unoccupiedMOs.With increasing numberN ,

the levels get closer and finally form a broad energy band delocalized through-

out the whole crystal lattice (Scheme 4.1). When we extend the linear chain of

atoms into three dimensions, each type of atomic orbital will form further MOs.

Accordingly, an s band, a p band, a d band, and so on, will be formed as illustrated

in Figure 4.1. The bands are completely delocalized throughout the whole crystal.

Depending on the specific compound, some bands may be partly or completely

1) Another possibility is to consider the movement of an electronic wave of valence electrons in the

positive field of lattice core ions.

2) For detailed treatments see Refs. [51–52].

Semiconductor Photocatalysis: Principles and Applications, First Edition. Horst Kisch.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.



56 4 Photoelectrochemistry

E

Number of atoms

1         2                3               4                           Infinite

Scheme 4.1 Interaction of atomic orbitals in a linear chain.
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Figure 4.1 Band structure of the third-row metal sodium.

filled with electrons. In the case of sodium, N atoms give rise to N 3s electrons,

which completely fill up N/2 bonding MOs, leaving N/2 antibonding MOs unoc-

cupied. Because of the presence of a partly filled energy band, sodium is a good

electronic conductor since electrons can move therein almost without activation.

A similar situation arises when an occupied band overlaps with an unoccupied

one as depicted in Figure 4.2. Both cases are characteristic for metals. When the

empty band is separated from the filled band by an energy gap Eg, in general called

bandgap,3) of a few electron volts, electronic conductivity is observed only if the

electrons are promoted to the empty band through the absorption of energy in

the form of heat or light. Such systems with an energy-level-free zone (forbid-

den zone) are called semiconductors and insolators if the bandgap is in the range

of 1–6 eV and above 6 eV, respectively. Thus, a semiconductor becomes an elec-

tronic conductor when irradiated with light of energy equal to or larger than Eg

3) Sometimes, Eg is also called the optical bandgap to differentiate it from the photonic bandgap in

photonic semiconductor crystals.



4.1 Electronic Structure and Nature of Excited States 57

E Eg (1–6 eV)

Eg (>6 eV)

Metal Semiconductor Insolator

Ev

Ec

Figure 4.2

corresponding to threshold wavelengths in the range of 210–1250 nm. The ener-

gies of the highest valence band and lowest conduction band edges are named Ev

and Ec, respectively. We note that an ideal semiconductor cannot absorb light of

energy smaller than the bandgap. However, in a real material the surface structure

deviates a little from that of the bulk crystal and new energy levels may be formed

close to the band edges.These surface states are responsible for weak subbandgap

absorption bands appearing in their absorption and emission spectra.

Similar results are obtained when the change of the electron energy is cal-

culated as a function of the periodic lattice by quantum mechanical methods.

Again, energy bands are obtained and the gap between filled and empty bands

increases with increasing interaction between electrons and lattice ions. A plot

of energy versus the wave vector k gives rise to several bands. Two characteristic

cases are relevant for the interpretation of electronic absorption spectra. In

case A of Figure 4.3, the maximum of the valence band and the minimum of

the conduction band are located at the same value of k (k = 0). According to

theory, the absorption of a photon is fully allowed and the material (or the

electronic transition) is called a direct semiconductor (or direct transition). In

an indirect semiconductor, the minimum of the conduction band is displaced

E

k(a) (b)

E

k

Ev

Ec Ec

Ev

hν hνEg

Figure 4.3 Direct (a) and indirect (b) band-to-band transitions. The dashed arrow symbol-

izes absorption of a phonon.



58 4 Photoelectrochemistry
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Figure 4.4 Position of the Fermi level EF in an n-type and a p-type semiconductor in ther-

mal equilibrium.

to a larger k value and the law of momentum requires that in addition to the

photon also a phonon has to be absorbed (case B, Scheme 4.3) . The resulting

“three-body process” (photon, electron, and phonon) is of lower probability

than the “two-body” process of a direct transition, inducing a less efficient light

absorption in the bandgap region. Consequently, a direct semiconductor displays

a much steeper absorption onset than an indirect one.

To finish the discussion of the basic electronic properties of semiconductors, we

have to introduce the concept of the Fermi level (EF). From the statistical point of

view, it is defined as the energy at which the probability of an energy level being

occupied by an electron is 0.5. Alternatively, from the viewpoint of thermodynam-

ics, the Fermi level corresponds to the electrochemical potential of an electron

in a solid. In an ultrapure intrinsic semiconductor, it is located in the middle of

the bandgap. When impurities are present or introduced through doping with

electron-accepting and electron-donating atoms, EF is located close to the valence

and conduction band, respectively (Figure 4.4). The corresponding materials are

called p-type and n-type semiconductors since the majority charge carriers are

holes and electrons, respectively.4) A classical example is the doping of silicon by

boron and phosphorous.The exact position ofEF depends primarily on the dopant

concentration, and typical distances to the band edges are 0.1–0.3 eV.

4.1.1.1 Measurement of the Bandgap Energy

Bandgap energies are measured by optical or photoelectrochemical methods

[63–65]. Because of its basic importance for the understanding of the excited

state properties of semiconductors, only the optical measurement will be

treated here.

According to the Beer–Lambert law, the relation between the intensities of

light arriving at the surface (Io) and after passing (Itr) through a transparent solid

of thickness d can be written as Equation 4.1. The measurement of transmitted

light is

4) p-Type since the acceptor extracts an electron from the completely filled valence band generat-

ing a positive charge (electron hole, or just “hole”) therein. Therefore, the material becomes now

electrically conducting. Doping with electron donors generates electrons in the conduction band

(empty), leading to n-type conductivity.
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Figure 4.5 Schematic absorption spectra of Si (indirect bandgap of 1.12 eV) and GaAs

(direct bandgap of 1.40 eV).

Itr = Io × exp(−𝛼d) (4.1)

possible only if the solid is present as a thin transparent layer exhibiting no

scattering and reflectance effects. Since d is in general given in centimeters, the

absorption coefficient 𝛼 has the dimension of cm−1. It is analogous to the molar

absorption coefficient of a dissolved molecule. Accordingly, a plot of 𝛼 as function

of wavelength or energy represents the absorption spectrum of a solid. Figure 4.5

shows the spectra of silicon and gallium arsenide as examples for an indirect and

a direct semiconductor, respectively. As expected, the absorption onset is much

steeper in the case of GaAs.

The distance where the intensity of the light beam has dropped to its 1/e value

(about 63%) is called absorption length or penetration depth and is given by the

value of 1/𝛼.5) As an example, we take the indirect semiconductor titania having

an approximate absorption coefficient of 1× 103 cm−1 at 357 nm. Accordingly,

a penetration depth of 1× 104 nm is obtained. For comparison, 𝛼(320 nm) of

zinc sulfide is 1× 104 cm−1, resulting in a much shorter penetration depth of

1× 103 nm for this direct semiconductor. The corresponding values for CdS

(direct transition) at 400 nm are 1× 105 cm−1 and 1× 102 nm.

From theory, the relation between the absorption coefficient and the bandgap

is given by Equation 4.2 [66, 67]:

[𝛼(hν)]1∕j = A(hν − Eg) (4.2)

Values of j are 1∕2 and 2 for allowed direct and indirect transitions, respectively.

Thus a plot of the left part of Equation 4.2 versus the energy of the incident light

(h𝜈) gives a straight line, from which, upon extrapolation to [𝛼(h𝜈)]1/j = 0, the

bandgap value is obtainable.

Since, however, semiconductors employed in photocatalysis are in general

not present as thin transparent films but rather as opaque layers or powder

5) With the value of d= 1/𝛼, Equation 4.1 reads now as Itr = Io × exp(−1).
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suspensions, the measurement of 𝛼 is not possible by standard absorption

techniques. The method of choice is diffuse reflectance spectroscopy6) (DRS)

[68–70].

When a conventional absorption spectrophotometer is equipped with an inte-

grating sphere, the diffuse reflectance of the powder can be easily recorded relative

to a white standard such as alumina or barium sulfate. The Kubelka–Munk func-

tion F(R∞) is equivalent to absorbance according to Equation 4.3 wherein R∞ is

the diffuse

F(R∞) =
(1 − R∞)2

2R∞
= 𝛼

S
(4.3)

R∞ =
Rsample

Rstandard

(4.4)

reflectivity (Equation 4.4) of an infinitely thick sample layer, and 𝛼 and S are the

absorption and scattering coefficients, respectively. It is noted that Equation 4.3

applies only

• for monochromatic irradiation,
• for an infinitely thick sample layer (for most powders reached at about 5mm),
• for low sample concentrations,
• for uniform distribution, and
• in the absence of fluorescence.

Although dilution with a white standard considerably improves resolution, this

is only rarely done in practice [69].

Assuming that the wavelength dependence of the scattering coefficient can be

neglected, the Kubelka–Munk function becomes proportional to the absorption

coefficient. A plot of F(R∞) as function of the wavelength (Figure 4.6) of the excit-

ing light affords therefore the “absorption spectrum” or,more correctly, the diffuse

reflectance spectrum of the powder.7)

According to Equation 4.3, the absorption coefficient 𝛼 is given by the product

F(R∞)× S. Inserting that value into Equation 4.2 and combining S with A to a

new constant B, we arrive at Equation 4.5 [66, 72]. Thus, in complete analogy

with Equation 4.2, the bandgap is obtainable from the extrapolation of a plot of

[F(R∞)h𝜈]
1/j versus h𝜈 as exemplified in Figure 4.7 for the anatase modification

of titania and the surface-modified sample TiO2–C.
8) A best fit is observed for

1/j= 0.5 in accordance with the well-known indirect band-to-band transition of

titania. It is noted that quite often the data do not allow a precise linear extrap-

olation and a decision between direct and indirect character is not possible [73].[
F
(
R∞

)
hν
]1∕j = B(hν − Eg) (4.5)

6) Although this term is generally used, linguistically it is not correct, since it is not a “diffuse” spec-

troscopy but the spectroscopy of light reflected by a diffusively scattering material.

7) When comparing DRS spectra of various powders, it is important to measure diluted samples of

identical concentrations.

8) In this acronym “C” stands for an aromatic hydrocarbon of unknown structure bound to the

titania surface through a TiO–COAr bond.
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Figure 4.6 Schematically drawn DRS spectra of the three classical ultrapure n-type mate-

rials titania (anatase modification), zinc, and cadmium sulfide (both the cubic crystal

structure). The corresponding bandgaps are 3.6 eV (347 nm), 3.2 eV (390 nm), and 2.4 eV

(520 nm).9)
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Figure 4.7 A plot of the modified Kubelka–Munk function versus energy of exciting

light leading to bandgaps of 3.16 eV for genuine anatase (curve a) and 3.11 eV for surface-

modified anatase TiO2 –C (curve b). (Reprinted with permission from Ref. [74].)

The DRS spectra depicted in Figure 4.6 apply for an ideal semiconductor crystal

with no energy levels within the bandgap.We note that, contrary to the absorption

spectrum of a molecule, no distinct maxima are observable but a plateau type of

shape. This reflects the different electronic structures. Whereas a molecule has

a series of energetically distinct lowest unoccupied molecular orbitals (LUMOs),

only a broad conduction band composed of a continuum of nondistinct energy

levels is present in a semiconductor.10)

9) For a compilation of absorption spectra, see Ref. [71].

10) The conduction band contains a high density of (unoccupied) energy states, and the valence band

a high density of occupied states.
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Figure 4.8 Simplified scheme of some basic electronic transitions.

However, materials used in photocatalysis never meet such ideal conditions.

In real systems such as metal oxides and metal sulfide powders, surface defects

and anion vacancies generate localized intrabandgap states, the so-called surface

states, and therefore n-type properties. As a consequence thereof, the following

basic electronic transitions can be considered (Figure 4.8). The band-to-band

absorption requires photons of at least the threshold energy h𝜈g. For simplicity,

we assume that only two types of surface states are present, located close to the

conduction and valence band edges. We note that these states are not broad

energy bands but sharp energy levels and therefore the density of states is much

lower than in the broad valence and conduction bands. Since the intensity of an

electronic transition is proportional to the density of states in the occupied and

empty states, we expect that absorption bands corresponding to absorptions of

photons h𝜈1 and h𝜈2 are much weaker than the band-to-band absorption.11) The

former therefore appear as weak shoulders at the steep absorption onset. Surface

states can be introduced in a controlled way by doping or surface modification,

that is, by introducing donor or acceptor ions in the bulk or only at the surface.

This characteristic difference is depicted in Figure 4.9 for pristine titania and for

the surface-modified TiO2–C.

As discussed for molecules, the physical and chemical properties of an excited

state depend on the detailed nature of the materials’ electronic structure. In semi-

conductor photocatalysis, mainly oxides and sulfides are employed. They can be

characterized by their metal d-electron configuration. The most important cases

are d0 and d10 compounds such as WO3 and CdS. In these binary compounds,

the energies of the valence and conduction band are determined by the anion and

metal cation, respectively (see Chapter 5).This is nicely demonstrated when the d0

oxide Ta2O5 is treated with gaseous ammonia. Depending on the amount of nitro-

gen introduced, the compounds TaON and Ta3N5 are obtained with bandgaps

of 2.4 and 2.1 eV, respectively, as compared to 3.9 eV for Ta2O5. Because of the

11) And transitions between the two surface states can therefore be neglected within the scope of

this book.
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Figure 4.9 Diffuse reflectance spectra of (a) a pristine semiconductor, (b) a modified semi-

conductor having intrabandgap states, and (c) a modified semiconductor exhibiting a shift

of band edges.

increasing amount of nitrogen, the valence band edge decreases from 3.6 to 2.0

and 1.6V12) within this series, respectively, since the nitrogen 2p orbitals are of

higher energy than the oxygen 2p orbitals. On the other hand, the energy of the

conduction band changes only from −0.3 to −0.5V in the same sequence since

the conduction band keeps its Ta 5d nature in all three compounds [75].

It is to be noted that the introduction of nitrogen in tantalum results in a

shift of the steep bandgap absorption to longer wavelengths (Figure 4.9, curve c)

and not in the formation of a flat absorption shoulder at the low-energy onset

(Figure 4.9, curve b) as usually observed upon doping and surface modification of

titania, another widely applied method for converting a UV-active photocatalyst

to a visible-active one. In the literature, often a bandgap shift is claimed, although

the depicted spectra clearly evidence the opposite, being a superposition of the

almost unchanged steep bandgap part with an absorption shoulder arising from

transitions from surface states.

4.1.1.2 Influence of Crystal Size

In the previous discussion, we did not take into account the influence of crystal

size on the electronic properties.This was justified since only in the regime below

10 nm inorganic semiconductors exhibit a pronounced size effect on their elec-

tronic properties [76]. For instance, the bandgap of CdS can be tuned from 2.40

to 3.07 eV upon diminishing the crystal size from 10 to 3 nm, respectively, corre-

sponding to a color change from orange to white [77]. In the case of TiO2, particles

in the size between 5 and 20 nm exhibit the bandgap of the bulk solid. But below

a size of 3 nm, corresponding to the presence of a few hundred atoms per crystal,

the bandgap increases by about 0.25 eV. Such ultrasmall particles are easily pre-

pared in the form of colloids, in which aggregation is inhibited by the presence of

12) For the relationship between electron energy (eV) and electrochemical potential (V ), see Scheme

4.3.
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capping agents. Many names were given to these particles, such as quantum dots,

nanocrystals, clusters, and Q-particles. And the effect of bandgap widening upon

decreasing the particle size is generally called the Q-size effect. It can be rational-

ized in a qualitative way analogous to the discussion of the bandgap (see Scheme

4.1).

According to MO theory, the number of orbitals increases with the number

of atoms (N) present in the compound. Whereas up to about 200 atoms distinct

energy levels are present, above this number a broad band of closely packed levels

is generated (Scheme 4.2) [78–81].

E

Molecule Q-particle

<200

Semiconductor

>200N 2

Scheme 4.2 The change of HOMO–LUMO distance upon increasing the number of

atoms (N).

Another description of the Q-size effect is to compare the size of the loosely

bound electron–hole pair (the Mott–Wannier exciton) formed by light absorp-

tion with the size of the semiconductor crystal. Theory predicts that, when the

exciton diameter (Bohr radius) approaches the diameter of the crystallite, a blue

shift of the bandgap should occur. For cubic CdS, the lattice constant is 0.58 nm

and the Bohr radius amounts to 2.7 nm. In general, the exciton is delocalized over

an area of several lattice constants.13)

4.1.2

The Photonic Bandgap

In the previous section, we saw that decreasing the size of a semiconductor

nanocrystal in general leads to a larger optical bandgap. Accordingly, light of

shorter wavelength is required for optical excitation. In addition to this size effect

of a unique crystal, also the material’s lattice structure may influence details of

the light absorption, without changing the optical bandgap. When the dielectric

constant varies periodically in space, a photonic crystal results [82]. If the

13) Lattice constants describe the dimensions of a unit cell, which is the smallest repeating unit of a

crystal lattice.
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dimension of this periodicity is in the range of the wavelength of light, coherent

Bragg diffraction becomes observable. Therefore, the propagation of certain

waves along a specific crystallographic axis becomes forbidden. In simple terms,

the resulting photonic bandgap can be considered as a band of wavelengths being

Bragg-diffracted simultaneously in all directions. As a result, a new band, the

so-called stopband, appears in the specular reflectance spectrum of the material.

A classic example is the mineral opal, which consists of a cubic or hexagonal

close-packed lattice of about 200-nm-sized silica spheres. The stacked planes

of these spheres generate a diffraction grating, and their orientation relative

to the incident light determines the color of the material. As a consequence,

opal exhibits a beautiful play of colors. In artificial materials, such types of opal

structures can be obtained from colloidal systems, which may spontaneously

form close-packed spheres of various sizes. In order to observe photonic effects,

the refractive index of the spheres should be very high, whereas it should be

very low for the macropores between them. This condition is met for titania

as light absorber with air-filled pores. It is easily prepared by spreading first a

slurry of nanocrystalline titania and monodisperse polystyrene spheres on a glass

substrate [83, 84]. After drying, calcination at about 500 ∘C burns off the spheres

and leaves behind a titania matrix filled with close-packed air spheres. This type

of arrangement is referred to in the literature as the inverse opal structure. As

expected from theory, the photonic bandgap increases with increasing sphere

diameter. For titania, it changes from 520 to 1120 nm upon varying the diameter

from 395 to 770 nm. It was reported that this additional light absorption of

photonic titania improves the photocatalytic oxidation of methylene blue or

1,2-dichlorobenzene as compared to conventional titania [85, 86].

4.1.3

Emission Spectra

In photochemical reactions, usually polychromatic light is employed and therefore

electron–hole pairs of different properties may be generated. To account for that,

we switch in the following from the plus–minus terminology to the well-accepted

labels ex
− and hx

+, where the index x signals the chemical and energetic nature of

the electron and hole, respectively. As an example, we shall discuss the emission

spectrum of ZnS, demonstrating the power of this method for the experimental

analysis of surface properties such as impurities and localized energy levels within

the bandgap [87, 88].

Zinc sulfide is an n-type semiconductor with a bandgap of 3.60 eV correspond-

ing to a threshold wavelength of 347 nm. Calculations reveal that, because of the

high covalent character of the Zn–S bond, the effective charges of zinc and sul-

fur are +1 and −1, respectively. Since the valence band has sulfur 3p and the

conduction band zinc 4s character, absorption of a photon h𝜈 (Scheme 4.3) gen-

erates an excited state of charge-transfer character having the quasi-element elec-

tronic configuration “Zn(0)S(0)” [89–93]. The initially generated electron–hole
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Scheme 4.3 Primary photoprocesses at the zinc sulfide solid/liquid interface. The ordinate

displays both the electron energy and the electrochemical potential. Throughout this book,

band positions apply for pH 7 and the vertical thick bar symbolizes the phase boundary.

pair is equivalent to the Franck–Condon state in molecular chemistry. In solid-

state physics, it is called also the exciton. Exciton binding energies range from

1.0 to 0.001 eV. ZnS and CdS have values of 0.029 and 0.034 eV, respectively [94].

The electron–hole distance, that is, the Bohr radius of the exciton, is in the range

of a few nanometers. For titania, a value of 1.5 nm was reported [95]. Like in a

molecule, a very fast thermal relaxation to the lowest energy level, that is, the

conduction band edge (Ec), produces an electron and a hole delocalized over the

whole crystal. It can undergo radiative (process 1) and nonradiative processes or

become localized at unreactive (etr
−, htr

+) and reactive (er
−, hr

+) surface sites. As

a result, two further radiative events (processes 2 and 3) become feasible. We note

that, depending on the purity of the material, also further surface states may be

present and therefore further photophysical processes can occur.

The existence of some of these surface states can be evidenced by emission spec-

troscopy.14)

Excitation of ZnS powder at room temperature with light of wavelength

300 nm affords the emission spectrum schematically depicted in Figure 4.10.

Distinct maxima are observable at about 360, 400, and 690 nm, whereas a broad

band appears at 490–530 nm. Since the excitation spectrum recorded at 420 nm

exhibits emission at 345–360 nm, the first two bands in the emission spectrum

are attributable to band-to-band emissions and emissions from surface states

(Scheme 4.3, processes 1 and 2). When emission is recorded at 550 or 720 nm,

the maximum at 370 nm can be assigned to traces of ZnO. This is also evidenced

14) Another method is the measurement of the surface photovoltage. Its rise time is almost zero in a

titania single crystal but increases to 100 ns in a nanocrystalline powder. See Ref. [96].
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Figure 4.10 Schematically drawn emission (a) and excitation (b) spectra of dry ZnS powder

at room temperature. (Adapted from Ref. [88].)

further by the disappearance of these bands after removing the oxide by washing

the sample with acetic acid.

Slightly different from that of the dry powders, the emission spectrum of an

aqueous ZnS suspension (Figure 4.11) exhibits in addition to the band-to-band

emission only one further band at 430 nm (2.90 eV). From the difference to the

bandgap energy of 3.60 eV, one can estimate that the corresponding surface state

is located about 0.70 eV below the conduction band edge, that is, at a potential

of −1.10V (at pH 7). This self-activated emission [97, 98] is generated by excess

surface zinc ions (sulfur vacancies) as indicated by its disappearance upon addi-

tion of sulfide ions. As expected, the emission is increased upon addition of zinc

ions. Sincemagnesium ions do not influence the emission, quenching by zinc ions

may occur by an electron transfer mechanism (Equation 4.6). However, we cannot

exclude the possibility that the added zinc ions open a new path for nonradiative

recombination.

etr
− + Zn2+ → Zn+ (4.6)

Time-resolved emission spectra (𝜆exc = 306 nm) exhibit multiexponential decays

at 340 and 437 nm corresponding to lifetimes in the range 0.1–10 ns [99]. The
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Figure 4.11 Schematically drawn emission spectra of an aqueous suspension of ZnS in

absence and presence of zinc or sulfide ions. (Adapted from Ref. [88].)

longer lifetimes agree with those reported for other ZnS powders [100] and for

colloids [101, 102]. We note that the multiexponential decay may originate not

only from different emitting states but also from the presence of various particle

sizes [103, 104].

4.2

Photocorrosion

In the previous sections, we discussed only photophysical processes of the excited

semiconductor, that is, processes that do not result in a chemical change of the

material. Next, we shall treat processes that do change the chemical properties.

Already in early twentieth century, the unwanted darkening of the white pigment

lithopone, a mixture of zinc sulfide and barium sulfate, was observed upon

prolonged exposure to sunlight. It was assumed that the reaction afforded sulfur

and metallic zinc, that is, the photogenerated electron–hole pair induced a

photoredox decomposition of the semiconductor [105]. The generally accepted

term for such a process is photocorrosion. Quantitative investigations revealed

the additional formation of hydrogen, zinc sulfate, and zinc hydroxide. The

decomposition of photoexcited ZnS into its elements is also in accordance

with the quasi-element electronic configuration “Zn(0)S(0)” of the lowest lying

exciton, as mentioned above [93].

The mechanism of photocorrosion seems to be the same for zinc and cadmium

sulfide. For the latter, it was investigated in detail for colloids [102] and crystals.

In the absence of air, anodic photocorrosion (Equation 4.7) affords

CdS + 2h+ → Cd2+ + S (4.7)
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elemental sulfur and cadmium ions. The latter are reduced to cadmium metal

upon prolonged irradiation (Equation 4.8).

Cd2+ + 2e− → Cd(0) (4.8)

This reaction competes with the reduction of lattice metal ions (Equation 4.9)

CdS + 2e− → Cd(0) + S2− (4.9)

In the case of ZnS or platinized CdS15) powder, the reduction of water is a further

competitive process (Equation 4.10):

2H2O + 2e− → H2 + 2OH− (4.10)

In the presence of air and with short illumination times, the overall reaction is

CdS + 2O2 + hν → Cd2+ + SO4
2− (4.11)

with the cathodic and anodic parts according to Equations 4.12 and 4.13, respec-

tively.

O2 + 4e− + 4H+ → 2H2O (4.12)

CdS + 4h+ + 2H2O +O2 → Cd2+ + SO4
2− + 4H+ (4.13)

The anodic process consists of reactions according to Equations 4.14–4.17, which

are based on detailed comparative photocorrosion studies at single-crystal elec-

trodes and powder suspensions.

CdS + h+ → Cd2+ + S−ad (4.14)

S−ad +O2 → SO2
−
ad (4.15)

SO2
−
ad + h+ → SO2ad (4.16)

SO2ad + 2H2O + 2h+ → SO4
2− + 4H+ (4.17)

In the first step, lattice sulfide is oxidized to the S− radical (Equation 4.14), which

then reduces oxygen according to Equation 4.15. The resulting sulfur dioxide

radical anion is finally oxidized to sulfate (Equations 4.16 and 4.17). Note the

surprising feature that oxygen is reduced via a preceding primary oxidation step

(Equation 4.14). It cannot be excluded that the sulfide radical anion is formed via

the primary reduction S+ e− → S− when elemental sulfur is present as impurity.

At prolonged irradiation in the presence of oxygen, the reduction of cadmium

ions according to Equation 4.8 becomesmore important and the overall corrosion

reaction follows Equation 4.18.

2CdS + 2H2O + 3O2 → 2Cd(0) + 2SO4
2− + 4H+ (4.18)

15) A platinized semiconductor contains a small amount of nanosized metal islands on its surface

(see Section 5.3.4).
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All these photocorrosion processes are of course undesired, and it is obvious that

their relative importance strongly depends on the presence of surface states, which

may facilitate recombination or redox reactions with adsorbed substrates. It is

well known from electron paramagnetic resonance (ESR) [106–108] and emis-

sion spectra that most of these metal sulfide powders contain surface states. They

are introduced during the preparation of the powder as a result of lattice defects

[109, 110], trapped holes [108], surface impurities [88], and metallization [111],

and during the actual catalytic reaction as a consequence of irradiation and sub-

strate adsorption.

4.3

Interfacial Electron Transfer

4.3.1

Introduction

The photocorrosion process is a type of “inner” redox reaction involving simul-

taneous electron transfer steps of the solid material. When the semiconductor is

in contact with appropriate electron acceptors and donors, electron transfer reac-

tions may occur also across the solid/liquid or solid/gas interface. These chemical

processes are therefore called interfacial electron transfer. The theory of electron

transfer in homogeneous solution and later at the metal/liquid and semiconduc-

tor/liquid interface was developed in the late 1950s and early 1960s by Marcus

[114] and Gerischer [112, 113].

We start by recalling that electrons tend to flow in the direction of decreasing

electrochemical potential; that is, the gradient of this potential is the driving force

of a directed movement of electrons through a single phase or across an interface.

Accordingly, the thermodynamic criterion is that the reduction potentials of A

and D have to be located within the bandgap (see Scheme 4.3). Only then IFET

from the excited semiconductor to A and from D to the excited semiconductor

is thermodynamically feasible. In Scheme 4.3, the involved electron–hole pair is

markedwith the index “r” for “reactive” to differentiate it from electron–hole pairs

that do not participate in the IFET but in other processes like emission16) and pho-

tocorrosion. In addition to this thermodynamic aspect, one wants to understand

which kinetic factors determine the rate of electron transfer. Experimental and

theoretical results led to the following basic conclusions:

• The Frank–Condon principle is obeyed;

• IFET occurs isoenergetically;

• The rate of IFET is proportional to the density of electronic states in the semi-

conductor and electrolyte.

16) In the literature, it is often assumed without experimental evidence that emitting and reacting

electron–hole pairs are identical.
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In the following brief discussion, we summarize the model of Gerischer, but we

note that the Marcus approach [114] gives very similar expressions for the activa-

tion energy of electron transfer.17)

The Gerischer model is based on the influence of solvent fluctuation (within

the solvent shell) on the potential energy of the redox species (fluctuating-energy-

levelmodel).Therefore, the actual energy of the reduced and oxidized species may

deviate from their equilibrium values. We note that the solvation energy of an

ion is inversely proportional to the ionic radius and directly proportional to the

square of the ionic charge.The values for the aquation of Fe2+ and Fe3+ are 20 and

45 eV, respectively. Solvation energies of uncharged compounds are much smaller

(0.1–1.0 eV).

Two basic assumptions are made:

• Solvent fluctuation is described as an harmonic oscillation;

• The parabolas describing the deviation from equilibrium have identical curva-

tures in both redox states.

As a result of these approximations, the energy changes connectedwith the gen-

eral redox reaction Redsolv,red −→←− Oxsolv,ox + evac
− can be summarized as depicted

schematically in Scheme 4.4.There, the potential energies of the reduced and oxi-

dized forms are plotted as function of an average distance (r) of solvent molecules

from the ion or molecule. The case depicted applies for the Fe2+/3+ system, since

the equilibrium distance rox
eq is smaller for Fe 3+ than for Fe2+. In equilibrium,

a general electron exchange can be decomposed into the ionization of Red and

reduction of Ox. In accordance with the Franck–Condon principle, ionization of

Red from its equilibrium state affords an electron in vacuum and Ox in the sol-

vent shell of Red. Fast subsequent solvent relaxation under release of the solvent

reorientation energy 𝜒ox leads to the equilibrium state of Ox.Upon addition of an

electron toOx, the reduced state is formed in its equilibrium state after the release

of the reorganization energy 𝜒 red. As a consequence of the assumption that each

parabola has the same curvature, both reorganization energies are equal.

Until this point, we have assumed that the electron transfer steps occur from the

equilibrium states; that is, we have neglected the influence of solvent fluctuation

on the actual energy of the system. When, for instance, ionization occurs from

a nonequilibrium state at a shorter distance than rred
eq, the required ionization

energy Ered is much smaller. The variation of this vertical energy difference (Ered)

was used by Gerischer as an independent variable for the description of the

energy level distribution. He used the difference Ered
eq −Eox

eq as reference energy

and could show that it corresponds to the electrochemical standard potential

E0
red,ox.The latter value is usually given relative to the normal hydrogen electrode.

Expressed as energy in the dimension of electron volts, it is called “Fermi energy

of the redox electrolyte” (E0
F,red/ox). Both values are related by Equation 4.19,

where e is the unit charge of an electron.

E0
F,red∕ox = −4.5 − eE0

red,ox (4.19)

17) For detailed discussions see Refs. [54–56, 62, 113, 115].
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Scheme 4.4 Potential energy change as a function of the average solvent-to-ion distance

r. Dashed arrows indicate solvent reorganization. In case of the aqueous Fe2+/3+ system, the

energy difference between the two minima is 25 eV.

As final result, a partition function was deduced describing how the probability

W (E) to find the system in a specific energy level (corresponding to different r

values) depends on the electron energy. Upon multiplication of W (E) with the

concentrations of Red and Ox, the partition of the density of states is obtained

(Figure 4.12).
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Figure 4.12 Relations between density of states, solvent reorganization energy, and con-

centration. Shaded areas indicate the occupied energy levels.
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Figure 4.13 Influence of increasing intermolecular interaction on solvent reorganization

energy.

In synthetic chemistry, usually we deal with redox reactions between different

substrates, each of them being present only in one of the possible redox states.

For example, in the oxidation of iron(II) salts by aerial oxygen, iron is present only

in the reduced form and oxygen only in its oxidized form. Without special pre-

cautions, solutions of iron(II) salt always contain a certain amount of Fe(III), as

indicated in the figure by the corresponding change of the partition function.18)

According to the Gerischer model, the activation energy of an electron transfer

reaction depends on 𝜒/4 and two more terms describing the energy difference of

the two states involved.19) Reorganization energiesmay reach values of up to 1.0 eV

or more and depend on the strength of the interaction between the two reaction

partners. The model assumes only a weak interaction. When it is increased, the

reorganization energy is lowered, resulting in a lower energy of activation and

therefore faster reaction (Figure 4.13).

4.3.2

Thermal Interfacial Electron Transfer (IFET)

4.3.2.1 IFET at the Metal/Liquid Interface

Before discussing the semiconductor/liquid interface, we first briefly mention the

simpler case of the metal/liquid system. When a metal electrode is dipped in a

solution of a redox system, the Fermi levels of electrons in the two phases are, in

general, initially different, as indicated in Figure 4.14. We note that, on the energy

scale used throughout this book, electrons become stabilizedwhenmoving down-

wards (towardmore anodic potentials) but are destabilized uponmoving upwards

(toward more cathodic potentials). That corresponds to an anodic and cathodic

shift on the electrochemical potential scale. Therefore, electrons tend to move

downwards, that is, in the direction of decreasing energy. Since the Fermi level of

the metal is above that of the redox electrolyte, electrons will immediately move

18) Since these are nomore standard conditions, also the reduction potential Fe3+/2+ changes accord-

ing to the Nernst equation.

19) See next chapter.
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Figure 4.14 The metal/liquid contact before (a) and after (b) establishing thermodynamic

equilibrium.

from the metal to the solution.The positive charge generated at the metal surface

is neutralized by bulk electrons, which move in a metal almost without activa-

tion. As a consequence of that IFET, the metal Fermi level is gradually shifted

to lower energy, which means anodically on the electrochemical scale.20) When

the two energy levels become equal, the rates of electron transfer from and to

the metal are equal. That means thermodynamic equilibrium is reached. Electron

transfer occurs through tunneling enabled by the very short distance of less than

a nanometer between the metal surface and the adsorbed redox system.

For the discussion of the IFET at a semiconductor/liquid contact, we first briefly

look at its chemical structure. As an example, we take the interface between

an n-type semiconductor crystal21) and a liquid redox electrolyte (Figure 4.15).

On the solid side, a positively charged space charge region is present. Its width

(W ) is in the range 100–1000 nm. It is given by Equation 4.8 [56], where 𝜀 is the

dielectric constant of the semiconductor, 𝜀0 is the permittivity of vacuum, Usc is

the band-bending (potential energy drop within the space charge region) given

by the difference E0
F,red/ox −U fb,

22) and ND is the number of donor atoms/cm3.23)

W =
(
2εε0Usc

eND

)1∕2

(4.20)

On the solvent side, there is first a monomolecular solvent layer (rigid inner

Helmholtz plane), which may contain specifically (or contact) adsorbed ions. It is

followed by a 10–20-nm-thick solvated anion layer (rigid outer Helmholtz layer)

and a diffuse double layer of solvated ions reaching a thickness of up to 30 nm

20) Because of the rather small number of electrons transferred to the redox electrolyte, its Fermi

level (reduction potential) can be considered as constant.

21) Having a crystal size larger than 100 nm, otherwise the notation nanocrystal is used.

22) See Figure 4.17, where the band-bending is depicted on the energy scale.

23) For p-type semiconductors, it is the number of acceptor atoms.
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Figure 4.15 Structure of the solid/liquid interface between an n-type semiconductor and

an aqueous electrolyte. The positive charge of the semiconductor depletion layer is com-

pensated by the negative excess charge of the Helmholtz and Gouy–Chapman layers.The

small circles symbolize the solvent molecules.
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Figure 4.16 (a, b) Potential drop across the metal/liquid and semiconductor (SC)/liquid

interface.

(Gouy–Chapman layer). At larger distances from the semiconductor surface, the

ions move freely and all charges are compensated.

When the influence of the electric structure of the interface on the charge and

potential distribution is considered for a metal and semiconductor, the following

differences arise (Figure 4.16): In the first case (a), because of the freely mov-

ing metal electrons, the total charge is localized at the surface and the potential

drop happens within the Helmholtz layer. This differs significantly from the semi-

conductor case, where the concentration of surface charge is very low because

of the low mobility of electrons in the bulk and of the much lower total con-

centration of free electrons. As a consequence, the main potential drop occurs

within the depletion layer but it is very small in the Helmholtz and even less in

the Gouy–Chapman layer (b). In semiconductor photoelectrochemistry, the lat-

ter two are usually neglected.24)

24) Only in Figure 4.17 we have not followed this usage and indicated that Ecs is shifted a little from

Ecb.
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4.3.2.2 IFET at the Semiconductor/Liquid Interface

We now ask how the electronic structure of an n-type semiconductor is influ-

enced when brought into contact with a redox electrolyte (Figure 4.17). As a

basic difference, we note that the density of free electrons (1016–1019 cm−3) in

an n-type semiconuctor is about six orders of magnitude lower than in a metal

(1022–1023 cm−3). To establish thermodynamic equilibrium, electrons move

from the Fermi level (i.e., energy level of donor atoms) of the solid to the solution

redox system. As a consequence, the ionized donor atoms generated in the

semiconductor form a positive space charge region. Charge neutralization occurs

through a negative solution layer. Since the electron density in the semiconductor

is very small, the neutralization of the depletion layer by bulk electrons is not as

efficient as at the metal/liquid contact and the positive charge will persist. But this

means that, during the IFET, electrons from the inner (bulk, uncharged) part of

the semiconductor are involved. Their distance from the solution acceptor states

is at least about 100 nm (width W of the depletion layer), which is too large for

allowing electron tunneling across the interface. That can proceed only after the

electron has passed the energy barrier given by the difference of E0
F,red/ox −Ecs. In

other words, in the depletion layer, the energy band is bent upwards.25) Only when

the electron reaches the surface at the point Ecs, the distance is similarly small like

at the metal/liquid interface and tunneling becomes possible.26) According to the

fluctuating-energy-level model, the free activation energy of the IFET is given for

Electron energy

Red

Ox

E0
F,red/ox

Ec

EF = Efb

Ev

Distance(a) (b)Density of states

Electron energy

Red

Ox

E0
F,red/oxEF

Distance Density of states

Ecs

W

Figure 4.17 The electronic structure of the interface between an n-type semiconductor

and a solution of the redox system Red/Ox before (a) and after (b) establishing equilibrium.

Energies of conduction and valence band edges (Ec, Ev) are shown as a function of the dis-

tance from the surface to the bulk of the solid.

25) Applying the analogous argumentation for a p-type semiconductor leads to the result that the

bands are bent downwards in this case.

26) In a few cases, there is no barrier observed, that is, the Fermi level is pinned to the conduction

band edge and both are shifted toward E0
F,red/ox. When equilibrium is established, the values of

EF, Efb, and E0
F,red/ox are equal.
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the case when EF =E0
F,red/ox by Equation 4.21.

27) Accordingly, small reorganization

energies and

ΔG≠ = χ∕4 + 1∕2(Ecs − eUsc) + 1∕4(Ecs − eUsc)2 (4.21)

small barrier heights increase the IFET rates. These electronic properties of the

semiconductor/liquid interface resemble the semiconductor/metal interface in

solid-state physics, called the Schottky contact.28)

From the earlier discussion, it follows that the position of the Fermi level is

influenced by the presence of a redox electrolyte. If the latter is absent, usually

the term flatband energy or flatband potential is used, since the energy bands

are “flat,” that is, EF =Efb. If a redox system is present, its Fermi energy deter-

mines the semiconductor Fermi level and generates the band-bending.Therefore,

only the flatband energy, and not the Fermi energy, of a semiconductor in contact

with a redox system is an intrinsic material property. In a photoelectrochemical

cell, band-bending can be induced also by applying a potential (UE) to the semi-

conductor crystal electrode (Figure 4.18). Upon anodic polarization through the

application of an external potential with the help of a counterelectrode, the Fermi

level is shifted analogously as discussed earlier.Thus, the role of the electrical bias

is equivalent to the action of the redox electrolyte (Figure 4.18, case b). In a few

cases, no band-bending but a shift of the flatband potential and the band edges is

observed (Figure 4.18, case c). It is called Fermi level pinning, since the Fermi level

is now “pinned” to the conduction band edge.

Instead of by a redox system or through electrochemical polarization, band-

bending can be also induced by an empty surface state, as depicted in Figure 4.19.

When the discussion of the band-bending at the n-semiconductor/liquid con-

tact is applied for a p-type semiconductor, one arrives at similar results. Since

the majority charge carriers are now positively charged, a band-bending in the

opposite direction occurs (Figure 4.20).

eUE

eUE eUE

EC

EV

(b)(a) (c)

eUSC

EF

Efb

EF = Efb

EF = Efb

Figure 4.18 (a–c) The influence of an applied potential (bias) on the electronic structure of

the n-type semiconductor/liquid contact.

27) For the definition of USC, see Figure 4.16.

28) Named afterWalter H. Schottky. The semiconductor/metal contact has the characteristic of rec-

tifying electrical currents and is suitable for use as a diode. The barrier height depends on the

combination of the metal and the semiconductor.
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Figure 4.19 Influence of an empty surface state (a) on the electronic surface structure of

an n-type semiconductor after establishing equilibrium (b).
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Figure 4.20 The electronic structure of the interface between a p-type semiconductor and

a solution of the redox system Red/Ox before (a) and after establishing (b) equilibrium.

4.3.3

Photochemical Interfacial Electron Transfer

After having discussed the IFET process in the absence of light, we now consider

the influence of light absorption by the semiconductor electrode.

4.3.3.1 IFET in Large Semiconductor Crystals

Under the conditions of thermal equilibrium, the energies of electrons and holes in

a semiconductor are identical. But, upon illumination, we can expect a difference

when electrons and holes are considered as individual entities being in statisti-

cal equilibrium with the conduction and valence band, respectively. We note that

this is not a true equilibrium but a type of quasi-stationary state. The charge car-

rier energies under illumination, nEF* and pEF*, can be described according to

Equation 4.10 for an n-type and by Equation 4.11 for a p-type semiconductor.

There, Δn* and Δp* correspond to the concentration differences of the charge

carriers under steady illumination relative to the thermal (dark) equilibrium (n0
and p0).

29) Accordingly, the Fermi level is split into two quasi-levels as depicted in

Scheme 4.5 for

nEF
∗ = EF + kT ln

(
Δn∗
n0

)
(4.22)

29) See Gerischer [115].
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Scheme 4.5 Energy diagram of an ideal photoelectrochemical cell consisting of an n-type

semiconductor crystal contacted to platinum, a reversible redox system like a mixture of

iron(III) and iron(II) sulfate, a counterelectrode (Pt), and a voltmeter (V).

pEF
∗ = EF − kT ln

(
Δp∗

p0

)
(4.23)

the case of an n-type semiconductor as part of an ideal photoelectrochemical cell.

The band edge positions represent the limit for the quasi-Fermi energies that can

be reached upon illumination. The quasi-Fermi level of the majority charge car-

rier (electrons in the case of an n-type semiconductor) will always be close to its

equilibrium level in the dark (Efb) since, because of their relatively high concentra-

tion, the relative change upon illumination is much smaller than for the minority

charge carriers. For heavily doped n-type semiconductors, therefore, the distance

to the conduction band edge (Ec) is smaller than 0.1 eV [54]. Therefore, only pEF
*

will strongly deviate from its equilibrium value.

Having discussed now the basic electronic properties of the semiconduc-

tor/redox electrolyte interface, we can understand the function of a photoelectro-

chemical cell.The cell consists of a semiconductor crystal contacted by a platinum

wire or another conducting material such as indium tin oxide (ITO).30) ITO is not

only a good electrical conductor but also optically transparent, enabling therefore

also irradiation from the “backside”; that means, light passes first through the

contact before arriving at the semiconductor surface. The semiconductor/Pt

and a platinum counterelectrode are dipped into a solution of a reversible redox

system like Fe2+/3+ and are electrically connected. Upon front irradiation of the

semiconductor electrode, the generated electron–hole pairs predominantly suffer

recombination but the inhomogeneous electrical field of the positive space charge

region separates a few of them. Electrons are stabilized when moving downward

30) ITO is a solid solution of SnO2 (10%) in In2O3 (90%). The Fermi level of ITO is located at about

0.3V.
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on the energy scale, and the opposite is true for holes. Consequently, the two

charges become spatially separated and recombination is hindered. Thus, elec-

trons will drift31) to the interior, and holes to the surface of the semiconductor. We

note that, in the absence of a space charge region, electron–hole recombination

prevails. Some photogenerated electrons will partly neutralize the space charge

region, resulting in a decrease of band-bending (not shown in Scheme 4.5).32) The

part escaping to the interior can move through the outer circuit to the counter-

electrode. There, the electrons reduce, for example, Fe3+, according to Equation

4.24. The holes arriving at the surface oxidize the produced Fe2+ (Equation 4.25).

We note that there is no net chemical reaction and that the n-semiconductor/Pt

contact acts a photoanode but the counterelectrode as a cathode. In the case of a

p-semiconductor/Pt contact, we would have a photocathode and a counter anode.

The maximum photovoltage Uph is given by the difference of E0
F,red/ox − nEF*.

33)

Fe3+ + ePt
– → Fe2+ (4.24)

Fe2+ + hvb
+ → Fe3+ (4.25)

As mentioned, this is an idealized scheme, and side reactions prevent a practical

application. These consists of photocorrosion, IFET reactions with the solvent,

and redox decomposition of the electrolyte.

Next, we shall briefly discuss the current–voltage characteristics of an ideal

photoelectrochemical cell having an n-semiconductor photoelectrode. Specifi-

cally, we shall try to understand the change of photocurrent density as a function

of the applied potential. To do such experiments, one needs a three-electrode

setup, like the one schematically depicted in Figure 4.21. In addition to the

working electrode (WE) and counterelectrode (CE), now a reference electrode

is present for applying a potential (bias) to the semiconductor electrode. The

electrodes are connected with a potentiostat for controlling the working electrode

potential (UE) andmeasuring the density of the current flow between the working

and counterelectrode in the presence of an redox electrolyte such as Fe3+/2+.

When the applied potential is varied from anodic to cathodic polarization

(Figure 4.22a,b), initially a weak and constant anodic current is observed, which

later turns into a strong cathodic current. The difference between the dark and

photocurrent becomes explainable when considering the change of Fermi level

and band-bending upon polarization of the semiconductor electrode. In the

31) Electrons and holes drift when they move under the influence of an electric field, but they diffuse

under the influence of a concentration gradient. A concentration gradient can be generated by

making a semiconductor/metal contact or by illuminating only a portion of the semiconductor.

32) The holes reach the surface, where they react with Red, a little faster than the electrons arriving

at the Pt contact.

33) In the case of (already commercialized) dye-sensitized cells, the dye absorbs the light and injects

an electron into the conduction band. The oxidized dye is reduced back by a redox electrolyte.

The thus generated oxidized electrolyte is reduced back at the counterelectrode. In such cells,

nanocrystalline titania, ITO electrodes, and predominantly bipyridine–ruthenium complexes

are used.
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Figure 4.22 Current–voltage characteristics of an n-type semiconductor electrode in the

dark (a, b) and under irradiation (c, d).

dark under anodic polarization, Fe2+ injects an electron into the conduction

band (Figure 4.23). This requires the activation energy Ec,s −EF,red/ox, which is

independent of electrode polarization. Therefore, the current stays constant

until the applied potential becomes more negative than the Fermi potential of

the redox electrolyte (Figure 4.22, range a). At this point, an electron can move

from the Fermi level to Fe3+, as depicted in Figure 4.23. Increasing the cathodic

bias increases the driving force of this IFET, and therefore the cathodic current

increases (Figure 4.22b).

When the n-semiconductor electrode is irradiated under anodic polarization,

the inhomogeneous electrical field of the space charge region separates the

photogenerated electron–hole pair. Different from the absence of light, now

the strongly exergonic IFET from Fe2+ will override the weak thermal anodic

current. Thus, the observation of an anodic photocurrent is characteristic of
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Figure 4.23 Variation of IFET in the dark (black arrows) and under irradiation (gray arrows)

as function of n-type semiconductor electrode polarization in the presence of a Fe3+/2+

redox electrolyte.

EF hν

Figure 4.24 An empty surface state acting as an efficient

recombination center.

an n-semiconductor. Upon changing to more negative polarization, the current

density does not change since EF,red/ox −Ev,s is independent of the bias.34) Only

when the polarization reaches the cathodic region, a bias-dependent decrease

of the photocurrent is observed, consistent with decreasing thickness of W (see

Equation 4.8) and increasing rate of electron–hole recombination. In an ideal

system, the point of zero photocurrent corresponds to the situation where UE is

equal toU fb. Or, expressed differently, the onset of photocurrent (observed under

intense illumination) [116] is equal to U fb. Thus, this is a method to measure the

position of the flatband potential. In real systems, problems may arise when the

band-bending is fixed by an empty surface state, or recombination via the surface

state is so efficient (Figure 4.24) that no photocurrent is observable.

4.3.3.2 IFET in Small Semiconductor Crystals

Throughout the foregoing discussion, it was assumed that the semiconductor

crystals were large enough, that is, at least about 1000 nm, to exhibit a space charge

region at the solid/liquid interface. In such systems, it is the inhomogeneous

34) Strictly speaking, the true plateau is attained only under monochromatic irradiation; otherwise,

we observe a slight rise of the photocurrent.
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Figure 4.25 Simplified view of charge separation at a nanocrystal layer on ITO assuming

that the reaction Red+h+ is faster than Ox+ e−.

electrical field of the depletion layer that enables the photoinduced charge

separation. As discussed, in that case the onset of the photocurrent observed

upon changing the applied potential to a more anodic direction coincides

with the flatband potential because the band-bending (USC) is controlled by

the external potential. Unexpectedly, a similar current–voltage relationship

is also observed for crystallites of 3–30 nm diameter, which is too small to

form an effective space charge layer [117–122]. In general, these nanocrystals

form aggregates35) in the range of 10–100 μm having a porous structure.36) The

corresponding nanoelectrode semiconductor/ITO is prepared, for instance, by

casting a colloidal titania solution onto the ITO glass slide and subsequent drying

at 200 ∘C. In the resulting film, the nanocrystals form a mesoporous network.

Experimental findings show that charge separation in these systems originates

from the different rates of the reductive and oxidative IFET reactions. When the

IFET from Red (hole scavenger) to the excited semiconductor is faster than the

IFET from the semiconductor to Ox (electron scavenger), an anodic photocur-

rent will flow (Figure 4.25), like in a photoelectrochemical cell containing a large

n-semiconductor crystal capable of forming a space charge region. If the opposite

is true, a cathodic photocurrent is observed, as for a p-semiconductor crystal. In

accordance with this explanation is the surprising result that the nature of Red

and Ox determines whether a unique titania film exhibits n- or p-type behavior.37)

Unexpectedly, the charge transport through the mesoporous particle network to

the ITO contact is quite efficient. A requirement for this electronic conduction

35) Within an aggregate, particles are connected through chemical bonding, in this case most likely

by hydrogen bonding via surface OH groups or by oxide ligands bridging two surface titanium

atoms. Within an agglomerate, particles are connected via physical forces.

36) According to IUPAC, the pore diameters of micro-, meso-, and macroporous materials are less

than 2 nm, between 2 and 50 nm, and greater than 50 nm, respectively.

37) A similar behavior was observed for CdS films. See Ref. [118].
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seems to be a complete filling of the pores by the redox electrolyte, allowing a

fast IFET, and a good electrical contact between the crystallites, resulting a fast

intercrystallite electron or hole transport. It is an open question whether the

electrical contact in oxidic semiconductor aggregates is due to the presence of

hydrogen and oxygen bridges between the crystallites.
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Semiconductor Photocatalysis

Already in the early twentieth century, chemical changes were noticed upon

exposing various solid–gas and solid–liquid systems of inorganic insulators

(e.g., alumina and silica) or semiconductors (e.g., ZnO and ZnS) to natural or

artificial light. At semiconductor surfaces, phenomena such as photocorrosion,

photoadsorption of oxygen, and sensitization of photoconductivity were reported

for the first time.1) But also chemical reactions were observed, such as the

photoreduction of azobenzene to N,N′-diphenylhydrazine in the presence of

ZnO suspended in aqueous alcohol under oxygen-free conditions (Scheme 5.1)

[123]. No reduction occurred in benzene or n-hexane suspension in the presence

of oxygen. Obviously, the solvent alcohol functions also as reducing agent, but

the mechanism remained unclear.

In this chapter, we will first outline the mechanistic principles of semiconduc-

tor photocatalysis, followed by the basic aspects of photocatalyst preparation and

characterization.2) Subsequently, some reactions relevant to chemical solar energy

utilization will be discussed. They include aerial oxidations of pollutants, water

cleavage, nitrogen fixation, carbon dioxide fixation, and a few organic reactions

including C–C and C–N couplings. The latter are treated in some detail to illus-

trate the relevance of semiconductor photocatalysis for novel organic syntheses.

5.1

Mechanisms, Kinetics, and Adsorption

5.1.1

General Classification of Reactions

The chemical utilization of solar energy is based on the availability of photosen-

sitizers capable of undergoing visible-light-induced electron transfer with appro-

priate substrates. Inorganic compounds such as transition-metal complexes are

especially suited for sensitization since, contrary tomost organic compounds, they

1) For an exhaustive summary of the history of semiconductor photocatalysis, see Ref. [12].

2) For detailed reviews, see Refs [87, 124–136].

Semiconductor Photocatalysis: Principles and Applications, First Edition. Horst Kisch.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Scheme 5.1 ZnO-photocatalyzed reduction of azobenzene.

can exist in various stable oxidation states and aremore stable under ambient con-

ditions. For the general photoredox reaction

A + D
hν

−−−−→
Sens

Bred + Cox

three basic processes arise as schematically summarized by Equations 5.1–5.7.

There, the sensitizer (Sens) is a transition-metal complex, abbreviated as [M]–L.3)

In the first process, photoinduced charge separation generates a charge-transfer

(CT) state (Equation 5.1). The second process consists of two electron-exchange

steps with substrates affording primary redox products (Equations 5.3 and 5.4). In

the third process, the produced radical ions are converted to stable final products

(Equations 5.5 and 5.6).

In the case of solar energy storage, the overall reaction has to be endergonic,

whereas for solar energy utilization it may be also exergonic. Although many

compounds behave according to the first process, only a few enable the crucial

electron-exchange processes (Equations 5.3 and 5.4) because of the highly favored

charge recombination (Equation 5.2). Even if these two steps proceed, efficient

back-electron transfer (BET) between the primary redox products (Equation 5.7)

in many cases prevents the formation of the final redox products (Equations 5.5

and 5.6). Thus, the basic problem of chemical solar energy utilization is how to

inhibit the primary and secondary charge recombination and BET according to

Equations 5.2 and 5.7, respectively.

[M] – L
hν
−−→ [M]+⋅–L−⋅ (5.1)

[M]+⋅–L−⋅ → [M] –L + hν∕heat (5.2)

[M]+⋅–L−⋅ + A → [M]+⋅–L + A−⋅ (5.3)

[M]+⋅–L + D → [M] –L + D+⋅ (5.4)

A−⋅ → Bred (5.5)

D+⋅ → Cox (5.6)

A−⋅ + D+⋅ → A + D (5.7)

3) In this notation, [M] stands for a coordinatively unsaturated complex fragment (without

giving the appropriate charge) such as [Ru(bpy)2]
2+; that is, [M]–L symbolizes the complex

[Ru(bpy)3]
2+.
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In homogeneous systems, the problem is partially solved by making one of the

redox steps, for example, Equation 5.4, so fast that it competes successfully with

recombination. A typical example is the evolution of hydrogen upon irradiating

an aqueous solution of a tris(bipyridyl)ruthenium(II) complex in the presence of

methylviologen (corresponds to A) and a reducing agent such as triethylamine

(corresponds to D, see Equations 3.8–3.13). In this system, the radical cation

generated in the reaction step according to Equation 5.4 undergoes a fast and

irreversible decomposition (Equation 5.6), rendering the BET (Equation 5.7)

too slow to successfully compete with formation of Bred (Equation 5.5), which

corresponds to the reduction of water by the reduced methylviologen [48]. In

summary, the function of the transition-metal complex is to photosensitize two

consecutive homogeneous electron-exchange reactions with a donor and acceptor.

The reaction sequence for a homogeneous system differs significantly from the

heterogeneous photosensitization by a semiconductor (SC), in general just called

photocatalysis, a reaction system wherein a solid photocatalyst simultaneously

sensitizes two heterogeneous redox reactions [137]. As we have learned in Chapter

4, light absorption of a semiconductor electrode in a photoelectrochemical cell

generates spatially separated positive and negative charges capable of undergo-

ing interfacial electron transfer (IFET) reactions. In the case of an n-type mate-

rial, electrons drift from the SC/M (e.g., M=Pt) contact to the counterelectrode

(e.g., Pt), where they reduce an acceptor substrate, whereas holes drift to the sur-

face and oxidize a donor. In most cases, a small voltage has to be applied for

obtaining sufficient reaction rates. An important step to a simpler system was

made in the early 1970s by omitting the electrolyte and attaching the “counter-

electrode” in the form of a few percent of a nanocrystalline noble metal onto a

semiconducting powder [138]. The resulting metal-loaded semiconductor can be

considered as a type of short-circuited photoelectrochemical cell. In general, it

consists of micrometer-sized aggregates of 10–50 nm large crystallites, similar to

the nanocrystalline semiconductor electrode discussed in Section 4.3.2. After light

absorption, electrons diffuse to the metal islands whereas holes diffuse to the free

surface. After this spatial separation, IFETwith appropriate reaction partnersmay

occur. In the late 1970s, it was realized that, depending on the nature of the redox

reaction, metal loading may not be required. However, in many cases it improves

the rates and yields (see Section 5.3.4).

By analogy with Equations 5.1–5.7, the basic reaction steps of an

SC-photocatalyzed reaction may be summarized in a simplified way accord-

ing to Equations 5.8–5.10.4) Light absorption generates, inter alia, reactive

electron–hole pairs (er
− and hr

+) trapped at the surface. It is expected that the

distance between these redox

SC
hν
−−→ SC(e−r , h+r ) (5.8)

4) We note that the excited semiconductor, similar to a molecule (see Chapter 2), may also transfer

energy to an acceptor such as oxygen. However, the observed 1O2 seems to be formed through

hole oxidation of superoxide. For a recent review, see Ref. [139].



88 5 Semiconductor Photocatalysis

SC(e−r , h+r ) → SC + hν∕heat (5.9)

SC(e−r , h+r ) + A + D → SC + A−⋅ + D+⋅ (5.10)

centers is larger than in a molecular sensitizer, and therefore charge recombi-

nation may become slow enough to allow the desired IFET with adsorbed sub-

strates. Thus, this basic reaction scheme resembles an electrochemical reaction

in which the reactive electron and hole are considered as a type of nanocathode

and nanoanode, respectively. Since the electrical charges are generated by light

absorption, application of an external voltage is not required. And like in elec-

trochemistry, reduced and oxidized products are formed, as depicted in Equation

5.11.The net reaction of almost all SC-photocatalyzed reactions can be described

by that equation. Only in a very few cases the primary redox products undergo

intermolecular bond formation to an addition product, which is distinctly differ-

ent from classical electrochemistry. We have proposed to name the two reaction

modes as semiconductor type A (Equation 5.11) and type B (Equations 5.12 and

5.13) photocatalysis.5)

A + D
hν

−−−−→
SC

Bred + Cox (5.11)

A + D
hν

−−−−→
SC

A—D (5.12)

A + D + C
hν

−−−−→
SC

A—D—C (5.13)

In the literature, a pictorial representation of type A reactions has become gen-

erally accepted (Scheme 5.2). The circle symbolizes an SC particle, which usually

is an aggregate of nanoparticles, and the higher and lower lines represent the con-

duction and valence band edges, respectively.
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D(a) (b)

D
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2
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A*

hν2

A

−

Scheme 5.2 (a,b) Direct (via h𝜈1) and indirect (via h𝜈2) semiconductor photocatalysis.

In general, the thermodynamic feasibility of an SC-photocatalyzed reaction is

estimated by checking the following properties:

5) This classification has the advantage that it does not imply any mechanism that may change as

function of time because of progress in the field [140].



5.1 Mechanisms, Kinetics, and Adsorption 89

• The reduction potentials of the substrates have to be located within the bandgap

of the semiconductor.6)

• The light-absorbing species has to be determined through comparison of the

substrate’s electronic absorption spectra with the semiconductor’s diffuse

reflectance spectrum.7)

In most cases, the semiconductor is the light-absorbing component, but

quite often it may be also a substrate or an SC–substrate surface complex. We

proposed to name these two reaction modes direct and indirect semiconductor

photocatalysis. In the direct process, light (h𝜈1) generates an electron–hole pair

localized at the semiconductor surface, followed by the two IFET reactions with

substrates A and D. Although this standard mechanism is generally anticipated,

it often lacks experimental evidence because the substrates themselves or their

surface CT complexes absorb the light. Comparison of the absorption spectra of

the substrates and the semiconductor usually allows a decision in favor of one

mechanism. When a substrate absorbs light, as often encountered in the aerial

oxidation of dyes, the excited dye may inject an electron into the conduction

band (Scheme 5.2a). This is thermodynamically feasible only when its excited

state reduction potential is equal to or more negative than the flatband potential

(Scheme 5.3). The resulting spatial separation of the two generated charges

slows down recombination.8) In the field of semiconductor photosensitization,9)

this type of photoinduced electron transfer (PET) is also referred to as the

Sakata–Hashimoto–Hiramoto mechanism [142].

hν
  D D*

D*  +  SC

SC(e−)  +  A

SC(e–)  +  D · +

SC  +  A · −

Scheme 5.3 Indirect photocatalysis via photoinduced electron transfer (PET) from an

excited donor substrate or sensitizer.

A very rare case is when the excited substrate has as a reduction potential

more positive than the valence band edge (Scheme 5.2b). It was suggested for

chromate(VI)-modified titania [143].

When the semiconductor surface undergoes a CT interaction with a reaction

component, usually with a donor D,10) a decision on the type of excitation is not as

straightforward since the CT absorption may be very weak and overlap with the

6) In general, reduction potentials refer to solvated substrates. In the adsorbed state, the value may

change by up to 1V in the case of very strong adsorption [141].

7) For long-time irradiations the product absorption spectra have to be considered also in order to

prevent consecutive photoreactions.

8) Some authors prefer the term “sensitized photocatalysis” for such type of reactions. This is not

correct because according to its definition a sensitizer must not be consumed.

9) D becomes a photosensitizer when D+. is reduced back to D.

10) Because of the usually strongly anodic position of the valence band edge, a CT interaction with

an acceptor A is rather unlikely.
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SC band-to-band absorption. For titania, the formation of visible-light-absorbing

CT complexes is amply documented [144–151]. Typical donor components are

condensed aromatic compounds and sulfur dioxide, generating a yellow surface

color. Aromatic 1,2-diols such as catechol form red titanium chelate surface com-

plexes exhibiting a broad absorption shoulder at 420 nm. Aliphatic 1,2-diols do

not change the surface color. Excitation within the CT band corresponds to an

optical electron transfer (OET, Creutz–Brunswig–Sutin mechanism) [152, 153],

as summarized in Scheme 5.4.

SC  +  D

[SCδ− … Dδ+]
hν

[SC(e  ) ..... D    ]

SC  +  D+  A  +  A[SC(e  ) ..... D    ]

[SCδ− .... Dδ+]

Scheme 5.4 Indirect photocatalysis via optical electron transfer (OET).

In the case of the adsorption of ascorbic acid onto 2.3-nm-sized colloidal titania,

not an absorption shoulder but a bandgap shift from 400 to 700 nm is observable

(Figure 5.1), indicating that the band structure of the very small crystals is much

more altered than in the case of the larger crystals (10–20 nm), which usually build

up the powder aggregates dealt with throughout this book.11) Time-resolved elec-

tron paramagnetic resonance (EPR) spectra suggest that the distance between the

injected electron and the ascorbic acid radical cation is in the range of 1.5 nm.

We note that the primary redox products are the same for the direct and

indirect mechanisms. But in the latter, light absorption generates a donor radical

cation instead of a valence band hole and the semiconductor functions as an

electron relay preventing the undesired charge recombination. Measuring the

optimal reaction rate (see Section 5.1.2) as function of irradiation wavelength
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Figure 5.1 Absorption spectra of colloidal titania (a) before and (b) after the addition of

ascorbic acid, and proposed structure fragment of the surface complex. (Adapted from

Refs [144, 154].)

11) In that case, only a weak absorption shoulder is observed.
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can allow a decision to be made between the two reaction types. When a plot of

the rate versus excitation wavelength, that is, the action spectrum,12) is similar to

the diffuse reflectance spectrum of the photocatalyst, a direct photocatalysis is

present. If it is similar to the substrate’s absorption spectrum, an indirect mecha-

nism is operating [155–157].

As mentioned, the two types of indirect photocatalysis differ in the charge gen-

eration step. In the PET mechanism, it is a two-step process consisting of light

absorption and subsequent electron transfer; in the OET mechanism, it is a one-

step process wherein light absorption and electron transfer occur instantaneously.

When the oxidized donor is reduced back, we arrive at the process of photosen-

sitization via an electron transfer mechanism. At first glance, we could assume

that sensitization should be more efficient in the OET since the two-step nature

of PET includes a higher chance for undesirable side reactions. However, we have

to consider also the BET, which should be faster than in the PET process.13)

In summing up the discussions, the following recommendations emerge for

planning an SC-photocatalyzed reaction:

• Compare the absorption spectra of the semiconductor, substrates, and products

to clarify the nature of the light-absorbing species and to avoid mutual product

absorption.

• Find the reduction potentials of substrates.

• Find the location of the flatband potential (or quasi-Fermi level) to estimate the

thermodynamic feasibility of the IFET reaction steps (see Section 5.2.2).

5.1.2

Rates, Quantum Yields, and Their Comparability

5.1.2.1 Direct Semiconductor Photocatalysis

In Section 2.7, we have learned that the rate of any photoreaction is proportional to

the number of photons absorbed at a given wavelength (e.g., 360 nm) per units of

time and volume (Ia). Since Ia is usually different for different reactions, the rate

has to be divided by Ia to obtain a comparable parameter, that is, the quantum

yield. The latter has to be specified with respect to the wavelength of the exciting

light and whether substrate disappearance or product formation was measured

(Equation 5.14); the subscript p stands for product formation. In the derivation of

the quantum yield, it was assumed

Φp(360 nm) = rate

Ia
(5.14)

that light absorption occurs only on the substrate. Therefore, one has to exclude

that products or intermediates absorb, too.This can be easily ensured by measur-

ing at very low conversions. Therefore, a high quantum yield does not necessarily

prove a high product yield, since at higher conversions the product absorptionmay

12) An action spectrum is defined as the plot of a chemical or physical response as function of the

wavelength of incident photons.

13) Very likely, the distance between the charges should be shorter in the OET process.
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become dominant. Additionally, in the case of an SC-photocatalyzed reaction,

photocorrosion is often observed at prolonged irradiation, preventing practical

application in spite of a high quantum yield.

In homogeneous systems, it is easy to measure the amount of light absorbed

through chemical or physical actinometry. This is extremely difficult for suspen-

sions of powders that are generally employed in semiconductor photocatalysis. In

the case of direct photocatalysis, the semiconductor is the light-absorbing species

and light is not only absorbed but also scattered and reflected by the suspended

photocatalyst. Depending on the type of photoreactor employed, 10–70% of the

light arriving at the powder surface may be lost [158]. To overcome this intrinsic

problem of the quantitative comparison of heterogeneous photoreactions, it was

proposed just to replace Ia by the easily measurable number of photons of a given

wavelength per time and volume arriving at the inside of a flat front window of the

photoreactor (incident photon flux Io). The as-obtained apparent quantum yield

was termed

𝜍p(360 nm) = rate

Io
(5.15)

photonic efficiency (𝜁p, Equation 5.15). Comparison of the resulting numbers,

however, is meaningful only if the fraction of light absorbed is the same in each

experiment [159]. That is rather unlikely because the amount of scattered and

reflected light may change considerably from one experiment to another.14) This is

a serious problem when comparing the photonic efficiencies obtained by various

research groups because, usually, different photoreactors are employed.

Two approximate methods were proposed for the measurement of the amount

of light absorbed [158, 161, 162]. A simpler and more practicable procedure

allows comparison of the rate of reactions performed in one unique photoreactor

[163]. For this, the rate has to bemeasured as function of increasing photocatalyst

concentration. As in the case of a homogeneous system, also for a heterogeneous

reaction the rate initially increases linearly with the photocatalyst concentration

(Figure 5.2, curve A to B) because of the increase of absorbed light intensity

(photon flux) and then stays constant in the region from B to C representing

A

B

C

D

R
a
te

Photocatalyst concentration

Figure 5.2 Dependence of reaction rate on photocatalyst concentration.

14) In general, the ratio of absorption to scattering increases with increasing particle size [160].
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concentrations of constant and optimal light absorption [158, 164].We propose to

name this concentration-independent rate the optimal rate (vop). It corresponds to

a pseudo-quantum yield and enables comparison of “photocatalytic activities”15) in

one unique photoreactor. In some cases, a rate decrease is observed in the region

from B to D as a result of reduced penetration depth and increased scattering

of the incident light beam. For the often-used titania powders having specific

surface areas within 50–200m2 g−1, the optimum concentration is in the range

0.5–3.0 g l−1 depending on details of the irradiation system. In general, a semi-

quantitative comparison of “photocatalytic activities” is meaningful only if the

reactions have been conducted in the plateau region of Figure 5.2. However, this

simple requirement is often not met in the literature, and therefore the reported

conclusions are doubtful, especially for small differences.16)

5.1.2.1.1 Factors Determining the Quantum Yield

Scheme 5.5 summarizes the most important primary processes determin-

ing the quantum yield of an SC-photocatalyzed redox reaction. It is to be

noted that, because the powder consists of small crystallites (10–50 nm), no
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Scheme 5.5 Schematic description of direct photocatalysis at an ideal semiconduc-

tor/liquid interface.17) For the sake of simplicity, wavy arrows symbolize not only nonradia-

tive but exceptionally also radiative charge recombination. Dashed arrows indicate charge

trapping. Photocorrosion processes are omitted. The band edge positions are given as elec-

trochemical potentials and apply for titania in contact with water of pH 7.

15) The term is commonly used and is based in general on the yield or rate of the catalytic

photoreaction.

16) Even when the reactions are performed in the same photoreactor, the reproducibility of optimal

rates is usually in the range of at least ±10%. It is noted that “rate constants” published in the

literature depend on the absorbed photon flux and therefore must not be used when comparing

the rate parameters obtained with different photoreactors.

17) See Figure 4.25 for more complete details.
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band-bending has to be considered. Light absorption generates an electron–hole

pair delocalized throughout the crystal (called also the exciton). It may undergo

geminate recombination (process 1) or dissociate into the separated charges

(also called polarons), which are trapped within a few picoseconds as unreactive

(etr
−, htr

+) and reactive (er
−, hr

+) electron–hole pairs (Scheme 5.5, processes 2

and 3, respectively). In the case of 10-nm-sized anatase particles, time-resolved

laser flash spectroscopy reveals a hole absorption peak at 460 nm. Electron

absorption depends strongly on experimental conditions and is located in the

range 600–1000 nm [165]. Processes 4 and 5 represent nonradiative and radiative

charge recombination. Trapped electron–hole pairs are assumed to primarily

recombine, whereas reactive pairs may also undergo IFET with substrates A and

D.Only in a very few cases was the existence of both types of electron–hole pairs

proven experimentally [166]. Discussions in the literature consider in general

only one type of electron–hole pairs. A convenient way to find out whether the

electron–hole pairs observed by emission spectroscopy are involved in the IFET

is to investigate the influence of quenchers on the emission and product forma-

tion [99]. Both experiments have to be conducted under the same experimental

conditions; otherwise, no reliable conclusions can be drawn. Since many semi-

conductors, such as titania, emit only at low temperatures but photocatalyze a

reaction at room temperature, a comparison of such data is not meaningful. In the

case of ZnS, both emission and hydrogen evolution from H2O/2,5-dihydrofuran

(2,5-DHF) proceed at room temperature. Since the addition of zinc ions does

not quench the emission but strongly inhibits the reaction, one can conclude

that the emitting electron–hole pairs (etr
−, htr

+) are not involved in the IFET

with water and 2,5-DHF. A Stern–Volmer plot gives a straight line only when

instead of the molar concentration the surface concentration of zinc ions is taken

(Figure 5.3). The linear relationship suggests the presence of dynamic quenching.

This implies that the zinc ions are only loosely adsorbed in the solid–solute

interface. Cadmium ions exert an even stronger inhibition effect, observable

already at the rather low surface concentration of a few micromoles per gram.

Stern–Volmer constants of 13× 103 and 50× 103 M−1 are obtained for zinc and

cadmium inhibition, respectively. Assuming a lifetime of about 1 ns, we obtain

the rate constants in the range of 107 M−1 s−1. The mechanism of inhibition is

different for the two ions. Formation of elemental cadmium indicates reductive

quenching (2er
− +Cd2+ →Cd), whereas the absence of elemental zinc suggests

that zinc ions generate surface states that promote radiationless deactivation

(Scheme 5.6).18)

er + Zn2+
ad →

→

Zn+
ad

Zn+
ad + hr

+ Zn2+
ad

Scheme 5.6

Similar to conduction band electrons, also valence band holes are present in

states of different reactivity. Based on nanosecond flash photolysis of 2-nm-sized

18) For the timescale of the IFET reactions on colloidal zinc sulfide, see Ref. [167].
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Figure 5.3 Stern–Volmer plot for the reaction inhibition by adsorbed zinc ions. (Adapted

with permission from Ref. [99].)

titania colloids, holes trapped far below the valence band edge (“deeply trapped”)

do not oxidize rhodanide ions (SCN−), whereas those in shallow traps undergo a

fast reaction with a rate constant of 6× 105 s−1 [168].

The chemical nature of the photogenerated reactive electron and hole is usually

not known in photocatalyzed reactions. Since the band-to-band excitation of oxi-

dic, nitridic, and sulfidic semiconductors can be considered as an anion-to-cation

CT, the electron should correspond to a reduced cation and the hole to an oxi-

dized anion. This applies strictly only for ionic compounds without the presence

of covalent bonding. However, covalency is rather high in semiconducting oxides,

nitrides, and sulfides. As a consequence, the formal oxidation states are decreased

both in the ground state and in the excited state, as discussed in Section 4.1.3 for

zinc sulfide. Calculations reveal that the formal ground-state oxidation numbers of

+2 and −2 in reality correspond to effective charges of +1 and −1. After photoex-
citation and charge-trapping, the reactive electron and hole then may correspond

to zinc and sulfur atoms (or aggregates thereof ). Similar considerations apply for

oxides and nitrides.

IFET from the reactive pair affords the primary redox products A−⋅ and D+⋅

(processes 6 and 7), which may suffer BET to A and D (process 8) or undergo

the desired conversion to the final products (processes 9 and 10). In summary,

in direct semiconductor photocatalysis, the light-generated electron–hole pairs

undergo concerted reduction and oxidation reactions with the substrates. This

reactivity mode is unknown for molecular compounds, although a priori it may

be observable from their CT excited states (see Sections 3.4 and 5.1.1).

5.1.2.1.2 Kinetic Aspects

The kinetics of SC-catalyzed photoreactions combines basic features of homoge-

neous and heterogeneous processes.The topic is treated in the literature in detail,
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and we will focus here only on the basic problems related to the quantum yield.19)

For that purpose, we consider the reaction A+D→Bred +Cox and assume that

light is absorbed only by the SC, that is, same as the case for direct photocatal-

ysis. For the sake of simplicity, processes 1 and 5 will represent both radiative

and nonradiative charge recombination, whereas process 4 (Equation 5.20) and

adsorption/desorption of substrates and products are omitted (see Scheme 5.5).

We next plot on the left side all relevant reaction steps and on the right the corre-

sponding rates. The square brackets refer to concentrations.

SC + hν → SC∗ Ia (5.16)

SC∗ → SC + heat∕hv1 k1
[
SC∗] (5.17)

SC∗ → etr
– + htr

+ k2
[
SC∗] (5.18)

SC∗ → er
– + hr

+ k3
[
SC∗] (5.19)

etr
– + htr

+ → heat∕hν2 k4
[
etr

– ] [htr+] (5.20)

er
– + hr

+ → heat∕hν3 k5
[
er
– ] [hr+] (5.21)

er
− + A → A– ⋅ k6

[
er
– ] [A] (5.22)

hr
+ + D → D+⋅

k7
[
hr

+] [D] (5.23)

Because of their short lifetimes, a quasi-stationary state can be assumed for

SC* and er
−/hr

+, that is, the rates of formation of SC* (Ia) and of the reactive

electron–hole pair become equal to the sum of all rates of reactions involved in

depopulation of SC* (Equation 5.24) and er
−/hr

+ (Equation 5.27).20) Since the rate

of any photochemical

Ia =
[
SC∗] (k1 + k2 + k3) (5.24)

step can be expressed by the product of absorbed light intensity (Ia) with the effi-

ciency, we can formulate Equation 5.25 (see Equation 5.19):

k3
[
SC∗] = 𝜂rIa (5.25)

and after inserting Equation 5.24, we arrive at Equation 5.26. Assuming further

that

𝜂r = k3∕(k1 + k2 + k3) (5.26)

[er
−]≈ [hr

+], and that the product formation rate is given by the reductive

step (Equation 5.22),21) the stationary state for the reactive electron–hole pair

is obtained as Equation 5.27. Combining Equations 5.25 and 5.27 leads to

19) See, for example Refs [169–171].
20) See also deduction of the Stern–Volmer Equation (Section 2.8).
21) For the sake of simplicity, we take one single average rate constant k6,7.
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Equation 5.28, which can be simplified for two extreme cases of light intensity

[172].

k3
[
SC∗] = k5

[
er

−]2 + k6,7
[
er

−] [A] (5.27)

𝜂r Ia = k5
[
er

−]2 + k6,7
[
er

−] [A] (5.28)

High Light Intensity At intensities above about 5× 1015 photons s−1,22) the

quadratic term of Equation 5.28 is much larger than the first-power term, which

can be therefore neglected. This means that charge recombination (Equations

5.20 and 5.21) prevails over the chemical reaction (Equations 5.22 and 5.23).

Under such conditions, Equation 5.29 gives the steady-state concentration of

reactive charges. Recalling that the

[er−] = {(𝜂r∕k5Ia}1∕2 (5.29)

reaction rate is given by k6,7[er
−][A], we can write Equation 5.30. The resulting

linear dependence of the reaction rate on the square root of light intensity is typical

for several reactions such as the titania-photocatalyzed oxidation of isopropanol

[172] and decarboxylation of carboxylic acids or the trans–cis isomerization of

stilbene [173–175].

rate = k6,7 [A] {(𝜂r∕k5)Ia}1∕2 (5.30)

Recalling that the rate of a photoreaction corresponds to the product of the

quantum yield and absorbed light intensity, we arrive at Equation 5.31.

Φp = k6,7 [A] {𝜂r∕k5Ia}1∕2 (5.31)

Low Light Intensity At values below 5× 1015 photons s−1, the quadratic term of

Equation 5.28 can be neglected, and the concentration of reactive electrons is now

given by Equation 5.32. Accordingly, the rate increases now linearly with the first

power of Ia. This was observed when the above-mentioned reactions were per-

formed at such low light intensities. Recalling that the reaction rate is given by

k6,7[er
−][A], one arrives at Equation 5.33 after substituting [er

−] by Equation 5.32.

[
er

−] = 𝜂r Ia∕k6,7 [A] (5.32)

Accordingly, the product quantum yield becomes then equal to the efficiency of

formation of the reactive electron–hole pair.

Φp = 𝜂r (5.33)

In the next section, we will discuss in qualitative terms the factors determining

the rate and quantum yield of an SC-photocatalyzed reaction.

22) These values depend on the photoreactor properties.
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5.1.2.1.3 Quantum Yield

By analogy with homogeneous systems, the product quantum yield can be sepa-

rated into a product of three efficiencies23) (Equation 5.34).

Φp = 𝜂r × 𝜂ifet × 𝜂p (5.34)

– where 𝜂r is the efficiency of formation of the reactive electron–hole pair,

– 𝜂ifet is the efficiency of the IFET, and

– 𝜂p is the efficiency of product formation from the primary redox products.

𝜼r The rate constants determining the efficiency of reactive charge generation

(Equation 5.26) depend on intrinsic properties of the semiconductor. Both bulk

(e.g., exciton dissociation energy, crystal phase, charge diffusion constant, and

aggregate size) and surface properties (surface defects, surface states, surface

charge, and solvent–solute–surface layer) can exert strong effects. It is to be

noted that in a direct semiconductor such as CdS, because of its high absorption

coefficient which results in a small penetration depth, almost all charge carriers

may reach the surface before having a chance to recombine. This is not the case

for the indirect semiconductor titania.

In the case where the photocatalyst consists of different crystal phases or a mix-

ture of two materials, an intercrystallite electron transfer (ICET)24) may increase

the spatial separation of the charges and therefore render recombination less prob-

able [176, 177]. A prominent example is the mixed-phase sample P25, in which a

rutile to anatase ICET is assumed to be responsible for its higher photocatalytic

activity as compared to the two separated crystal phases (see Section 5.3) [176].

Especially, the presence of surface states generated by crystal defects, impu-

rities, and aggregation may strongly influence the efficiency. It is known that

ultrapure ZnS single crystals prepared by chemical transport reaction are inactive

in C–C coupling reactions, whereas powders obtained by simple precipitation

methods are highly active. The powders consist of micrometer-sized aggregates

of small nanocrystals of 10–100 nm. Similarly composed CdS is an excellent pho-

tocatalyst in C–N coupling when present as a micrometer-sized aggregate but

not as a colloid [178]. These differences suggest, but not prove, that an electronic

interaction between the nanocrystals within an aggregate improves the efficiency

of charge separation by an ICET of the majority charge carriers (Scheme 5.7).25)

However, this hypothesis awaits experimental verification. Some evidence comes

from the observation that coagulation of colloidal titania nanoparticles increases

the photocurrent density at a platinum electrode during the photoreduction

of methylviologen by methanol. The effect was rationalized by the assumption

23) It is to be noted that the term “efficiency” does not contain any aspect of light absorption. The

expression quantum efficiency, which often is used in the literature instead of quantum yield,

should therefore be abandoned.

24) We prefer this term instead of the previously used “interparticle electron transfer,” which may

mean also an ET between aggregates.

25) When unprotected 5-nm-sized titania nanocrystals are allowed to have a close contact, a red shift

of the bandgap absorption and higher photoactivity are observed. See Ref. [179].
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Scheme 5.7 Schematic view of the photogeneration of reactive electron–hole pairs in an

aggregate of n-type semiconductor nanocrystals (filled circles) without (left part) and with

intercrystallite electron transfer (process 1, right part). Empty circles symbolize solvent and

solute molecules.

that it improves charge separation, that is, 𝜂r is increased [180, 181]. However,

it cannot be excluded that other effects, such as a faster methanol oxidation

by the reactive hole, may be the reason, which means that 𝜂p increases. For

titania covered by a few weight percent of metallic silver (Ag/TiO2), the strong

electronic coupling between properly aligned titania crystallites was proposed

to generate an “antenna effect” inducing improved charge separation [136, 177,

182]. Similar effects may rationalize the higher yield of superoxide observed upon

UV excitation of ZrO2–TiO2 nanoparticle networks as compared to TiO2–TiO2

and ZrO2–ZrO2 systems [183, 184]. Very recently, it was proven that thermal

electron transfer can take place from small to large ZnO nanocrystals. Because

of the quantum size effect, the conduction band edge of the smaller particle is

located at a more negative potential compared to the that of a larger particle

[185]. It is an open question whether bridging water or oxide ligands enhance

the ICET, as known from electron transfer between proteins [186]. The results of

spectrochemical experiments with nanocrystalline titania films point to a mutual

ICET during anaerobic oxidation of formic acid [187].

𝜼ifet The efficiency of the IFET process (Equation 5.35) depends primarily on the

detailed nature of the surface–solution interface and on redox and adsorption

properties of the substrates.26) Minor alterations in the synthesis of the powder and

in the adsorption of reaction components (i.e., solvent and substrates) can strongly

affect the lifetime of the reactive electron–hole pairs. Typical values are in the

range of nanoeconds to microseconds. From picosecond laser flash experiments

on CdS colloids, it is known that the

𝜂ifet =
k6,7

k5 + k6,7
(5.35)

26) For critical reviews, see Refs [188, 189].
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IFET from er
− to an adsorbed viologen acceptor is completed within 18 ps,

whereas the IFET from adsorbed diethyldithiocarbamate to hr
+ occurs within

200 ps [190].

For estimating the thermodynamic feasibility of the IFET, the substrates’ reduc-

tion potentials and reorganization energies as well as the quasi-Fermi levels of

reactive charges should be known (Scheme 5.8). While the reduction potentials

can be found easily in the literature or measured by cyclic voltammetry, reor-

ganization energies and quasi-Fermi potentials are usually unknown or can be

estimated only roughly. It is recalled that the IFET occurs isoenergetically and

that the rate increases with smaller reorganization energies27) and higher density

of states in the SC and redox substrates (see Chapter 4). The energy difference

between the reduced and oxidized form of the redox system is then given by 2𝜒 .

Reorganization energies may reach values of 0.5 eV or more, depending on the

chemical structures of solvent and substrates. Accordingly, the IFET is thermo-

dynamically allowed when the quasi-Fermi level of electrons (nEF
*) is equal to or

more negative than the potential (A0
red +𝜒). And the quasi-Fermi level of holes

must be equal to or more positive than the value (D0
red +𝜒). This basic aspect

is usually neglected in discussions on the thermodynamic feasibility of an antici-

pated IFET reaction. Since, in general, the reorganization energies are unknown,

predictions are usually based on the standard reduction potentials A0
red andD

0
red.

Since, however, also the quasi-Fermi levels of electrons and holes at the surface

are not known exactly – as maximum values the corresponding band edges may

be taken – predictions have to be taken with care.

Electron energy

Ared

Ao
F,red/ox

Ec

EF

Ev

Distance Density of states

nEF

nEF

*

*

hν

Aox

Dox
Do

F,red/ox

Dred

Scheme 5.8 Thermodynamics of IFET between reactive surface electron–hole pairs at a

semiconductor crystal and dissolved donor D and acceptor A. nEF* and pEF* refer to quasi-

Fermi levels of electrons and holes, respectively. The density of states is drawn for the case

in which the concentrations of Aox and Dred are much larger than those of Ared and Dox.

Note that Aox and Dox are unoccupied electronic states.

27) See, for example, Ref. [52].
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Werecall that the quasi-Fermi level is defined as the Fermi levelmeasured under

irradiation. For a heavily doped semiconductor, the difference between the two

levels is rather small and therefore can be neglected within mechanistic discus-

sions of semiconductor photocatalysis (see Chapter 4). In such a case, the flatband

potential becomes equal to the quasi-Fermi level. Furthermore, in these materi-

als the difference between the flatband and band edge energies is usually smaller

than 0.1 eV and therefore negligible within the scope of this book. Based on these

simplifications, the experimental estimation of quasi-Fermi levels of both charge

carriers can be broken down to measuring the bandgap and the quasi-Fermi level

of one majority charge carrier (e.g., nEF
* for an n-type SC). The position of the

other charge carrier (pEF
*) is then obtained according to Equation 5.36. While the

bandgap is easily obtained

pEF
∗ = nEF

∗ + Eg (5.36)

by optical spectroscopy, flatband or quasi-Fermi level measurements are a little

more laborious.

The discussion of the thermodynamic feasibility was based on the elementary

IFET reactions according to Equations 5.37 and 5.36. However, in some cases

A + er
− → A−⋅ (5.37)

D + hr
+ → D+⋅ (5.38)

IFET may be coupled to bond-breaking and bond-forming processes, resulting

in a considerable change of the driving force. An important example is proton-

coupled IFET, as summarized by Equations 5.39–5.44 assuming that D–H and

A–H contain C–H bonds. Note that both reductive and oxidative processes may

occur in concert (Equations 5.39 and 5.42) or stepwise (Equations 5.40 and 5.41

and Equations 5.43 and 5.44) depending on the acid–base properties of the sub-

strates. The corresponding difference is illustrated by the oxidation of methanol.

In the two-step process, the rate-determining generation of the radical cation

CH3OH+⋅ (Equation 5.43, D=CH3O) requires a potential of about 3.3V.28) But

only 1.1V is necessary for the one-step process (Equation 5.42).29)

A +H+ + er
− → A −H⋅ (5.39)

A +H+ → A −H+ (5.40)

A −H+ + er
− → A −H⋅ (5.41)

D −H + hr
+ → D⋅ +H+ (5.42)

D −H + hr
+ → D −H+⋅ (5.43)

28) See Ref. [191].

29) See Ref. [192].
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D −H+⋅ → D⋅ +H+ (5.44)

It is often observed that traces of water accelerate the product formation.30) This

is especially pronounced for oxidic but also for sulfidic and nitridic semiconduc-

tors having valence band edge positions in the range of 2.0V. In that case, the

reactive hole may oxidize water (Equation 5.45) or surface OH groups first, and

the generated

H2Oad + hr
+ → OH⋅ +H+ (5.45)

OH⋅ + D → OH− + D+⋅ (5.46)

OH⋅ + D −H → H2O + D⋅ (5.47)

OH radical will oxidize subsequently the substrate D (Equation 5.46). This may

occur also at sulfidic and nitridic photocatalyst surfaces. For D–H substrates, the

donor radical formed according to Equations 5.42–5.44 may be formed also via

the OH radical through hydrogen abstraction (Equation 5.47). Scavengers form-

ing a hydroxylated reaction product can evidence the involvement of OH radicals.

Typical examples are aromatic compounds such as benzoic or terephthalic acid

generating hydroxylated products, which can be easily monitored by fluorescence

spectroscopy [194]. However, these products may be formed also via initial hole

oxidation, followed by addition of water and attack of oxygen as summarized in

Scheme 5.9. In the case of OH radical addition (path A), the first intermediate

a1 is attacked by oxygen with the formation of the peroxyl radical a2, which sub-

sequently loses a hydroperoxyl radical, generating salicylic acid (b) as the final

product. In the case of the direct oxidation by the reactive hole (path B), the
addition of water to the radical anion followed by deprotonation affords also the

intermediate a1 and consequently the same final product. Because of that, a deci-

sion between intermediate water oxidation or direct hole oxidation is not possible.

The use of a scavenger molecule, which reacts to different products when a hole

or an OH radical is the oxidizing species, may solve the problem. This is the case

for quinoline, which contains two different aromatic rings [195]. Because of the

higher electron affinity of nitrogen, the electron density should be higher at the

benzene ring. And since the hydroxyl radical is an electrophile, it should generate

preferentially products originating from the attack at the benzene ring. Accord-

ingly, when hydroxyl radicals are generated in a homogeneous solution via the

photo-Fenton reaction (Equations 5.48 and 5.49), 5-hydroxyquinoline

[Fe (OH)]2+
hν
−−→ Fe2+ +OH⋅ (5.48)

Fe2+ +H2O2 → Fe3+ +OH− +OH⋅ (5.49)

(Scheme 5.10a) is one of the major products. But its concentration is decreased by

90% and the new product 4-quinolone (Scheme 5.10b) is observed when titania

30) Adsorption of water may change the electronic structure of the semiconductor [193].
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Scheme 5.9 Two classical reaction pathways for the oxidative interfacial electron transfer

resulting in one unique product.
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Scheme 5.10 Major products obtained from the generation of hydroxyl radicals through

the photo-Fenton reaction or by irradiation of titania in the presence of quinoline.

photocatalysis is conducted. We therefore can conclude that, in addition to the

hydroxyl radical pathway, also another mechanism exists, most likely hole oxida-

tion to the radical cation followed by the formation of 4-hydroxyquinoline and

subsequent aerobic oxidation to 4-quinolone.

In addition to this role of water as a primary substrate, it may accelerate

the IFET reactions in a physical way, most likely by forming hydrogen bridges

between surface water and the substrates. The effect is known in biological

and electrochemical systems. Also, some ZnS- or CdS-photocatalyzed C–C

coupling reactions are observed only in the presence of a surface water layer

(see Sections 5.4 and 5.5).
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5.1.2.4 Role of Adsorption

In general, substrates have to adsorb onto the semiconductor surface to enable an

efficient IFET. Adsorption at the solid/liquid interface is described in the literature

in various degrees of complexity. We briefly discuss here the model of Hiemenz,

which is an extension of the Langmuir adsorption isotherm and delivers infor-

mation relevant to mechanistic aspects of IFET and successive product-forming

reaction steps [196]. It is based on the following assumptions:

(i) Only one type of adsorption site is available;

(ii) Solvent and substrate form an ideal mixed solvent–substrate surfacemono-

layer;

(iii) Both the solvent and the solute upon adsorption occupy the same surface

area (𝜎o);

(iv) Solvent and substrate form an ideal diluted solution.

With the help of assumption (i), the substrate (D) adsorption can be represented

by a displacement of the surface solvent (Sad) through the solvated donormolecule

(Dsolv) according to Equation 5.50.

Sad + Dsolv
−→←− Ssolv + Dad

K ′ =
a(Ssolv) × a(Dad)
a(Dsolv) × a(Sad)

(5.50)

With the assumptions (ii) and (iv), the surface activities can be replaced by the

mole fractions xs(D) and 1− xs(S) and the activities in solution by the molar con-

centrations, and we arrive at Equation 5.51.

x(D)ad =
K ′c(Dsolv)∕c(Sad)

K ′c(Dsolv)∕c(Sad) + 1
(5.51)

Since in dilute solution the concentration of the solvent is essentially constant,

x(Dad) =
Kc(Dsolv)

Kc(Dsolv) + 1
(5.52)

the ratio K ′/c(S)solv can be formulated as the new equilibrium constant K , and we

obtain Equation 5.52, which is one form of the Langmuir adsorption isotherm. It

describes how the fraction of adsorption sites covered by the substrate D increases

as the concentration in solution increases.

In an adsorption experiment, one does not measure x(Dad) but the number of

moles of the solute adsorbed at the surface per unit weight of adsorbent under

equilibrium conditions, neq.
31) Figure 5.4 shows schematically that a plot of neq

versus ceq

neq =
neq(sat)Kceq

Kceq + 1
(5.53)

31) Since we consider only one adsorbent, just the expressions neq and ceq are used now instead of

neq(D) and ceq(D), respectively.
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Figure 5.4 Schematic plot of measured adsorption isotherm (o) and linearized form

according to Hiemenz (x).

leads to the expected adsorption isotherm (Equation 5.53). Below the saturation

regime, the coverage can be expressed according to Equation 5.54, where 𝜎0

Θ =
neqNA𝜎

0

Asp

(5.54)

describes the area covered by the molecule in the saturated solvent–solute

surface monolayer. NA and Asp correspond to the Avogadro–Loschmidt number

and the specific surface area (in m2 g−1). At the plateau onset, a saturated

solvent–solute monolayer is formed. That means that the surface coverage is

given by Θ= 1, and from Equation 5.54 we see that under that condition neq
becomes neq(sat) =Asp/𝜎

0
satNA, which corresponds to the intersection of the

extrapolated plateau region with the ordinate (dashed line in Figure 5.4). From

this value, the surface area required by the substrate in the saturated monolayer

(𝜎0
sat) is obtainable. Multiplication of the reciprocal form of Equation 5.53 with

ceq leads to the new Equation 5.55. Thus, a plot of ceq versus ceq/neq affords a

straight line (Figure 5.4). From its slope and intercept, the adsorption constant K

can be obtained. We thus see that from a simple measurement of an adsorption

isotherm, valuable information for the structure of the solid–liquid interface can

be obtained.

To illustrate the usefulness of the Hiemenz approach, we will briefly discuss

the adsorption of an aqueous solution of the cyclic ether 2,5-DHF onto zinc sul-

fide powder (Asp = 170m2 g−1) [99].The adsorption isotherm exhibits two plateau

regions

ceq

neq
= (neq(sat)K)−1 +

ceq

neq(sat)
(5.55)

corresponding to single and multiple adsorption layers. For the monolayer,

an adsorption constant of 170± 30M−1 is measured, and from the value of

neq(sat) = 2.8× 10−3 mol g−1 we find, with the help of Equation 5.54 (Θ= 1), that

one molecule of 2,5-DHF requires a surface area of 10Å2. This agrees well with
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Figure 5.5 Idealized structure of the ZnS/water/2,5-dihydrofuran interface.

9Å2 as calculated for the molecule adsorbed edge on to the ZnS surface. From the

surface density of zinc sites (11.4× 10−6 molm−2) of cubic zinc sulfide and the

specific surface area, one can calculate that the surface concentration of 2,5-DHF

in the saturated monolayer is in the range of 2× 10−3 mol g−1. This agrees well

with the measured value of neq(sat). The rather small downfield shift of 1.5 ppm as

observed for the C(sp3) atoms of adsorbed 2,5-DHF by 13C NMR spectroscopy

suggests that the oxygen atom does not directly interact with zinc sites but rather

indirectly through hydrogen bonding to coordinated water.

In summary, we can conclude that the saturated solvent–substrate monolayer

consists almost exclusively of adsorbed 2,5-DHF and only of minor amounts

of water (Figure 5.5). This high selectivity for the organic molecule may be

rationalized by comparing the polarities of zinc sulfide, water, and 2,5-DHF.

One expects that similar polarities of the absorbent and the adsorbent favor

adsorption. In organic chemistry, solvent polarities are preferentially determined

relative to water by measuring the solvatochromic π–π* absorption band of

Reichardt’s dye, the position of which varies from 453 nm in water to 810 nm

in diphenylether. The polarity parameter ET
N is normalized on a scale between

ET
N = 0.00 for tetramethylsilane and ET

N = 1.00 for water. From the spectra of

the dye dissolved in 2,5-DHF or adsorbed on the surface of ZnS, values of 0.37 or

0.57 are obtained. In accordance with the smaller polarity difference between ZnS

and 2,5-dihydrofuran as compared to ZnS and water, the preferred adsorption of

the organic molecule becomes explainable [197].

𝜼p The efficiency of conversion of the primary redox products to the final prod-

ucts can be simplified to the ratio of an average product formation rate constant

k9,10 divided by the sum k8 + ksb + k9,10 (Equation 5.56). Here, the rate constant ksb
describes the secondary BET according to Equations 5.57 and 5.58. Depending
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on the nature of the photocatalyzed reaction, the product formation is often a

multistep

𝜂p =
k9,10

k8 + ksb + k9,10
(5.56)

process and may contain even one or more photochemical reaction steps. It is

likely that the structure and acidity of the semiconductor surface may exert a

strong influence.

A−⋅ + hr
+ → A (5.57)

D+⋅ + er
− → D (5.58)

Comparability of Photocatalytic Activities and Conclusions Drawn Therefrom We can

conclude from the foregoing discussion that the comparison of “photocatalytic

activities” is an inherent problem of the field. As mentioned, the reaction rates,

photonic efficiencies, and apparent quantumyields cannot be compared in a quan-

titative way since the amount of light scattered and reflected differs usually signif-

icantly from experiment to experiment. A practical solution is to use the optimal

rates (vop) measured in one unique photoreactor at a given lamp intensity.

Temperature affects photocatalytic reactions as in homogeneous systems [198].

The slowest chemical reaction step and adsorption equilibria of the substrates and

products are themajor factors [199]. Typical values are 2–4 kcalmol−1 as reported

for the CdS-catalyzed photodimerization of N-vinylcarbazole [200].

The specific surface area of the semiconductor powder influences the reaction

rate through two opposite effects [201]. Since with increasing surface area the

number of surface defects usually increase, the rate of electron–hole recom-

bination increases and therefore the reaction rate should decrease. But since

the concentration of the adsorbed substrates per unit volume increases in the

same direction, the IFET rate should increase and therefore also the reaction

rate. Accordingly, the optimal rate may stay constant, increase, or decrease with

increasing surface area. In the CdS/Pt-catalyzed photoreduction of water by a

mixture of sodium sulfide and sulfite, the highest rates are observed at small

surface areas up to 2m2 g−1. Above that, a linear decrease to almost zero at a

specific surface area of 6m2 g−1 takes place. Upon further increase to 100m2 g−1,

the rate does not change [202].

When comparing optimal reaction rates induced by various substrates or

various photocatalysts, it is not obvious which of the three efficiencies (see

Equation 5.34) of the multistep reaction is responsible for the observed changes.

In most cases, it is even not known whether the electron–hole pairs sometimes

observable by emission spectroscopy are identical to the reactive electron–hole

pairs involved in the IFET reactions. In general, good emitters are poor photo-

catalysts because radiative charge recombination is faster than the IFET process.

This relationship, however, does not prove that the emitting electron–hole pairs

are identical to the reactive ones since the latter may be produced via the former.
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A combination of emission quenching and reaction inhibition studies offers a

simple possibility to answer this question (see Section 5.4.5).

5.1.2.6 Indirect Semiconductor Photocatalysis

When a substrate or substrate–semiconductor CT complex, but not the semicon-

ductor, is the light absorbing species, a substrate radical cation is formed instead of

a valence band hole (Scheme 5.11). Note that the primary and final redox products

are the same as in direct semiconductor photocatalysis. By analogy with the ear-

lier discussions, the product quantum yield can be formulated as Equation 5.59.

There, the

Φp = 𝜂(PET,OET) × 𝜂ifet × 𝜂p (5.59)

rate constants given in Equations 5.26, 5.35, and 5.56 have to be modified accord-

ingly. Charge recombination Equations 5.60 and 5.61, respectively.

D+⋅ + SC(e−) → D + SC (5.60)

D+⋅ + A−⋅ → D + A (5.61)

Bred Cox

3

D

D

D*A

A
hν

e−
r

2

1

3

−

Scheme 5.11 Simplified reaction scheme of indirect semiconductor photocatalysis by

photoexcitation of the donor substrate D.

5.1.3

Influence of Semiconductor Nature and Particle Size on Chemical Selectivity

As in general chemistry, also in photochemistry the control of chemical selectivity

is a problem of basic importance. In semiconductor photocatalysis, this aim may

be reached by

(i) selecting a semiconductor exhibiting band edge positions that match with

the substrates reduction potentials, and

(ii) modifying the particle size.

An example of the first approach is illustrated by the photoxidation of lactic

acid. While platinized TiO2
32) catalyzes the oxidation to acetaldehyde, platinized

32) Such a photocatalyst contains about 1–5% of nanosized platinum metal islands at the surface.

See Section 5.3.4.
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Scheme 5.12 Anaerobic UV-photoxidation of lactic acid catalyzed by platinized TiO2 or

CdS.

CdS induces oxidation of only theOH group affording pyruvic acid (Scheme 5.12).

This is in accordance with the less oxidizing property of hr
+ since the valence band

edge of CdS is located about 0.5V more cathodic as compared to TiO2 (2.7V)

[203].The other possibility to introduce chemoselectivity is to vary the substrate’s

reduction potential but keeping the semiconductor constant. Thus, the introduc-

tion of two methoxy groups in the para positions of benzophenone renders the

reduction potentialmore negative than the conduction band edge of cadmium sul-

fide and thus prevents the reduction to alcohols as observed with other aromatic

ketones [204].

The second approach, namely the investigation of the influence of particle size

on chemoselectivity, is exemplified by a rare example of size-dependent product

selectivity. It is the ZnS-catalyzed anaerobic photooxidation of aqueous ethanol

(Scheme 5.13) [205].

hν

4 μm

3 nm

+

+

ZnS, H2O

+CH3CH(OH) CH(OH)CH3

CH3CHO H2

CH3CH2OH

CH3CHO H2

Scheme 5.13 Influence of particle size on the anaerobic oxidation of ethanol.

We note that acetaldehyde is produced by both photocatalysts, whereas 2,3-

butanediol is formed only in presence of the nanosized semiconductor. Product

formation can be summarized according to Equations 5.62–5.65 omitting the

charge-generation step. Accordingly, 2,3-butanediol formation requires reaction

with one hole (Equations 5.62 and 5.63), whereas two holes are necessary for the

formation of acetaldehyde (Equations 5.62 and 5.64). Because of that difference,

we expect that increasing

CH3CH2OH + hr
+ → CH3

⋅
CHOH +H+ (5.62)

2CH3

⋅
CHOH → H3CCH(OH)—CH(OH)CH3 (5.63)

CH3

⋅
CHOH + hr

+ → CH3CHO +H+ (5.64)

2H2O + 2e−r → H2 + 2OH− (5.65)
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Table 5.1 Relationship between particle size and properties of photogenerated

electron–hole pairs.

Particle diameter

3 nm 4𝛍m

Absorption cross section at

300 nm

5.4× 10−16 cm2 1.25× 10−7 cm2

Photon flux 3.4× 1016 cm−2 s−1 34.1× 1017 cm−2 s−1

e−/h+ pairs generated per

particle and second (N)

18 s−1 5× 1010 s−1

Time interval Δt=N−1 54ms 20 ps

the number of reactive electron–hole pairs generated per particle should favor

the 2h+ acetaldehyde formation. That number can be obtained when the absorp-

tion cross sections33) of the particles and the intensity (photon flux) of exciting light

are known.Their big difference leads to 18 and 5× 1010 electron–hole pairs gener-

ated per particle per second at the 3 nm and 4 μmparticle, respectively (Table 5.1)

[205]. Accordingly, the time interval Δt between the successive absorption of two

photons is 54ms and 20 ps for the nanometer- and micrometer-scale particle,

respectively.Thus, the chance of the semiconductor particle to exchange a second

electron pair with the substrates should be much greater at the larger particle. In

agreement with this reasoning, the intermediate α-hydroxyethyl radical generated
at the micrometer particle by the first reactive hole (Equation 5.62) is immedi-

ately oxidized to acetaldehyde by the second photogenerated hole (Equation 5.64)

and has no chance to dimerize to 2,3-butanediol (Equation 5.63). In sharp con-

trast, considerable amounts of the diol are formed at the nanometer particle. The

reductive process consists of water reduction (Equation 5.65).

5.1.3.1 Control of Chemoselectivity by Surface States and Redox Amplification

Surprisingly, when loading zinc sulfide nanocrystals with about 3mol% of Zn2+,

the 2,3-butanediol formation is completely inhibited. This is rationalized by the

assumption that the zinc ions generate a surface state located at −0.8V. Now,

electron injection from the α-hydroxyethyl radical (Ered =−0.9V), which is the

primary ethanol oxidation product, is thermodynamically feasible only into that

state but not into the conduction band (Scheme 5.14).Thus, the absorption of only

one photon generates two electrons (1hv/2e− process). By analogy with the well-

known current amplification effect of photoelectrochemistry (see Chapter 4), we

propose to use in photocatalysis the name redox amplification effect.Accordingly,

donor substrates with current amplification properties can control the product

selectivity (see also Sections 5.2.2 and 5.4.3).

33) The relation between absorption cross section 𝜎 and absorption coefficient is given by 𝜎 = 𝛼/N .

ThereinN is the atomic density in atoms per cubic centimeter. In general 𝜎 increases with increas-

ing particle size.
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Scheme 5.14 Zinc sulfide-photocatalyzed anaerobic oxidation of ethanol in the absence

(processes 1, 2) and presence of hydrated zinc ions (processes 1–3).

5.2

Characterization of Photocatalysts

5.2.1

General Methods

In addition to standard characterizationmethods of heterogeneous catalysts, such

as bulk and surface elemental analysis, X-ray powder diffraction (XRD), specific

surface area measurements, diffuse reflectance spectroscopy (DRS), emission

spectroscopy, and EPR [176, 206], photoelectrochemical experiments are also

of basic importance. Only the latter may prove the presence of semiconductor

properties in order to exclude a general heterogeneous photocatalysis mecha-

nism that does not involve simultaneous reductive and oxidative IFET reactions

[207]. Lifetimes of photogenerated charges may be obtained by time-resolved

DRS, photoluminescence [208–210], and surface photovoltage measurements

(Dember voltage).34) In the latter, the semiconductor is usually embedded in a

polymer film of a few micrometer thickness. The obtained photovoltage decay

curve in general consists of a slow and a fast component representing bulk and

surface recombination, respectively. Typical lifetimes of surface charges relevant

for photocatalysis are in the range of microseconds to nanoseconds. The sign

of the photovoltage may indicate the presence of an n- or a p-type material

[211, 212].

Bandgap values are easily obtained by DRS measurements (see Section 4.1.1).

34) As discussed in Sections 5.1.2 and 4.3.2 the photocatalytic acitvity of a given semiconductor

depends strongly ondetails of preparation, crystal size, surface defects, andnature of the adsorbed

substrates. Any physical characterization should be therefore conducted under conditions iden-

tical or at least similar with the actual photoreaction.
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5.2.2

Flatband and Quasi-Fermi Potentials

In general, both spectroscopic and theoretical methods are available for obtain-

ing the flatband potentials of semiconductors present as crystals or thin films.

A simple estimation is based on the electronegativity of the constituent atoms

(Equation 5.66) [213]. Therein, Ee,NHE is the energy of a free electron relative to

NHE (4.5 eV)35) and X is

Efb = Ee,NHE − X + 0.5Eg (5.66)

the geometricmean of the atom electronegativities. For well-knownmaterials, the

method affords agreeable results, but it often fails for novel andmodified semicon-

ductors. For the latter, the following experimental methods are recommended.36)

5.2.2.1 Measurements in Absence of Light

Capacitance as Function of Applied Potential (Mott–Schottky Method) In this

method, the space charge layer of a semiconductor crystal is treated as a parallel-

plate capacitor connected in series with the (generally much larger) Helmholtz

layer capacitance at the solution side of the interface. This means that the width

(W ) of this layer corresponds to the distance between the plates. We recall that

the capacitance (C) of a capacitor is proportional to 1/W . Because the thickness

is proportional to (a×Usc/ND)
1/2 (Equation 4.20) and Usc can be modified by

the application of the external potential UE,
37) one arrives at Equation 5.67.38)

Accordingly, a plot of 1/C2 versus the applied potential gives

1

C2
=
(

a

ND

)
× (UE −Ufb) (5.67)

a straight line which affords the flatband potential after extrapolation to 1/C2 = 0

(Figure 5.6). The capacitance is measured generally by impedance methods. It is

to be noted that the Mott–Schottky relationship accounts for the presence of a

space charge region and is no more applicable in the presence of surface states.

This is, in general, met for crystals of a diameter of at least 100 nm and for thin

films. In general, it fails for smaller particles because of the absence of an effective

space charge layer.

WhenMott–Schottky measurements are conducted with electrolytes of differ-

ent pH values, a cathodic shift of 59mV (k) per pH unit is observed for titania

and most other oxidic semiconductors (Equation 5.68). Similar dependencies are

observed also for

Ufb(pH) = Ufb(pH 0) − k × pH (5.68)

35) Corresponding to −4.5V relative to NHE on the potential scale.

36) For a recent summary, see Ref. [214].

37) Note that Usc =UE −U fb.

38) The factor a contains dielectric constants and the term kT/e [56].
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Figure 5.6 Mott–Schottky plot for n-ZnO. (Adapted from Ref. [215].)

other semiconductors such as cadmium sulfide. Unless mentioned otherwise, all

flatband potentials cited in this book refer to pH 7.The characteristic dependence

originates from the acid–base property [216] of the materials as discussed in the

following.

In the presence appropriate solvents such as water, acid–base equilibria are

established resulting in a charging of the surface (Scheme 5.15). Recall that the

position of the band edges at the surface depends on the surface charge, which

is determined by the potential drop (UH) across the Helmholtz double layer.

Thus, the energy of the conduction band edge at the surface is shifted from

its value in the absence of a potential drop (Ecs
o) according to Equation 5.69.

When no strongly adsorbing ions are present, the surface charge is determined

by the interfacial acid–base equilibrium. Assuming a pH value below the pzzp

T i 

O 

OH2 

T i OH  

T i 

O 

O H 

T i O H 

T i 

O 

O − 

T i O H 

H3O+ OH− 

 

(a) (b) (c)

−H2O −H2O 

Scheme 5.15 General acid–base properties of an oxidic semiconductor surface in contact

with water exemplified for titania. At pH values below the point of zero zeta potential (pzzp,

b),39) that is, the pH value where the surface has no charge, the surface becomes positively

charged (a). pH Values above the pzzp induce a negative charging (c).

39) Alternatively named also the isoelectric point.The 𝜁 potential corresponds to the sum of UH and

UG (see Figure 4.16).
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(point of zero zeta potential), the equilibrium between A and B can be described

according to Equation 5.70. Considering that the concentration of H3O
+ is much

larger than that of [Ti]–OH2
+, one arrives at Equation 5.71.40) Assuming that the

free Gibbs energy of this process varies linearly with the energy drop eUH, we

obtain (Equation 5.72)

Ecs = Ecs
o − eUH (5.69)

[Ti] –OH +H3O
+ −→←− [Ti] –OH2

+ +H2O (5.70)

ln c(H3O
+) = ΔG

kT
(5.71)

eUH = const. + 2.3kT × pH (5.72)

Ecs = Ecs
o + 0.059(pH − pHpzzp) (5.73)

The value of the constant is given by 2.3kT(pHpzzp) when assuming the case

where the potential drop is zero; that is, the pH value in Equation 5.72 becomes

then equal to pHpzzp. Upon inserting the value of eUH from Equation 5.69 into

Equation 5.72, one obtains the dependence of the conduction band energy at the

surface on the pH value (Equation 5.73, T = 298K), which is in full agreement

with the experimental results. Accordingly, when increasing the pH value, the

band edges at the surface are shifted to higher electron energies, that is, to more

cathodic potentials, by 59mV/pH unit.

The pzzp is easily obtained by measuring the pH change of an alkaline semi-

conductor suspension upon titrating with diluted acid. A plot of the relative pH

change versus pH affords a maximum, corresponding to pHpzzp.

Optical Absorption as Function of Applied Potential In this spectroelectrochemical

method, the change of optical absorption of a transparent semiconductor thin

film is recorded as a function of the applied potential. The film is deposited on

a transparent ITO (indium tin oxide) electrode as part of a conventional three-

electrode setup. No absorption change is observed as long as the potential UE

applied to the SC/ITO working electrode is more anodic than the flatband poten-

tial (Figure 5.7a). Upon changing theUE tomore cathodic values, a new absorption

is observable. In the case of titania, its maximum is observed at 780 nm, which

originates from the absorption of free electrons in the conduction band. To avoid

their reaction with oxygen, the solution is purged with nitrogen. The potential

at which the new absorption is observed corresponds to the flatband potential

(Figure 5.7b). It is obtainable from a plot of the differential absorption at 780 nm

versus UE. When instead of a transparent film a compact powder electrode is

employed, the diffuse reflectance has to be monitored [217].

40) Recall that ΔG=−kT ln K .
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Figure 5.7 (a, b) The role of applied potential on the generation of conduction band

electrons.

Measurements Under Irradiation The methods discussed in the following section

are especially suited for semiconductor powders or films. Different from spec-

troscopic and electrochemical procedures, in the absence of light they detect the

photogenerated charges, which may be involved in the IFET step of photocatal-

ysis. Since the produced electrons react with oxygen, all experiments have to be

conducted in an inert atmosphere such as argon or nitrogen.

The quasi-Fermi level of electrons (nEF*) may be obtained from the photocur-

rent onset [52, 54, 214], from the light intensity saturation of the photovoltage

[116, 218], and from the pH dependence of the photovoltage. Whereas the first

two methods require an electrode with the semiconductor as a thin layer on con-

ducting glass, the latter can be induced also with a powder suspension.

Dependence of Photocurrent on Applied Potential As mentioned in Section

4.2.2, the onset of the photocurrent observed upon changing the applied

potential coincides with the flatband potential because in an ideal crystal the

band-bending (USC) is controlled by the external potential. Unexpectedly, a

similar current–voltage relationship is also observed for crystallites of 3–30 nm

diameter, which is too small to form an effective space charge layer.

Dependence of Open-Circuit Photovoltage on Light Intensity In this method, the

open-circuit photovoltage V oc of a two-electrode cell without a redox system

present in the electrolyte is measured with a high-resistance voltmeter. The

working electrode consist of an SC/ITO contact, with the semiconductor as a

large crystal exhibiting band-bending or as a nanocrystal layer as depicted in

Figure 4.25. As reference electrode, Ag/AgCl is recommended. Upon increasing

the light intensity, V oc (i.e., the potential difference between the charge carriers’

quasi-Fermi levels) first increases and then becomes saturated. At that point, the

open-circuit voltage is equal to the flatband potential, as schematically shown

in Figure 5.8 for an n-SC/ITO electrode. Because of the presence of the space

charge layer, holes drift very fast to the surface where they accumulate, since

there is no hole acceptor in the electrolyte. At the same time, electrons tend to
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Figure 5.8 Effect of increasing light intensity (a–c) on the open-circuit voltage Voc of an

n-type semiconductor. Note that there is no redox system present in the electrolyte.

drift away from the surface since they would have to pass an activation barrier

(Figure 5.8a). As result, the electrons neutralize partly the positive depletion layer,

and bend-bending is decreased (Figure 5.8b). Upon further intensity increase,

the system arrives at the flatband case and also the electrons can now migrate

without activation to the surface [54, 56].

Dependence of Photocurrent and Photovoltage on pH Value Different from the two

previousmethods, which require a semiconductor electrode, whichmeans a semi-

conductor layer on a conducting support, the pHdependence of photocurrent and

photovoltage can be measured with a particle suspension without the necessity of

an electrical electron contact. This procedure is therefore called also the suspen-

sion method. Since almost all synthetically useful reactions are performed with

particle suspensions, this method delivers basic mechanistic information. Two

requirements have to be fulfilled for its application:

• First, the flatband potential has to depend on the pH of the electrolyte.

• Second, the quasi-Fermi level should be located not too far from the

pH-independent reduction potential of a water-soluble redox couple.

Thefirst requirement is usuallymet for oxidic and some sulfidic semiconductors

exhibiting a pH dependence according to Equation 5.68, wherein the constant k is

usually in the range of 0.059V.More stringent is the second requirement, because

only a few appropriate reversible redox systems are known. The most important

are bipyridinium systems such as methylviologen (MV2+, see Figure 2.14), whose

reduction potential is located at−0.44V.41) The principle of the measurement is to

record the change of current or voltage upon changing the suspension’s pH value.

Historically, the current behavior was studied first. For that purpose, a standard

three-electrode setup was used, using a platinum flag as the working electrode

(see Figure 4.21). Its potential has to be set more anodic than −0.44V. Irradiation
of an anatase suspension enhances strongly the anodic photocurrent between the

41) Unless mentioned otherwise, all reduction potentials are given relative to NHE.
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Figure 5.9 Change of (a) photocurrent with time and (b) rise of photocurrent within time

(Δi/Δt) on the pH value of a N2-purged anatase suspension in the presence of (MV)Cl2 and

sodium acetate in potassium nitrate solution. Dotted and full lines correspond to dark and

irradiation experiments, respectively. The platinum working electrode was set to a potential

of 0.04 V (relative to NHE). (Adapted from Ref. [219].)

counter andworking electrode.At the same time, the blue color of the reduced vio-

logen appears. Current and blue color slowly disappear when the light is turned off

(Figure 5.9a). Upon changing the pH value from acidic to alkaline, the slope of the

current rise (Δi/Δt) stays first constant and then strongly increases at a pH value

of 6.7 (Figure 5.9b). At that point, named pHo, the quasi-Fermi level (or flatband

potential within the approximations made above) corresponds to the reduction

potential of the viologen as rationalized by Scheme 5.16.42) In the presented case,

it follows that the flatband at pH 6.7 is equal to−0.44V.The value at any other pH

value can be calculated according to Equation 5.74 if the factor k is known. It is

usually measured by the Mott–Schottky method.

hr
+
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+

MV2+/+.

(a) (b) (c)
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er
−
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Scheme 5.16 Influence of pH value on the driving force of methylviologen reduction

at a photoexcited n-semiconductor surface. For the sake of simplicity, the hole reaction

with a dissolved reducing agent such as acetate is omitted. (a) pH<pHo. (b) pH=pHo. (c)

pH>pHo.

42) Surprisingly, the rutile modification of titania did not give a significant photocurrent under iden-

tical experimental conditions although its flatband potential is located only about 0.20V anodic

of the anatase value.
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nEF
∗(pH) = nEF

∗(pH 0) − k pHo (5.74)

According to thermodynamics, the IFET reduction of MV2+ is feasible only when

the quasi-Fermi level of electrons becomes equal to (Scheme 5.16b) ormore nega-

tive than (Scheme 5.16c) the methylviologen potential. This is also visually recog-

nized by the appearance of the blue color of the viologen radical cationMV+⋅ upon

increasing the pH value. Depending on the reduction potential of hr
+, it may oxi-

dize water or another donor (e.g., acetate in the experiment described in Figure 5.9

or MV+⋅) or the semiconductor itself (photocorrosion) [219–221]. In summary,

the rise and fall of the photocurrent can be rationalized according to the simplified

Scheme 5.17. At the appropriate pH value, the reactive electrons can reduce the

viologen to the radical cation. Its reducing potential is negative enough (−0.44V)
to inject an electron into the platinumworking electrode polarized atmore anodic

potentials. Simultaneously, the reactive hole accepts an electron from a reduc-

ing agent. Depending on the irradiation equipment, the nEF* values may slightly

depend on the light intensity. Upon a 10-fold increase of the latter, a cathodic shift

of 27mV was observed for CdS [219].

MV2+

MV+.

Red

Ox

hν
Pt

er hr
+−

Scheme 5.17 Mechanistic principle of the suspension method for flatband measurements

of an n-type semiconductor for the case when pH=pHo or pH>pHo.

Although the photocurrent method appears simple, the photovoltage method

has turned out to bemore practical, especially for beginners in photoelectrochem-

istry. In the photoelectrochemical cell, the counterelectrode can now be omit-

ted since only the voltage of the working electrode (WE, a rather large platinum

flag) relative to the reference electrode is recorded.The simple experimental setup

is shown in Figure 5.10. As in the photocurrent method, purging with nitrogen

is required to avoid reduction of oxygen by the reactive electron. The driving

force of this reaction is higher than that of MV2+ since the standard potential

Eo(O2(aq)/O2
−) of −0.16V is less cathodic.43)

When the photovoltage between the WE and a reference electrode (RE) such

as Ag/AgCl is measured as function of the suspension pH value, one obtains a

type of titration curve [220]. Its shape depends on the potential of the reference

electrode, the [MV2+]/[MV+⋅] ratio, the pH value, k, and nEF
*. At the pH value of

the inflection point (pHo), the quasi-Fermi level becomes equal to −0.44V, which

43) That value applies for a saturated solution of oxygen (1 atm) in water at 25 ∘C. See Ref. [222].
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Figure 5.10 Schematic drawing of the apparatus for measuring the photovoltage of a

semiconductor suspension as function of pH. Experimental conditions are as in Figure 5.9.
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Figure 5.11 Dependence of photovoltage on the suspension pH value of (a) TiO2 and (b)

TiO2 –C under polychromatic irradiation (𝜆≥ 320 nm) in dinitrogen atmosphere. (Reprinted

with permission from Ref. [74].)

is the potential of the methylviologen redox couple. As an example, the curves

of TiO2 and a modified material TiO2–C are depicted in Figure 5.11. The quasi-

Fermi level of −0.52V obtained for the former is anodically shifted to −0.48V in

the latter material [74].

As mentioned before, the factor k has to be known in order to refer quasi-

Fermi levels to the same pH values (i.e., throughout this text to pH 7). For suspen-

sions, k of Equation 5.68 can be obtained from the slope of the linear part of the

voltage versus pH plot above the inflection point [220] or from the slope of the

onset of photocurrent versus pH value [219]. Considerable voltage fluctuations

and very low photocurrents sometimes make reproducible experiments difficult.

Alternatively, the k value may be obtained by measuring pHo with a series of pH-

independent redox couples [223]. Figure 5.12 depicts the linear dependence of the
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Figure 5.12 Dependence of the pHo value of (a) titania and (b) a

chloridoplatinate(IV)-modified titania on the reduction potential of var-

ious bipyridinium electron acceptors. HiBV2+ =N,N′-bis(2-methyl-3-

hydroxypropyl)-4,4′-dipyridinium, HEV2+ =N,N′-bis(2-hydroxyethyl)-1,1′-dipyridinium,

BQ2+ =N,N′-1,4-butanediyl-2,2′-byridinium, DP2+ =N,N′-1,2-ethanediylphenanthrolinium.

(Reprinted with permission from Ref. [224].)

pHo values on the electron-acceptor reduction potentials. From the slopes, values

of 0.050 and 0.060V are obtained for titania and a chloridoplatinate(IV)-modified

material (see Section 5.3.3).

When the suspension photovoltage measurements are performed with light of

properly selected wavelengths, detailed information on the electronic structure

of the semiconductor powder and on primary processes at the solid–solution

interface can be gained [225]. It was first applied on a poly(aminotri-s-triazine)-

modified anatase material named TiO2–N,C (see Section 5.3.5). The slightly

yellow powder, in addition to the titania-based UV absorption, has also a weak

shoulder in the visible region originating from a CT transition from the surface-

bound poly(aminotri-s-triazine) modifier to the conduction band. TiO2–N,C

photocatalyzes visible-light-driven aerobic oxidation of chlorophenols and formic

acid. To find out whether the novel electronic states responsible for visible light

activity are located close to the conduction or the valence band (Scheme 5.18),

photovoltage measurements were performed under polychromatic UV–vis, UV,

and vis excitation. Irradiation at 𝜆> 300 nm (UV–vis) generates e−r at a potential

of −0.48V, as obtained from the pHo value of 6.6. The simultaneously formed

hr,v
+ should be located in the titania-based valence band since it is able to oxidize

water to the OH radical (Figure 5.13 curve a, Scheme 5.18). The same result is

obtained when only UV light (𝜆≤ 400 nm) is employed, excluding the possibility

that the visible part of exciting light is also relevant. No methylviologen reduction

is observable within the full pH range when TiO2–N,C is excited with visible

light (𝜆> 420 nm) (Figure 5.13 curve e). However, in the presence of 2-propanol,

formation of the blue methylviologen radical cation is observed, and the resulting

pHo and nEF
* values are 6.5 and −0.48V (Figure 5.13 curve b), respectively, which
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Scheme 5.18 (a, b) Wavelength-dependent IFET reactions of TiO2 –N,C at pHo. Full and

dashed arrows indicate the observed and unobserved processes, respectively. Wavy lines

symbolize thermal relaxation and surface trapping. The indices s and v signal localization

of charge at the sensitizer and valence band, respectively. Since hr,s
+ is centered at the

poly(aminotri-s-triazine) component, which may have semiconductor properties as known

for pristine polytriazines [226], the corresponding energy levels are depicted “band-like.”

(Reprinted with permission from Ref. [225].)

are in excellent agreement with UV–vis excitation in the absence of the alcohol

(Figure 5.13 curve a).This suggests that visible excitation generates a reactive hole

in an “N,C” localized surface state (hr,s
+) incapable of oxidizing water but able to

oxidize 2-propanol according to Equations 5.75 and 5.76 (Scheme 5.18a). Notice

that, without the addition of MV2+ to the TiO2–N,C suspension in 2-propanol,

no blue color and no photovoltage change are observed.

Me2CHOH + hr,s
+ → Me2

⋅
COH +H+ (5.75)

Me2

⋅
COH +MV2+ → Me2COH +MV+⋅ +H+ (5.76)

The above results exclude the location of “N,C” electronic states close to the con-

duction band edge (Scheme 5.18b). In such a case, the hole should be generated

in the titania valence band, and water oxidation should be feasible upon visible

excitation. The surprising observation that methylviologen is reduced upon UV

and UV–vis but not upon visible excitation suggests a very weak electronic

coupling between titania-based and “N,C”-localized energy levels since otherwise

hole relaxation from the titania to the “N,C” level should be fast enough to

prevent water oxidation.

When the UV–vis photovoltage measurement is performed in the presence of

2-propanol (10%,v/v), the inflection point is shifted to 4.7, which is about 2.0 units

lower than in the absence of the alcohol (Figure 5.13, curves c,d). This surpris-

ing finding is rationalized by the assumption that the 2-hydroxy-2-propyl radical

(E=−1.39V) [227, 228] formed in the IFET reaction reduces MV2+ in solution

(Equations 5.75 and 5.76) and therefore induces the potential jump already at a

quasi-Fermi potential more positive than −0.44V [225]. An analogous homoge-

neous reduction of MV2+ is observed with the carbon dioxide radical anion gen-

erated by hole oxidation of sodium formate uponUV excitation of colloidal titania
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Figure 5.13 Variation of photovoltage with pH for an aqueous suspension of modified

and unmodified titania suspensions in the presence of (MV)Cl2. (a) TiO2 –N,C, UV–vis,

no 2-propanol. (b) TiO2 –N,C, vis, 2-propanol. (c) TiO2, UV–vis, 2-propanol. (d) TiO2 –N,C,

UV–vis, 2-propanol. (e) TiO2 –N,C, vis, no 2-propanol. vis: 𝜆≥ 420 nm and UV–vis: 𝜆≥ 300 nm.

(Reprinted with permission from Ref. [225].)

[229]. Surprisingly, the true inflection point is not shifted upon visible excitation in

the presence of the alcohol. Because of the less oxidative power and lower concen-

tration of hr,s
+ as compared to hr,v

+, the stationary concentration of the hydroxyl-

2-propyl radical at pH≤ pHo may be too low to enable a reduction of MV2+.

This shift of the inflection point due to a secondary electron transfer from a

primary oxidation intermediate can be rationalized by assuming the presence of a

redox amplification effect (see Section 5.1.3). In photoelectrochemistry, the anal-

ogous photocurrent amplification effect is observed when alcohols, formic acid,

or amines [230–233] are oxidized at a semiconductor electrode. Accordingly,

TiO2–N,C exhibited a similar shift of pHo when formic acid (pHo = 4.4) instead

of 2-propanol (pHo = 4.7) was employed. But no significant shift was observable

when 4-chlorophenol (4-CP) or bromide was used since these do not exhibit

current amplification. The corresponding values are nEF
* =−0.49 and −0.46V

for UV–vis/4-CP/MV2+ and UV–vis/Br−/MV2+, respectively, as compared to

nEF
* =−0.48V measured under UV–vis irradiation in pure water. These results

indicate that, in the presence of donors having current amplification properties,

the true quasi-Fermi potential may not be obtained. A change of donor and irradi-

ation wavelength should reveal whether a real or pseudo pHo value wasmeasured.

The appearance of a pseudo pHo might, in principle, also originate from a

cathodic shift of the flatband potential induced by 2-propanol adsorption [234].

However, this can be excluded since the pseudo pHo value does not depend on

the 2-propanol concentration and since the same nEF* value is measured upon

UV–vis excitation in the absence of 2-propanol or upon visible excitation in the

presence of the alcohol.
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Figure 5.14 Relation between the bandgap and flatband potential for various oxides mea-

sured at pH 13. (Adapted from Ref. [236].)

We emphasize that this redox amplification effect represents a possibility to

generate two reactive electrons by the absorption of only one photon. This is

especially relevant for multielectron IFET processes such as nitrogen fixation

(see Section 5.4.3). The suspension method works also with semiconductor thin

films and may be used to test whether the semiconductor powder may contain a

semiconducting impurity. In special cases, two inflection points are observable

[235].

As mentioned in Chapter 4, the valence band and conduction band of simple

oxide semiconductors have oxygen and metal character, respectively. We there-

fore expect that, within a series of metal oxides, the energy of the valence band

edge stays approximately constant. If this is the case, the flatband potential should

be shifted cathodically with increasing bandgap.This is indeed the case, as demon-

strated by Figure 5.14.

It is noted that the position of the Fermi level depends not only on the pres-

ence of impurities andmodifiers but also on the nature of adsorbed substrates and

solvents. Thus, cathodic shifts of up to 1.0V may occur upon cleaning the CdS

surface of a single-crystal electrode from elemental sulfur and cadmium [237].

When titania is suspended in acetonitrile instead of water, the Fermi level shifts

by 0.4V cathodically [238]. Calculations suggest that the dipole moment of the

adsorbent is the determining property. An increase of 1D (debye) shifts the Fermi

level cathodically by 0.1 eV [239].

In summary, the following methods are recommended for the characterization

of a novel semiconductor photocatalyst:

1) Elemental analysis

2) Diffuse reflectance spectra of a diluted sample (→ bandgap)

3) Photocurrent and photovoltage measurements (→ quasi-Fermi levels)

4) Nitrogen adsorption (→ specific surface area)
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5) Transmission Electron Micrography (→ particle size)

6) Differential titration (→ point of zero zeta potential)

7) Time-resolved emission and photovoltage (→ charge carrier lifetimes).

5.3

Preparation and Properties of Photocatalysts

With a few exceptions, semiconductor powders are easily prepared by standard

methods of inorganic chemistry, such as precipitation from aqueous solutions and

subsequent thermal treatment in the presence of air (calcination) at temperatures

of 100–600 ∘C. We note that the calcination conditions and the treatments per-

formed subsequently, such as washing off the impurities, often influence strongly

the photocatalytic activity.44) Especially useful is the hydrothermal method, which

allows controlled crystallization.45) In the case of doping and surface modification

of metal oxides, co-precipitation, impregnation, ion implantation, and ligand

exchange reactions are also employed. Experimental details are available in the

literature.

In a photocatalytic reaction, the semiconducting powders are generally sus-

pended in water or alcohols: only in a few cases in aprotic solvents such as ethers

and acetonitrile. Unless noted otherwise, they form micrometer-sized aggregates

consisting of nanometer-sized crystallites but are not small enough to exhibit a

quantum size effect. Depending on crystal size and porosity of these solids, they

have a wide range of specific surface areas, quite often between 40 and 300m2 g−1.

Since, in general, no simple relation exists between crystal structures and pho-

tocatalytic activity, we do not discuss the structural aspects. Unless noted oth-

erwise, all semiconductors mentioned in this chapter are of the n-type. In the

following, we shall discuss a few preparations ofmodified semiconductor powders

and their physical and chemical properties with special attention to visible-light

photocatalysis.

Figure 5.15 displays the band edge positions and bandgaps of some inorganic

semiconductors relevant to photocatalysis. We recall that, for most of these

compounds, the flatband positions, and therefore the band edges, depend on the

nature of the liquid they are suspended in. For aqueous solvents, in general, a

cathodic shift is observable upon increasing the pH value. It amounts to about

59mV per pH unit for titania and other oxides as well as for cadmium and

zinc sulfide. That value may depend considerably on the preparation method,

which has a pronounced effect on the adsorption and acid–base properties of

the surface. If not noted otherwise, all band edge and flatband positions apply

for pH 7. Since the photocatalytic splitting of water (Section 5.4.1) is of general

relevance, the potentials for its reduction to hydrogen and oxidation to oxygen

44) Because of that, commercial and self-prepared samples may differ considerably in their photo-

catalytic activities.

45) Hydrothermal reaction conditions imply heating an aqueous reaction system in an autoclave to

temperatures between 100 and 1000 ∘C.
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Figure 5.15 Band edge positions of some semiconductor powders in contact with neutral

water, light absorption onsets, and bandgap energies. Valence and conduction band edges

of silicon are located +0.6 and −0.5 V, respectively. The dashed lines indicate water-splitting

potentials.

are often used as a type of reference. In neutral water, they are −0.41 and +0.82V,
respectively. Accordingly, oxygen formation is thermodynamically feasible for all

materials shown in Figure 5.15 but hydrogen generation only for titania, tantalum

nitride, cadmium sulfide, and zinc sulfide.46)

Since the final aim of photocatalysis is to use sunlight as the irradiation source,

the basic requirement is that the absorption spectrum of the semiconductor

overlaps maximally with the spectral composition of solar light arriving at

the earth’s surface (Figure 5.16).47) It consists of ≈3% UV (𝜆≤ 400 nm), ≈47%
visible (400–700 nm), and ≈50% infrared. The intensity depends strongly on the

geographic location. We recall that only light in the range of 300–700 nm48) is

photochemically active and that electron–hole pairs generated by light of energy

above that of the bandgap (h𝜈exc ≥ h𝜈g) relax to electronic states located near the

band edges before undergoing IFET. The difference between the two energies

is usually dissipated as heat. Accordingly, there exists an optimum bandgap for

the efficiency of converting sunlight to electron–hole pairs. It is in the range

of 1.78 eV (700 nm), resulting in a maximum efficiency of 27%. Such a material

of sufficient photostability is not known yet. For semiconductors such as CdS

and TiO2 absorbing at 𝜆≤ 520 nm (Eg = 2.4 eV) and 𝜆≤ 415 nm (Eg = 3.2 eV),

the efficiency decreases to about 10% and 1%, respectively. Thus, research is

concentrating on the preparation of optimal, new photocatalysts and on the

modification of known materials. The latter applies for titania, which has the

46) We recall that thermodynamic feasibility does not mean that the reaction rate is fast enough

for observing appreciable product formation. Especially multielectron reactions have rather high

activation energies.

47) The spectrum of light after traveling through the atmosphere to sea level with the sun directly

overhead is referred to, by definition, as airmass 1 (AM1).

48) Integration of this wavelength region affords for noon an available intensity of about

4 einsteinm−2 h−1.
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Figure 5.16 Simplified sketch of molar direct solar irradiance for Cologne, Germany, on

October 10, 1995 (12:00 a.m.). Minima above 700 nm originate from light absorption by

atmospheric gases. The dashed line refers to the photochemical threshold wavelength.

(Adapted from Ref. [240].)

advantage of being stable against photocorrosion. The following methods are, in

principle, available:

• Doping by metal ions (bulk modification)

• Bulk modification (homogeneous solid solutions)

• Surface modification (grafting)

• Photosensitization.

Doping by metal ions induces the formation of surface states located within the

bandgap.They often act as charge recombination centers and only rarely improve

the photocatalytic activity. Bulk modification, such as the preparation of solid

solutions of two semiconductors, requires identical crystal phases and allows the

controlled adjustment of band edge positions. In these two cases, light absorption

occurs by the semiconductor.This differs usually from surfacemodification. In this

method, the chemical structure of the semiconductor surface is utilized for chem-

ical reactions such as condensation and complexation with appropriate organic

or inorganic molecules.49) As a result, a type of supramolecular hybrid material is

formed. Recalling that the surface of titania contains about 3–6 OH groups per

nm2 and under-coordinated titanium atoms, it may act both as a mono- and a

bidentate ligand (Figure 5.17a–c) and as a coordination center (Figure 5.17, cases

d–f). Typically, “ligands” for the latter case are iron–cyanido complexes coor-

dinated via the cyano ligand (Figure 5.17, case d), 1,2-diols, salicylic acid, and

dicarboxylic acids (Figure 5.17, cases e and d). In the case of iron(II) complexes

such as [Fe(CN)6]
4− and [Fe(CN)5 L]

3− (e.g., L=NH3, H2O, dimethyl sulfoxide),

chemical bonding is generated throughTi–NC–Fe bridges.The resulting surface-

modified hybrid materials are characterized by a broad absorption band in the

visible region corresponding to CT from the cyanidoferrate ligand to the titania

49) For an exhaustive review of structure and properties of metal oxide surfaces, see Ref. [241].
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Figure 5.17 Titania surface as a ligand (a, b, c) or central metal (d, e, f ).

conduction band. Since the latter has predominantly titania character, the transi-

tion is of themetal-to-metal CT type and light absorption generates an electron in

the conduction band and an Fe(III) complex ligand. This corresponds to an OET

process (see Scheme 5.4). Similar observations are made when an aromatic 1,2-

diol such as catechol is added to titania. The red color produced originates from

a surface complex (Figure 5.17, case e) having a broad visible absorption band of

ligand-to-metal character.

Visible-light activity may be introduced also by adding a photosensitizer such

as an organic dye to the reacting system. In that case, light is absorbed only by the

sensitizer.

Photosensitization of a semiconductor is based generally on electron transfer;

examples of energy transfer are unknown. The thermodynamic requirements are

summarized in Figure 5.18 (see Section 2.6). For reductive sensitization (electron

injection), the excited state potential of the sensitizer has to be equal to or more

negative than the conduction band edge. For the rare case of oxidative sensitiza-

tion (hole injection), the excited state potential should match the valence band

edge. Light absorption in these two latter cases may be located at one or both

hν
hν

S+/*S

S+/S

Sensitizer
(a) (b)

Acceptor

V

+1

0

−1
ET

Sensitizer

*S/S−

S/S−
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ET

Figure 5.18 (a) Reductive and (b) oxidative photosensitization of a semiconductor.
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components corresponding to PET and OET (see Schemes 5.3 and 5.4). We note

that, quite often, a decision between these two possibilities is difficult.

While sensitization by organic dyes is an efficientmethod in photoelectrochem-

ical devices operating in the absence of oxygen, it is not suited for photocatalytic

aerobic oxidation reactions since the photogenerated reactive oxygen compounds

in general attack not only the substrate but also the dye. Exceptions are a few C-

and N,C-modified titania powders having photostable titania–sensitizer surface

complexes (see Section 5.3.5).

5.3.1

Pristine Compounds and Solid Solutions

Inorganic photocatalysts may be classified with respect to the d-electron config-

uration of the metal [242]. Most important cases are d0 systems such as TiO2,

Ta2O5, and WO3 and d10 compounds such as CdS and ZnS.50) In these binary

compounds, the energies of the valence and the conduction band are determined

by the anion and metal cation, respectively. This is nicely reflected by a series of

metal oxides exhibiting a linear cathodic flatband shift with increasing bandgap

energy (see Figure 5.14). Direct bandgaps exhibit the rutile phase of titania,

zinc, and cadmium sulfide. Titania in the anatase phase, tungsten oxide, bismuth

vanadate, and Ta3N5 have indirect bandgap transitions. In some cases, the dif-

ferentiation between direct and indirect transitions is not straightforward from

diffuse reflectance data (see Chapter 4), and quantum chemical calculations are

necessary.

5.3.1.1 TiO2

White titania is usually prepared by the hydrolysis of halides or alcoholates. Typ-

ical examples are titanium tetrachloride and titanium tetraisopropoxide. After

filtration and washing, calcination is carried out. Titania is the most important

semiconductor photocatalyst. It forms the photoactive part of functional surface

coatings, applied already commercially for the cleaning of air. Typical examples

are water-based paints for interior and exterior house walls for the removal of

volatile organic compounds (VOCs) and nitrogen oxides. Other applications such

as disinfection of water are still under technical development.The reasons for this

dominating role of titania are its appropriate band edge positions (see Figure 5.15),

nontoxicity, and easy availability.We note that absorption ofUV light (𝜆≥ 390 nm,

indirect transition) at the border to the visible region generates electron–hole

pairs exhibiting moderate reducing (maximum of−0.5V) and very high oxidizing

power (maximumof+2.7V).51) Therefore, the excited state of titania renderswater

reduction to hydrogen andwater oxidation to oxygen thermodynamically feasible.

50) The superscript gives the numbers of d-electrons present in the highest valence shell of the

metal ion.

51) Note that the strongest elemental oxidizing agent fluorine has a standard reduction potential of

+2.8V.
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Figure 5.19 Model proposed for improved charge separation in titania P25 through ICET

form rutile to anatase.

Since many excellent review articles on titania are available in the literature,52) we

mention in the following only a few basic aspects.

Thewhite compound titania exists in three crystalmodifications: anatase, rutile,

and brookite. In the field of photocatalysis, in general, anatase ismeantwhen using

the word titania.We also follow that custom throughout this text. Next important

is the rutile modification, exhibiting a slightly smaller bandgap of 3.0 eV (417 nm,

direct transition) and a conduction band edge of −0.3V. In most cases, but not in

all, anatase shows the higher photocatalytic activity. The commercially available

titanium dioxide powder P25 consists of about 80% anatase and 20% rutile and

often is more active than the individual components. EPR experiments suggest

that this is due to a more efficient charge separation [206, 243]. Accordingly, elec-

trons generated in rutile’s conduction band undergo a thermally driven ICET via

surface states to anatase’s conduction band, thus partially preventing recombina-

tion (Figure 5.19). These conclusions are based on the fact that the electron EPR

signal depends on the symmetry of its surrounding, which is different in the two

crystal modifications.

Only a few papers deal with photocatalysis by the brookite modification

[244, 245]. Noteworthy is the observation that the electron mobilities are

about 0.4 cm2 V−1 s−1 for anatase but only 0.1 cm2 V−1 s−1 for rutile. A slightly

nonstoichiometric anatase crystal exhibited a value of 40 cm2 V−1 s−1 [95].

5.3.1.2 WO3

Yellow tungsten(VI) oxide is mostly prepared by acidification of sodium

tungstate(VI) and successive calcination. It has a bandgap of 2.8 eV (446 nm),

which is 0.4 eV smaller than that of titania. The band edges are located at 2.9 and

0.1V. Accordingly, in the excited state only oxygen but not hydrogen formation

fromwater is thermodynamically feasible. Similar to those of titania, also aqueous

suspensions of tungsten oxide are relatively stable against photocorrosion.

52) See, for example, Ref. [124].
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5.3.1.3 𝛂-Fe2O3

Brown hematite may be obtained through precipitation of iron(III) hydroxide fol-

lowed by calcination. In a solvothermal procedure, a solution of iron(III) chloride

in aqueous glycol in presence of urea is heated in an autoclave at 180 ∘C. There-

after, the solid is calcined at 450 ∘C. With band edge potentials of 0.0 and 2.2V,

only water oxidation is possible photochemically.

5.3.1.4 BiVO4

Yellow bismuth vanadatemay be prepared by solid-state reaction between ammo-

nium vanadate and bismuth(III) oxide or by stirring a suspension of alkali vana-

dates such as KV3O8 with Bi(NO3)3⋅5H2O in water at room temperature. It forms

tetragonal and monoclinic crystal phases. According to the band edge positions

of −0.3 and +2.1V observed for the monoclinic phase, it has a bandgap of 2.4 eV

(520 nm) and therefore photoxidation of water is feasible but not photoreduction.

The tetragonal crystal modification exhibits a bandgap of 2.9 eV [246–248].

5.3.1.5 Ta2O3, TaON, Ta3N5, and MTaO2N

Red tantalum(V) nitride can be synthesized by treating white tantalum(V) oxide

powder with ammonia at 850 ∘C. At short reaction times, yellow tantalum oxyni-

tride (TaON) is produced. Both compounds may be obtained also by treating

tantalum(V) chloride with liquid ammonia followed by hydrolysis and subsequent

vacuum calcination. The substitution of oxygen by nitrogen leads to an anodic

shift of the valence band edge since nitrogen 2p orbitals are of higher energy than

oxygen 2p orbitals. Accordingly, values of 3.1, 1.8, and 1.2V are observed for the

oxide, oxynitride, and nitride, respectively. In the same sequence, the conduction

band edge varies only a little from−0.8 to−0.6, and−0.9V (Figure 5.20), in accor-

dance with its primarily Ta 5d nature [75].

2 N3− + 6 h+ → N2 (5.77)

0.0

2.0

−2.0

V (NHE)

+1.8

−0.6
−0.8

+3.1

320 nm
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Ta2O3

TaON −0.9

+1.2

595 nm
2.1 eV

Ta3N5
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Figure 5.20 Variations of band edge positions (at pH 7) upon substituting oxygen in

tantalum(V) oxide by nitrogen. (Adapted from Ref. [242].)
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Figure 5.21 Schematically drawn diffuse reflectance spectra of TaON, (a) CaTaO2N, (b)

SrTaO2N, and (c) BaTaO2N. (Adapted from Ref. [242].)

Although TaON and Ta3N5 have favorable band edge positions for visible-light

water splitting, they suffer from oxidative photocorrosion according to Equation

5.77. More photostable oxynitrides are the perovskite-type compounds MTaO2N

(M=Ca2+, Sr2+, Ba2+). Noteworthy, the bandgap decreases with increasing

ionic radius of the dication from 2.6 eV for calcium (1.34Å) to 2.2 and 2.0 eV for

strontium (1.44Å) and barium (1.61Å), respectively (Figure 5.21). In the same

sequence, the conduction and valence band potentials are −1.2, −0.7, −0.4 and

1.4, 1.5, and 1.6V, respectively [242, 249].

5.3.1.6 CuO, Cu2O

Copper(I) oxide is a p-type semiconductor with band edges located at –1.3

and 0.9V [250]. Corresponding values for copper(II) oxide are –0.6 and 0.6V,

respectively [251].

5.3.1.7 GaN–ZnO

Another possibility to introduce nitrogen is the preparation of solid solutions

between an oxide and a nitride having the same crystal structure. This is nicely

demonstrated by the d10 system GaN–ZnO which is obtained by nitriding a

mixture of Ga2O3 and ZnO with NH3 at 850
∘C. While the two pristine materials

do not absorb visible light, their solid solutions exhibit bandgaps from 2.8 to

2.4 eV, corresponding to absorption onsets of 446–520 nm (Figure 5.22). The

narrowing of the bandgap is probably due to an N 2p–Zn 3d repulsion, resulting

in a cathodic shift of the valence band [252].

We note that the introduction of nitrogen into tantalum and zinc oxide

results in a shift of the steep bandgap absorption to longer wavelengths. This is

because the strong electronic interaction between nitrogen and oxygen p-orbitals

generates a broadening of the valence band and therefore a shift of the band

edge to higher energies (Figure 5.23, part B). That differs significantly from the

more common weak interaction case as usually observed upon doping titania

with ammonia or surface modification by metal ions and metal complexes or
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Figure 5.22 Schematically drawn diffuse reflectance spectra of GaN, ZnO, and their solid

solutions (Ga1−x Znx)(N1−xOx). (Adapted from Ref. [242].)
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Figure 5.23 Results of (B) strong and (C) weak interaction between the metal oxide semi-

conductor A valence band and the dopant or modifier X. Symbols in parentheses describe

the major electronic character.

organic compounds. In these cases, formation of a flat absorption shoulder at the

low-energy onset is observed. The new electronic states may be located close to

the valence or conduction band edges (Figure 5.23, parts C, D). Exceptions are

vanadium-, chromium-, iron-, or nickel-doped titania prepared by ion implan-

tation [253], nitrogen-doped caesium titanates, and surface-modified titania
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containing molecular FeOx species bound to the surface via Fe–O–Ti bonds

[254]. All the latter exhibit a clear bandgap shift, which is specially pronounced

for the layered titanate Cs0.68Ti1.83O4.
53) It decreases from 3.62 to 2.73 eV upon

nitrogen doping as a result of an upward shift of the valence band edge by 0.91 eV.

Cesium titanates are synthesized by solid-state reaction between Cs2CO3 and

amorphous TiO2 powders at 800–850 ∘C followed by hydration in aqueous

CsNO3.

5.3.1.8 CdS and ZnS

Yellow cadmium sulfide and white zinc sulfide can be precipitated from aqueous

solutions of their salts by the addition of sodium sulfide or a sulfide-generating

precursor such as thiourea. Most reactive powders are obtained when the

preparation is conducted under an inert atmosphere since traces of metal oxide

formed in the presence of oxygen may act as inhibitors. This is the reason why

a commercial material may be inactive whereas the lab-prepared metal sulfide

will be an excellent photocatalyst. In general, both sulfides are obtained in their

cubic crystal phases. Therefore, homogeneous solid solutions of the desired

bandgap can be easily prepared. Different from the oxides, these sulfides suffer

often from photocorrosion both in the absence and in the presence of oxygen

(see Section 4.2). In some cases, a slightly nonstoichiometric composition,

especially an excess of sulfur, may prevent corrosion and lead to considerable

photostability when acting as photocatalyst in organic syntheses (see Sections 5.4

and 5.5). A water content of 2–3% is essential for optimum photocatalytic

activity [255].

5.3.2

Grafting of CdS and TiO2 onto Inorganic Supports

Since photocatalysis is a surface phenomenon and the surface of oxidic and sulfidic

semiconductors in general contains under-coordinated metal ions and OH/SH

groups, chemical surfacemodification is expected to strongly influence the photo-

catalytic properties. One of the first examples is grafting, that is, forming chemical

bonds between the two components. We recall that the support is always present

in a large excess over the grafting material.

5.3.2.1 Grafting onto a Nonconducting Support

CdS Grafted onto Silica One of the first examples is the grafting of cadmium

sulfide onto silica to generate, in addition to the undisturbed CdS surface, also a

CdS–O–SiO2 solid–solid interface [221, 256]. CdS–O–SiO2 (12%) is prepared

by stirring a suspension of silica in an aqueous solution containing 12wt%

53) Like in anatase, the TiO6 octahedrons share four edges forming a zigzag sheet. But different from

TiO2, the sheets are separated by cesium ions. The distance between the layers is in the range of

9Å.
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cadmium sulfate to induce a condensation reaction according to Equation 5.78.54)

Subsequent

{SiO2}–OH +
[
HO–Cd

(
H2O

)
5

]+
→ {SiO2}–O–Cd(H2O)5

+ +H2O (5.78)

addition of sodium sulfide precipitates cadmium sulfide, which is washed and

dried at ambient temperature, affording a yellow powder. Surprisingly, the

bandgap of 12%CdS–O–SiO2 is larger by 0.20 eV than the value of 2.40 eV

known for pristine CdS. Furthermore, also the quasi-Fermi level of electrons is

cathodically shifted from −0.38 to −0.59V. It is noted that a physical mixture of

the two components prepared by grinding in a mortar does not exhibit the same

properties.

Similarly, also grafting of titania onto silica leads to a bandgapwidening of about

0.20 eV and to an anodic quasi-Fermi level shift of 0.20 eV [257]. Obviously, these

grafted oxides are linked together by Cd–O–Si and Ti–O–Si bonds, inducing an

electronic semiconductor–support interaction (SEMSI55) effect), which leads to

a considerable change of intrinsic semiconductor properties. As a consequence,

the photocatalytic activity of 12%CdS−O−SiO2 in an organic addition reaction

is increased by factor of about 10 compared to pristine CdS (see Section 5.5).

Different from that, 13%TiO2–O–SiO2 in the oxidative photodegradation of

4-chlorophenol is less active by a factor of 0.4 as compared to unmodified TiO2.

The photoreduction of carbon dioxide to formate at 17%CdS–O–SiO2 is about

six times faster than at unsupported CdS [258].

This opposite effect of grafting CdS and TiO2 on SiO2 is in accordance with

time-resolved photovoltage measurements. When the modified powders are

embedded in an organic polymer matrix, a multiexponential decay is observed

after laser excitation at 337 nm. It consists of a fast (nanosecond) surface compo-

nent and a slow (microsecond) bulk component. The decay constant of the fast

process decreases from 11× 106 s−1 for CdS to 2× 106 s−1 for 12%CdS–O–SiO2,

corresponding to a charge carrier lifetime increase from 90 to 500 ns [256]. A

higher lifetime increases the stationary charge concentration and therefore accel-

erates the IFET reactions. Contrary to that, the lifetime of the light-generated

charges in 13%TiO2–O–SiO2 is shortened below the detection limit of 40 ns

[257].These results support the conclusion that in CdS–O–SiO2 the efficiency of

reactive charge generation (𝜂r, Section 5.1) is improved as compared to physical

mixtures of the two powders.

CdS Grafted onto Alumina Similar effects as for silica, although weaker, are

observed when the support is alumina (M. Aldemir, Ph.D. Thesis, University of

Erlangen-Nürnberg, 2006). Instead of the fivefold increase of the charge carrier

lifetime mentioned before, only a twofold increase is indicated by time-resolved

photovoltage measurements. The relative initial addition rate of cyclopentene

54) Recall that hydratedmetal ions having charges of at least+2 form hydroxidocomplexes according

to [M(H2O)n]
m+ +H2O= [M(OH)(H2O)n−1]

(m−1)+ +H3O
+.

55) This acronym was proposed in Ref. [221].
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to N-phenylbenzylideneamine (see Section 5.5) increases from 1.00 assigned to

pristine CdS to 1.04, 1.50, and 3.50 for 30%CdS–O–Al2O3, 20%CdS–O–Al2O3,

and 9%CdS–O–Al2O3, respectively. The quasi-Fermi level of electrons does not

change.56)

5.3.2.2 Grafting onto a Semiconducting Support

When various amounts of CdS are grafted not onto an insulator such as silica but

onto another semiconductor such as ZnS, visible-light reduction of bicarbonate

by sodium sulfite is significantly improved [258]. Upon polychromatic irradia-

tion containing both UV and visible light, an unexpected effect was found. While

grafting of 10%, 20%, and 30% onto ZnS did not significantly change the rate of

formate formation, as compared to the unmodified metal sulfides, a loading of

only 5% induced an ∼80-fold increase. This surprising result can be rationalized

by postulating an ICET from ZnS to the conduction band of CdS, enabled by

Zn–S–Cd bonds formed during the grafting procedure (Scheme 5.19, step A). As

a consequence, reduction of bicarbonate should occur also at the CdS sites. How-

ever, since pristine CdS exhibits only a vanishing activity, “hot electrons” may be

involved, as indicated in Scheme 5.19 by the position of the injected electron (er
−).

Additionally, an ICET may happen from the CdS valence band to the hole in ZnS

(Scheme 5.19, step B). The generated hole is neutralized through the oxidation of

sulfite. As a result, recombination decreases and the efficiency of charge separa-

tion should increase. This conclusion is justified since it is very unlikely that the

efficiency of the IFET to bicarbonate in the grafted powder is different from that

in the pristine sulfides. It is to be noted that mechanical mixtures of ZnS and 5%

of CdS do not exhibit the same effect. A similar “interparticle electron transfer”
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Scheme 5.19 Postulated mechanism of increased photoinduced charge separation at the

grafted semiconductor couple 5%CdS–S–ZnS. The band edges of ZnS and CdS are located

at −1.8/+1.8 V and −0.9/+1.5 V, respectively.

56) Here and in the following, quantitative comparisons of reactivties (photocatalctic acitivities) are

based on optimal reaction rates (vop).
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was postulated for so-called coupled CdS/TiO2 and similar systems to explain

increased reaction rates in photoxidation reactions of organic pollutants. How-

ever, all these materials were prepared just by grinding [259, 260]. Different from

that, α-Fe2O3, WO3, and CdS were deposited onto ZnO also by impregnation

methods [261].

5.3.3

Grafting of Metal Halides and Metal Oxides onto Titania

In general, organic molecules as sensitizers or surface ligands are prone to oxida-

tive degradation. Contrarily, a surface complex with only inorganic ligands and

the transitionmetal in a high oxidation state is expected to bemore stable. Typical

examples are metal halide complexes of Pt(IV) and Rh(III).

5.3.3.1 Metal Chloride-Grafted Titania

Titania–Chloridoplatinum(IV) Surface Complexes Upon stirring a suspension

of anatase hydrate in an aqueous solution of H2[PtCl6] in the dark, maximum

amounts of up to 4.0wt% are adsorbed [223, 224, 262]. Subsequent heat treatment

at 200 ∘C affords yellowish powders referred to as PtCl4–O–TiO2.
57) Simple

grinding of anatase hydrate with PtCl4 results in powders of lower photocatalytic

activity and less stability. PtCl4–O–TiO2 has a specific surface area of 260m
2 g−1

and consists of about 200 nm large aggregates composed of anatase crystallites

of size 20–40 nm.58) Chemical bonding of chloridoplatinate to the titania surface

is evidenced by the stability of (It is noted that in a hybrid assembly of CuI and

TiO2–N, the generation and separation of electron–hole pairs could)

−OH + PtCl5L
n− → −O − PtCl4L

n− + HCl (5.79)

PtCl4–O–TiO2 upon stirring it in 0.01M potassium fluoride. It is known that

fluoride irreversibly chemisorbs onto titania through replacement of surface

OH groups [264–266]. Apparently, it is not able to cleave also the PtCl4O–Ti

and Cl4Pt–OTi bonds. However, desorption occurs upon decreasing the pH

value. These and other observations evidence that during the preparation a

surface complex of the composition [TiO2]–O–PtCl4L
n−, L=H2O, OH−, n= 1,

2, is formed (Equation 5.79). In the corresponding photochemical desorption

experiments (𝜆≥ 455 nm) with 4.0%PtCl4–O–TiO2 suspended in water, no

desorption occurred within 24 h of irradiation time.

The diffuse reflectance spectra of titania and 4.0%PtCl4–O–TiO2 are compared

in Figure 5.24. The pronounced absorption of the modified material in the visible

region is tentatively assigned to metal-centered transition of the platinum(IV)

component, on the basis of the analogy with the solution spectrum of Na2[PtCl6].

57) This method differs significantly from a hydrothermal preparation of platinum(IV)-doped titania

[263].

58) Only about 10–20% of surface OH groups are bound to platinum [223].
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Figure 5.24 Diffuse reflectance spectra of (a) titania and (b) 4.0%PtCl4 –O–TiO2. (Reprinted

with permission from Ref. [223].)

Below 400 nm, the steep absorption increase of the modified sample originates

from the bandgap transition of TiO2. For an indirect crystalline semiconductor,

the bandgap energy is obtained by extrapolation of the linear part of the plot

of (F(R∞)h𝜈)
1∕2 versus h𝜈. In the case of 4.0%PtCl4–O–TiO2, it amounts to

3.21 eV, which is slightly smaller than the value of the employed unmodified

titania (3.27 eV).The absorption of these materials extends down to 620–650 nm,

corresponding to about 2.0 eV.

To locate the approximate redox potentials of the reactive electron–hole pair,

the quasi-Fermi levels of the powders were measured by the suspension method.

The dependence of the photovoltage on the pH value for titania and for a series

of PtCl4–O–TiO2 materials is summarized in Figure 5.25. From the inflection

points (pHo), the corresponding quasi-Fermi potentials at pH= 7, as obtained via

Equation 5.74 taking k = 0.059V, are found as −0.54, −0.49, −0.43, and −0.28V
for TiO2 and the samples containing, 1%, 2%, and 4% of platinum, respectively.
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Figure 5.25 Photovoltage recorded for (a) titania, (b) 1.0%, (c) 2.0%, and (d)

4.0%PtCl4 –O–TiO2 suspensions in 0.1M KNO3 in the presence of (MV)Cl2 irradiated

with polychromatic UV+ visible light. The position of the inflection point pHo is marked by

a dotted line. (Reprinted with permission from Ref. [223].)
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The reproducibility of quasi-Fermi potential measurements was in the range of

±0.02V. Since the onset of the TiO2 part in the diffuse reflectance spectrum

remains nearly constant for the various samples, the bandgap is not altered upon

increasing the platinum chloride content.

Titania–Halogenidorhodium(III) Surface Complexes Employing in the preparation

of PtCl4–O–TiO2 instead of hexachloridoplatinate(IV), the chlorides and

bromides of rhodium, pink and dark yellow powders, respectively, are obtained

[267]. These surface complexes are surprisingly stable. No dissolved rhodium

complex was detectable by UV–vis absorption spectroscopy after stirring an

aqueous suspension of 4.0%RhCl3–O–TiO2 and 4.0%RhBr3–O–TiO2 in the

dark or under irradiation with visible light. Even stirring for 5 days in the dark in

0.5M KF did not induce decomposition. Thus, one can conclude that Rh(III) is

covalently bound to titania through a bridging oxygen ligand.This higher stability

as compared to PtCl4–O–TiO2 may reflect the fact that the metal–oxygen bond

in the case of rhodium is stronger by 9.5 kcalmol−1. At very low pH values, the

chloride ligands are completely displaced, as also observed for 4.0%H2PtCl6/TH.

From the amount of chloride produced in this experiment, a composition of

[RhCl3(H2O)2–O–TiO2]
− is proposed.

The diffuse reflectance spectra clearly indicate new absorption shoulders

at 400–500 and 500–700 nm (Figure 5.26). The absorption at about 500 nm

compares well with the lowest metal-centered transition of [RhCl6]
3− observed

in hydrochloric acid at 518 nm. At wavelengths shorter than about 550 nm, a

strong absorption increase suggests that it does not originate exclusively from

the second metal-centered transition occurring in [RhCl6]
3− at 410 nm with
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Figure 5.26 Diffuse reflectance spectra of (a) 2.0%RhCl3/TH, (b) 2.0%RhCl3/SiO2, and (c)

TiO2. Spectrum d= a− (b+ c).
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Table 5.2 Bandgap energies and quasi-Fermi potentials of electrons.

Photocatalyst Ebg (eV)
a)

nEF
*(pH= 7, NHE) (V)b)

TiO2 3.29 −0.54
0.5% RhCl3–O–TiO2 3.26 −0.53
1.0% RhCl3–O–TiO2 3.25 −0.48
2.0% RhCl3–O–TiO2 3.22 −0.46
5.0% RhCl3–O–TiO2 3.21 −0.34
2.0% RhBr3–O–TiO2 3.10 −0.32

a) Reproducibility: ±0.05 eV.
b) Reproducibility: ± 0.02V.

about the same intensity as the 510 nm band. It rather may originate from a

rhodium-to-titanium charge transfer (metal-to-metal charge transer, MMCT).

This is corroborated by the fact that the silica analog, 2.0%RhCl3–O–SiO2, does

not exhibit a strong absorption increase at 𝜆≤ 550 nm, most likely because it does

not have a low-lying conduction band (Figure 5.26, curve b). In the corresponding

difference spectrum, an unsymmetrical absorption band is observed with a max-

imum at about 380 nm. In the case of 2.0%RhBr3–O–TiO2, a similar comparison

with 2.0%RhBr3–O–SiO2 afforded the MMCT maximum at approximately

390 nm. As observed for PtCl4–O–TiO2, the increase of metal complex loading

does not significantly influence the bandgap but shifts the quasi-Fermi level

anodically by about 0.20V (see Table 5.2). Recently, it was reported that also the

halogenides of Ru(III), Ir(IV), and Au(III) are able to form visible-light-active

titania photocatalysts [268].

Metal Oxide-Grafted Titania Depending on the detailed experimental conditions

of the impregnation method discussed before, for the preparation of grafted

semiconductor powders, the physical and photochemical properties of the

obtained materials may be quite different. A good example is the grafting of iron

oxide species onto titania. When the impregnation of titania (0.05% Fe relative to

rutile) is performed with an aqueous iron(III) chloride solution of pH 2 at 90 ∘C
followed by calcination at 110 ∘C, the grafted iron species are best described as

amorphous FeO(OH) particles [269]. In the diffuse reflectance spectrum, the

absorption shoulder at 410–580 nm is assigned to a CT transition from the titania

valence band to an FeO(OH) localized surface state located at about 0.5 eV below

the conduction band edge. The bandgap of 3.00 eV is not changed. Contrary to

that, employing Fe(acac)3 in an anatase suspension in EtOH/n-hexane at ambient

temperature and calcination at 500 ∘C generates an (FeOx)–O–TiOx surface

complex exhibiting not an absorption shoulder but a shift of the bandgap of

about 0.40 eV (see Figure 5.23). It was proposed that this shift originates from

an iron-localized small energy band that overlaps with the titania valence band

[254, 270].
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Copper oxide-grafted titania (rutile) can be prepared as described before

but replacing iron(III) chloride by copper(II) chloride and performing the heat

treatment at 110 ∘C. As observed for Fe(OH)–O–TiO2, also CuO–O–TiO2

exhibits a similar CT band at about 450 nm [271, 272].The electronic structure of

both materials differs significantly from the halogenidometallate–titania systems

(Figure 5.23, case B) discussed earlier since the new energy states are located

close to the conduction band edge (Figure 5.23, case D). The iron and copper

oxide surface species may act also as catalyst for the IFET reactions of reactive

electrons (see Section 5.4.1). Cobalt(III) oxide-grafted titania is active with

visible light [273]. Hydrothermal reaction between titanylsulfate and ammonium

metatungstate affords a nanocomposite of anatase and hexagonal WO3 [274].

Miscellaneous In addition to binary systems, also ternary types of grafted photo-

catalysts were reported. A recent example is the CdS–O–TiO2–O–WO3 hybrid

material prepared by precipitating CdS onto TiO2–O–WO3. The special combi-

nation was selected because the three semiconductors have band edge positions

well suited for interparticle electron transfer. Furthermore, a selective excitation

of only one component is feasible, as indicated in Scheme 5.20 [275]. Upon excita-

tion at 𝜆≥ 495 nm, the reduction of PMo12O40
3− bymethanol is five and two times

faster than that of CdS and of the binary systems, respectively. An interparticle

electron transfer seems to operate also in In2O3–O–TiO2/Pt [276].
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Scheme 5.20 Schematic description of postulated interparticle electron transfer in the

hybrid CdS–O–TiO2–O–WO3.

Physical mixtures of two semiconductor powders such as bismuth vanadate and

doubly loaded strontium titanate (Pt/SrTiO3/Rh) suspended in a solution of an

electron relay (Fe3+/2+, IO3
−/I−) are able to split water by visible light. A mecha-

nism analogous to the Z-scheme of photosynthesis has been proposed [277, 278].

Heteropolyacid-modification is summarized in a recent review [279]. Graphene

may be used as unconventional support for titania [280].
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5.3.4

Metal-Loaded Powders

In photoelectrochemistry, the reductive and oxidative IFET reactions are spatially

separated since they proceed at the semiconductor and counterelectrode, both

dipping into the redox electrolyte. At an n-type electrode (photoanode), the reac-

tive holes oxidize the redox electrolyte, whereas photogenerated electronsmigrate

through an external wire to the counterelectrode, where they reduce the redox

electrolyte.This differs from photocatalysis at a semiconductor particle where the

oxidative and reductive IFET processes proceed in striking distance at the particle

surface. As we have seen, the instantly photogenerated electron has to be trapped

at reactive surface sites before undergoing the IFET. It seems, therefore, likely that

introducing a surface “counterelectrode” may improve the efficiency of reactive

charge generation.59) In fact, metallization, that is, loading the SC powder with a

few weight percent of metallic nanoparticles, in many cases accelerates the reac-

tion. Also photocorrosion stability may be considerably improved. But the general

effect depends both on the semiconductor and on the substrate and may also be

negative.

Most commonly used are platinum particles in the size of 2–10 nm, but also

other noble metals such as palladium, silver, and gold may have a distinctive posi-

tive influence. Metal loading is performed easily by irradiating the semiconductor

suspension containing the metal salt (e.g., hexachloroplatinic acid) and an alcohol

or another reducing agent. Another possibility is to use an organometallic Pt(0)

complex such as Pt(1,5-cyclooctadiene)2 as the platinum metal source.

Na2SO3 +H2O
Vis

−−−−→
Pt∕CdS

Na2SO4 +H2 (5.80)

The positive effect of platinization is nicely illustrated by the visible-light

photoreduction of water by sodium sulfite catalyzed by CdS or Pt/CdS (Equation

5.80).60) Whereas the activation energy of hydrogen formation is 12.7 kcalmol−1

for unmodified cadmium sulfide, it is only 2.4 kcalmol−1 for the platinized

powder. Amaximum reaction rate is observed at platinum amounts of 1–2%.The

platinum islands act as electron sinks inducing a cathodic shift of quasi-Fermi

level from −0.30 to −0.60V and therefore increase the driving force of water

reduction [281].

5.3.5

Nonmetal-Modified Titania

In addition to metals and metal oxides, also nonmetals such as carbon, nitrogen,

and sulfur were introduced into titania to achieve visible-light activity. In most

cases, the nature of the dopant or modifier is unknown. Especially, carbon and

59) The resulting metal-loaded or metallized semiconductor particle may be viewed as a “short-

circuited” photoelectrochemical cell.

60) Another sulfite oxidation product is S2O6
2−.
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nitrogen “doping” has received high attention from about 10 years ago [282].

These beige-brown and slightly yellow powders may be prepared by simple

precipitation–calcination procedures or more easily by just calcining titania

in the presence of organic carbon or nitrogen compounds at temperatures of

200–600 ∘C. An example is themodification with thiourea, which was reported to

afford a sulfur-doped titania, having the dopant in the oxidation state +VI, most

likely the sulfate [283, 284]. However, the presence of sulfate is not responsible

for visible-light activity since after washing with water, the remaining material

became more active [285].

Inmany cases, it is also unknownwhether true doping or surfacemodification is

the reason for the visible-light activity. To answer that question, in general, more

or less sophisticated physical methods are employed. But a few simple chemical

reactions may clarify that problem, as illustrated in detail in the following for the

so-called nitrogen- and carbon-modified titania.

5.3.5.1 Nitrogen-Modified Titania

“N-doped” titania (TiO2–N) has received great attention [286, 287]. It is prepared

by three major methods.

• Sputtering and implantation techniques;

• Calcination of TiO2 under N-containing atmospheres generated by nitrogen

compounds such as ammonia and urea;

• Sol–gel methods employing N-containing reagents [287].

In spite of many proposals based more on theoretical than experimental evi-

dence, the nature of nitrogen species remains an open question inmost photocata-

lysts. NOx and various other nitrogen oxide specieswere proposed [285, 288–292]

as well as nitridic and amidic (NHx) groups [293]. Even the simultaneous pres-

ence of nitrogen in different oxidation states was postulated [294]. Also, oxygen

vacancies and color centers61) should be responsible for the visible-light activity

[295–298]. Depending on the preparation method and nitrogen source, the vari-

ous TiO2–N powders most likely contain diverse nitrogen species and therefore

have different photocatalytic activities. A significant example is the unique dif-

ference between TiO2–N prepared from ammonia [282] or urea [293]. Only the

material obtained from the latter photocatalyzes the visible-light mineralization

of formic acid to carbon dioxide and water, whereas ammonia-derived TiO2–N

is inactive. In an attempt to understand this difference, the chemical and phys-

ical properties of the two powders were compared in detail as discussed below

[293, 299, 300].

Slightly yellow nitrogen-modified titania is prepared by calcining a 1 : 2 (wt/wt)

mixture of titania and urea at 400 ∘C in a rotating flask. Elemental analysis reveals

the presence of nitrogen (0.78%) and carbon (0.40%), and therefore these pow-

ders are abbreviated in the following as TiO2–N,C. According to X-ray diffraction

61) Color centers are crystal defects (mostly anion vacancies) occupied by one ormore electrons, and

are responsible for visible-light absorption.
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analysis, all powders retain the anatase structure of the starting material and con-

sist of crystallites of 10–13 nm. Electronmicroscopy indicates that the latter form

micrometer-sized aggregates. A specific surface area of 180m2 g−1 is measured by

N2 absorption. TiO2–N,C induces a very efficient visible-light mineralization of

formic acid (𝜆≥ 455 nm) [301]. As compared to unmodified titania, the newmate-

rials exhibit a bandgap narrowing of 0.16–0.33 eV and a slight anodic shift of the

quasi-Fermi level of 0.05–0.08V.This shift may be due to a higher positive surface

charge induced by protonation of the more basic TiO2–NH groups as compared

to Ti–OH present in pristine titania.

It is known that heating urea at 300–420 ∘C affords ammonia and isocyanic

acid. Therefore, this gas mixture was generated by heating the isocyanic acid

precursor cyanuric acid in the presence of ammonia and titania at 400 ∘C. The

as-obtained material also photocatalyzes formic acid mineralization. It is further

known that, in the same temperature range, isocyanic acid in the presence of silica

surface OH groups is catalytically converted via cyanamide cyclotrimerization

to melamine, so the latter could be produced therefore analogously at the titania

surface (Equations 5.81–5.83).

{TiO2}–OH → {TiO2}–NH2 + CO2 (5.81)

{TiO2}–NH2 +HO–CN → {TiO2}–OH +H2N–CN (5.82)

N

N

N

H2N NH2

NH2

Melamine

N

C
H2N

N

C

NH2

N
C

NH2

(5.83)

In fact, when melamine instead of urea is used, again TiO2–N,C is produced.

Since at 400 ∘C melamine is converted to white-beige melem and yellow melon,

it appeared likely that both are present in TiO2–N,C (Figure 5.27). Accordingly,

TiO2–N,C can be prepared also by thermal treatment of a preconstituted yellow

melem/melon mixture with titania at 400 ∘C. It is to be noted that grinding the

melem/melonmixture with titania at room temperature produced only an inactive

material.

From these results, it follows that a key step in the modification process is the

titania-catalyzed formation of melamine from urea. Subsequent condensation

affords a mixture of polytriazine amines, predominantly melem, and melon.

Thereafter, condensation between the s-triazine amino and titania OH groups

generates Ti–N bonds (Scheme 5.21). Thus, the visible-light-absorbing triazine

derivative becomes covalently attached to the semiconductor. Accordingly, the

modification is not successful when titania is dehydroxylated before use by

heating it in vacuo at 400 ∘C.
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Figure 5.27 Two major condensation products of melamine produced at 350–500 ∘C in the

absence of titania [302, 303].
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Scheme 5.21 Proposed mechanism of urea-induced titania modification.

Further support for the presence of a Ti–N bond comes from the reaction of

TiO2–N,C with sodium hydroxide at 100 ∘C producing cyameluric acid, ammo-

nia, and a white powder (Scheme 5.22) inactive in formic acid visible-light degra-

dation. It is known that the amino groups inmelemcan be replaced byOH through

nucleophilic attack of hydroxide, generating cyameluric acid [304].

The diffuse reflectance spectrum of TiO2–N,C displays a weak shoulder in

the range 400–450 nm (Figure 5.28). From a comparison with the spectrum of a

melem/melonmixture, one can conclude that the visible absorption in TiO2–N,C

does not origin from a local excitation of the polytriazine component but rather

from a CT transition from the sensitizer to the titania conduction band.
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Figure 5.28 Diffuse reflectance spectra of (a) TiO2, (b) TiO2 –N,C, and (c) melem/melon.

All samples were diluted with BaSO4. Note the different dimensions of left and right axes.

(Reprinted with permission from Ref. [300].)

The chemical results discussed earlier clearly indicate that the same photo-

catalyst is obtained irrespective of using urea or melem/melon as the modifier.

In the latter case, higher concentrations of the sensitizer generate not only a

titania–sensitizer surface complex but also a thin layer of a crystallinemelon-type

material as evidenced by the presence of an otherwise not observable XRD peak

at a 2𝜃 value of 27.4∘. This can be assigned to the stacked aromatic system of

carbon nitrides. It is noted that the semiconducting graphitic carbon nitride,

obtained by heating cyanamide at 650 ∘C, photocatalyzes visible-light reduction
and oxidation of water by alcohols and silver salts, respectively [226, 305, 306].

In summary, these findings indicate that so-called nitrogen-doped titania, when

prepared from urea and titania at 400 ∘C, contains a poly(amino-tri-s-triazine)

sensitizer chemically bound to the semiconductor.

Doping of alkali titanates with ammonia produces yellow visible-light-active

photocatalysts exhibiting a significant bandgap narrowing [307].
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5.3.5.2 “Carbon”-Modified Titania

The so-called carbon-modified titania (TiO2–C), initially prepared from TiCl4
and tetrabutylammonium hydroxide [74], has become a technical product in the

meantime because of its easy preparation by calcining titania at 250–500 ∘C in the

presence of an organic compound as the carbon source. Many reports concern-

ing this type of modification employing solid, liquid, or gaseous carbon sources

have been published [308–313]. Alternatively, also the organic substituent in a

titanium alcoholate may serve as carbon precursor after hydrolysis and thermal

treatment [311, 314–316].

All these “C-doped” titania materials exhibit a weak absorption shoulder

between 400 and 800 nm, the intensity of which increases with increasing carbon

content [74, 314]. In the case of TiO2–C, the absorbance steadily increases

with carbon contents of 0.03%, 0.42%, and 2.98%, whereas the reaction rate of

4-chlorophenol oxidation exhibits a maximum at 0.42% [74].

In general, the C 1s binding energy, as easily obtained by X-ray photoelectron

spectroscopy (XPS), is taken as diagnostic parameter for the type of carbon

species present. From the corresponding values of 284.8–285.7 eV [74, 310,

317–322], the presence of elemental carbon and graphitic or coke-like carbon

was proposed [314, 320]. However, the binding energies of carbidic carbon

of 281.8–284.3 eV [313, 318, 321–324] and aromatic ring carbon atoms of

284.3–284.7 eV [325–327] fall in the same range and therefore assignments

are ambiguous. Binding energies of 288.6 and 288.9 eV were proposed to arise

from structural fragments such as Ti–O–C [310] and Ti–OCO [328]. Density

functional theory calculations suggest that substitutional (of lattice oxide) and

interstitial carbon atoms are present [329]. In anatase powders prepared from

alcoholates as carbon source, a symmetric paramagnetic signal is observed

at g = 2.005 by EPR spectroscopy, which is assigned to an aromatic coke-like

species [314]. Although the intensity increases upon visible irradiation, it cannot

be concluded that the corresponding radical is involved in the photocatalysis

process since the concentration of radicals is about 5–6 orders of magnitude

lower than the total carbon content [319]. Contrary to this, it was proposed that

in carbon-modified titania prepared from gaseous cyclohexane, the paramagnetic

signal arises from an electron trapped at an oxygen vacancy [308].62)

Most of these carbon-modified anatase materials are active in visible-light pho-

toxidations of various organic pollutants such as 4-chlorophenol [74, 312, 317],

2-propanol [318], gaseous benzene [308], and nitrogen oxides [311, 313, 315]. It

was proposed generally that the presence of some carbon species in titania is nec-

essary for the observation of visible-light activity.63) However, another suggestion

was that not a carbon species but oxygen vacancies, generated only in the pres-

ence of a carbon source, are relevant [296, 298]. A decision between these two

contrary proposals is possible by some simple chemical experiments. They were

62) We give all this information to illustrate the problems associated with too straightforeward inter-

pretation of physical data.

63) It is noted that the relevant speciesmay be different, depending on the nature of the carbon source.
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conducted with the commercial visible light photocatalyst (VLP) of anatase struc-

ture [74, 330, 331].

Heating an alkaline suspension of beige VLP powder at 90 ∘C affords a homo-

geneous brown extract (SENSex) and an almost white residue (VLPres). When a

suspension of white VLPres in the SENSex solution is heated to 90 ∘C, followed
by calcination of the brown solid at 200 ∘C, a slightly brownish powder VLPreas is

isolated. It exhibits the same photocatalytic activity of 4-chlorophenol visible-light

mineralization as the starting VLP. All attempts failed to isolate a pure compound

from SENSex. Further evidence for the success of the reassembling procedure is

obtained by measuring the quasi-Fermi level of electrons (nEF
*) for the three rel-

evant powders. VLP and VLPreas exhibit one unique nEF
* value at −0.50V (NHE),

whereas −0.56V is obtained for VLPres. The latter value suggests that the powder

remaining after extraction consists of unmodified anatase, in accordance with the

XRD data, whereas the anodically shifted value is significant of carbon-modified

titania [74].

The summarized results suggest that the alkali extract SENSex contains car-

boxylic groups, which during the reassembling reaction undergo esterification

with titania surface hydroxyl groups. This is corroborated by Fourier transform

infrared (FTIR) analysis of the brown residue obtained from SENSex after the

removal of water from the basic solution (pH 12). The sample exhibits intense

peaks at 1580 and 1420 cm−1, assignable to asymmetric and symmetric stretch-

ing vibrations of an arylcarboxylate group. Corresponding values of, for example,

free sodium benzoate are 1552/1414 cm−1 (KBr). Unfortunately, no correspond-

ing peaks could be obtained in the FTIR spectra of VLP and VLPreas.This suggests

that the sensitizer is present as thin surface layer of too low concentration to

be detected by FTIR spectroscopy. The fact that the significant carbon peaks at

286.3 and 288.8 eV in the XPS spectrum completely disappear after sputtering

with argon for 3min, which is sufficient to remove a 4-nm-thick surface layer,

corroborates this explanation.

The summarized results indicate that the visible-light activity of VLP and prob-

ably of many previously reported so-called “C-doped” titania powders does not

originate from the presence of lattice carbon atoms or oxygen defects.

5.3.5.3 Miscellaneous

Polyurethane-Modified Titania A rare example for another utilization of the tita-

nia surface hydroxyl groups for an addition reaction is the formation of titania-

urethanes [332]. These yellow and visible-light-active powders are prepared by

refluxing a suspension of titania in toluene containing a diisocyanate, followed by

washing with toluene and water and finally drying at 120 ∘C. Proposed structures

are displayed in Scheme 5.23, showing that the generated urethane ligandmay cap

one unique titania particle or induce the formation of a urethane bridged polymer.

The broad absorption shoulder in the range of 400–700 nm most likely is due to

a CT transition from the organic ligand to the conduction band. It is responsible

for the visible-light activity of this hybrid material in photoxidation reactions.
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Figure 5.29 Structural fragment of graphitic carbon nitride.

Graphitic Carbon Nitride Carbon nitrides are known from the early nineteenth

century as insoluble and extremely thermally stable compounds.These polymeric

materials were obtained by Berzelius and Liebig as final products of thermal treat-

ments of, for example, ammonium thiocyanate or urea. In 1937, Linus Pauling

showed by X-ray crystallography that the repeating unit is the heptazine core

(C6N7H3, Figure 5.29). Recent synthesis methods are based on thermal treatment

of melamine or cyanamide. Renewed interest came from theoretical predictions

that a β-C3N4 phase should be as hard as diamond. Although that phase has not

been prepared yet, it was found that an easily obtainable graphitic phase (g-C3N4)

is able to act as a semiconductor photocatalyst. Because of its bandgap of 2.7 eV, it

starts absorbing at 463 nm.The conduction band edge is located at−1.2V. Like an
inorganic semiconductor, it may be loaded with a few percent of metals or metal

oxides for improving of photocatalytic activity. As mentioned before, it may act

also as a sensitizer for wide-gap semiconductors such as titania [226, 333].

5.4

Type A Reactions

In his book The Mysterious Island, Jules Verne predicted “water will one day be

employed as fuel, that hydrogen and oxygen which constitute it, used singly or



5.4 Type A Reactions 149

together, will furnish an inexhaustible source of heat and light, of an intensity of

which coal is not capable.... When the deposits of coal are exhausted we shall heat

and warm ourselves with water. Water will be the coal of the future.” Obviously, a

solar-driven splitting of water to hydrogen and oxygen can be considered as the

“holy grail” of photochemistry. Such a process corresponds to the photosynthesis

of green plants, that most admirable chemical process on earth and the basis

of human life. Instead of hydrogen, it generates NADPH as primary reduction

product, which selectively converts small amounts of atmospheric carbon dioxide

(0.03 vol%) to carbohydrates. It consists of two light-absorbing proteins named

photosystems I and II and a number of electron relay units and enzymes.64) In both

systems, light is absorbed by chlorophyll derivatives having absorption maxima

at 680 nm (P 680) and 700 nm (P 700).65) Scheme 5.24 summarizes the primary

events in a simplified version, which is well known under the name Z-scheme.

Light absorption by the two components generates two electron–hole pairs.

Charge recombination in P 680 is inhibited by a fast multistep electron transport

to the hole in P 700. That is coupled to the synthesis of adenosine triphosphate

(ATP) from adenosine diphosphate (ADP) through a simultaneously generated

proton gradient between the outer and inner membrane sides. As a result, a hole

and an electron remain at PS II and PS I, respectively. Their rather large distance

renders recombination unfavorable. Therefore, they are capable of undergoing

interfacial enzyme-catalyzed proton-coupled redox reactions affording oxygen66)

and NADPH. We note that both the oxygen evolving complex and NADP+

reductasemust have charge-storing properties since, as net result, four electrons

are transported from two water molecules to two NADP+ ions producing oxygen

and NADPH. In summary, we can state that the photoexcited photosynthetic

reaction center of the thylakoid membrane consists of spatially separated redox

centers undergoing IFET reactions with water and NADP+. This resembles the

photoexcited semiconductor surface that contains electron–hole pairs capable

of undergoing IFET with donor and acceptor substrates. Photocatalytic water

splitting and its historical development are summarized in a great number of

publications, which can be found in recent overviews [242, 278, 337–339].

5.4.1

Water Splitting

In the case of water splitting, that is, the formation of hydrogen and oxygen

(Equation 5.84), a direct photoreaction would require vacuum UV irradiation

64) Localized in the lamellar thylakoid membrane of chloroplasts.

65) See, for example, Ref. [16]. For simplicity, we consider only the reaction center and omit the fact

that antenna pigments absorb the light and channel it to the reaction center, consisting of PS I

and PS II.

66) In spite of a huge amount of research performed, the mechanism is still under discussion. The

essential presence of chloride ions [334] is often neglected. In this connection, we mention that

oxygen formation at AgCl coated electrodes proceeds through disproportionation of intermedi-

ate HOCl to O2 and Cl− [335, 336].
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Scheme 5.24 Schematic description of charge separation in the photosynthesis of green

plants (Z-scheme).

since water starts absorbing only at wavelengths shorter than 190 nm. However,

a sensitized (photocatalyzed) process becomes feasible with visible light via an

electron transfer mechanism (see Section 3.5). For a semiconductor photocata-

lyst, the thermodynamic requirement is that the standard reduction potentials for

water splitting (Equations 5.85 and 5.86, Figure 5.30) match the electrochemical

potentials of the reactive electrons and holes.67)

2H2O → 2H2 +O2 2.46 eV (5.84)

2H2O → O2 + 4H+ + 4 e− 0.81V (5.85)

2H2O + 2e− → H2 + 2OH− − 0.42V (5.86)

For the latter, the band edges are generally taken as approximate values.Therefore,

theminimumbandgap is 1.23 eV and the potentials of reactive electrons and holes

have to be equal to or above−0.42V and equal to or below0.81V, respectively.This

consideration applies for standard conditions, zero overpotential68) and zero reor-

ganization energies of the IFET reactions, a requirement never met in practical

water splitting. Assuming that the sum of the two latter energies is about 0.4 eV69)

both for water reduction and oxidation, we arrive at the more reliable conclusion

that the bandgap has to be at least in the range of 2.0 eV (Figure 5.30).70) Several

inorganic semiconductors fulfill that requirement (see Figure 5.15).

67) In other words, the potentials for water spitting have to be located within the bandgap.

68) The overpotential refers to the potential difference (voltage) between the standard reduction

potential and the potential at which the reaction is observed experimentally.

69) In PS II the overpotential for water oxidation is 0.3V [340].

70) We note that both reorganization energy and overpotential strongly depend on the nature of the

semiconductor surface and redox catalysts located thereon. A rather low overpotential for oxygen

formation of 0.41V was reported for a cobalt phosphate catalyst [341].
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Figure 5.30 Thermodynamics of water splitting.

Honda and Fujishima [342, 343] reported the first photosplitting of water at a

semiconductor electrode in 1971. They used a rutile single-crystal photoanode

electrically connected to a platinum counter electrode (Scheme 5.25a). Applica-

tion of a cathodic external voltage (bias)71) of 0.3 V to the counterelectrode was

necessary to observe significant evolution of hydrogen and oxygen.72) When a p-

type semiconductor is employed, it acts as a photocathode exhibiting oxygen evo-

lution at the counterelectrode (Scheme 5.25b). The bias voltage may be replaced

by a photovoltaic cell.

The first solar-electrochemical cell for water splitting is a slightly modified

version of the earlier-mentioned Fujishima–Honda cell. It contained, instead

of the single-crystal photoanode, an array of 20 rectangular (85mm× 100mm)

titanium metal plates covered with a rutile layer73) and platinum black as cathode

(Figure 5.31). Exposure to solar radiation in the Tokyo area produced 1.1 l of

hydrogen per day in August.

A complementary semiconductor material may replace the metallic counter-

electrode. In such combinations of a p-type electrode with an n-type electrode

one, both components absorb light, and in the case of proper band edge matching

an external bias is not required. Althoughmany photoelectrochemical systems for

water splitting were reported, the reaction rates, product yields, and photostabil-

ities are presently too low for practical applications.

71) As indicated by the position of the negative charge at the counterelectrode, which ismore negative

than nEF
*. It is noted that the necessity of an external bias depends on the electronic and catalytic

properties of the semiconductor surface.

72) The reaction rate was additionally increased when the photoanode was dipped in NaOH of pH14

and the counterelectrode in acid of pH0. This shifts nEF
* to −0.84V and the potential for water

reduction to 0.0V.

73) Prepared by heating a titanium plate with the Bunsen burner to 1300 ∘C.
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Scheme 5.25 Mechanistic principle of photoelectrochemical cells for water splitting in the
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Figure 5.31 Simplified construction scheme of the first solar electrochemical cell. (1)

Anatase photoanode dipping into 1M NaOH. (2) Platinum black cathodes immersed into

0.5M H2SO4. (3) Agar salt bridges. (4) Gas burettes. (5) Ammeter. (Adapted from Ref. [344].)

In the late 1970s, Bard et al. transformed the photoelectrochemical cell into

a simpler powder system by attaching the counterelectrode in the form of a

few weight percent of platinum nanoparticles onto the titania surface (see

Section 5.3.4) [230, 345]. They also discussed the similarity between photosyn-

thesis and photocatalysis at a semiconductor powder suspension in more detail

and proposed, in addition to a simple one-powder system, also a Z-scheme like

the two-powder system, which should be able to channel electrons between

the two components [345]. The two systems were later named one-step and
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two-step systems. However, in the following, we prefer to classify the underlying

mechanistic schemes as one- and two-particle photocatalysis.74)

5.4.1.1 One-Particle Photocatalysis

Metal-loaded crystal aggregates, sometimes called also metallized semiconduc-

tors, are able to photogenerate small amounts, that is, a few milliliters, of hydro-

gen and oxygen. Whereas pristine titania induces only a very low reaction rate,

loading with Pt or RuO2 results in a 1000-fold acceleration.75) Other noble metals

such as Pd and Rh exhibit similar accelerations, whereas Ru is often less effec-

tive. That reactivity sequence parallels electrochemical hydrogen evolution rates

at the corresponding metal electrodes. In case of Pt/TiO2, the following mecha-

nism seems reliable. After light-generated formation of the reactive electron–hole

pair (Equations 5.87 and 5.88),

TiO2

hν
→ TiO2(e−, h+) (5.87)

TiO2(e−, h+) → TiO2(e−r , h +
r ) (5.88)

e−r +H2O
Pt
→ (Pt)H +OH− (5.89)

2(Pt)H
Pt
→ H2 (5.90)

h+r +H2O → OH⋅ +H+ (5.91)

2 OH⋅ → H2O2 (5.92)

H2O2 → 1∕2 O2 +H2O (5.93)

water reduction occurs at the platinum islands (Equations 5.89 and 5.90).These act

as thermally active reduction catalysts and are able to store electrons.76) It is likely

that the formation of H2 proceeds via intermediate platinum hydrides formed in

the IFET to adsorbed water (Equation 5.90 and Scheme 5.26).77) Oxygen evolution

is more complicated, starting with the hole oxidation of water or surface hydroxyl

groups78) to adsorbed OH radicals. That reaction requires a reduction potential

of the reactive hole in the range of 1.9V (Equation 5.91). Most oxidic but only

a few sulfidic or nitridic materials fulfill that thermodynamic requirement (see

Figure 5.15). The generated hydroxyl radicals undergo O–O bond formation to

surface-bound peroxide followed by desorption and disproportionation to oxygen

74) The reason for this definition is that in chemistry theword “step” in general is used for one process

out of a series of successive reaction steps constituting the overall reaction.

75) The action of RuO2 may be due to the initially photogenerated ruthenium metal (see Ref. [346]).

76) As experimentally proven for colloidal semiconductors. See Ref. [188].

77) See Ref. [346] for mechanistic details.

78) For the role of terminal and bridging OH radicals, see Ref. [347].
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and water (Equations 5.92 and 5.93). Alternatively, the surface peroxide may be

oxidized by two holes to oxygen and protons (Equation 5.94).

[Ti] –O–O– [Ti] + 2 h+r + 2 H2O → O2 + [Ti] –O– [Ti] + 2 H+ (5.94)

H

H

OH

OH

TiO2 TiO2 +  H2 + H2O2

Scheme 5.26 H–H and O–O coupling steps of water splitting.

There is some evidence that the first reaction step is not the formation of a

hydroxyl radical but the much less energy-demanding oxidative attack of water

and subsequent oxidative O–O bond formation, as schematically summarized in

Scheme 5.27.

[Ti]–O–[Ti] +  hr
+  +  H2O                   {[Ti]–O  HO–[Ti]}                   [Ti]–O–O–[Ti]

−H+ −H+

hr
+

Scheme 5.27 Reaction steps postulated for surface peroxide formation.79)

As an alternative to the stepwise one-electron oxidation of water to peroxide,

one has to

2h +
r + 2H2O → H2O2 + 2H+ (5.95)

consider also the possibility of a two-electron pathway according to Equation 5.95.

It requires a reactive-hole reduction potential of only 1.3V.

We note that the formation of one molecule of hydrogen requires the uptake of

two electrons, whereas four electrons have to be released during the generation

of one molecule of oxygen. Thus, oxygen formation is a much more complicated

process and generally the rate-limiting factor in water splitting.80) Therefore, addi-

tional loading of an oxidation catalyst (Cox), such as RuO2, IrO2, Mn3O4, and

phosphates or oxides of cobalt [341], inmost cases has a strong positive effect.The

acceleration is based on the low overpotentials for water oxidation of these metal

oxides.81) Scheme 5.28 summarizes some typical doubly functionalized semicon-

ductor powders active in water splitting [242, 278, 337–339, 351, 352].

79) Adapted from Refs [348, 349].

80) In the case of titania, in the presence ofAgNO3 as electron acceptor, oxygen formation takes about

1 s. By proper adjustment of the laser pulse repetition rate, it was experimentally confirmed that

four photons are required per molecule of O2 produced [165].

81) It is noted that succinate-protected 2-nm-sized IrO2 colloid upon absorption of visible light may

act as a photocatalyst for water oxidation even in the absence of a semiconductor. Ref. [350]
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Scheme 5.28 Principle of one-particle photocatalysis water splitting. Cred and Cox refer to

thermally active reduction and oxidation catalysts. The latter are present in a few weight

percent relative to the semiconductor.

In the preparation of these surface-modified powders, first the noblemetal load-

ing is performed by irradiating the semiconductor suspension in presence of the

metal salt and reducing agents such as alcohols. This photoreduction produces

Cred at the reducing surface sites (i.e., locations of er
−). Subsequent loading with a

colloidal metal oxide is then conducted thermally. Although these photocatalysts

induce water splitting, the noble metal nanoparticles catalyze also the thermal

back-reaction of hydrogen and oxygen to water. Covering the metal with a pro-

tective metal oxide layer such as Cr2O3 can prevent that. An elegant method to

achieve that is irradiation of Rh/SC (SC=GaN–ZnO, see Section 5.3.1) in the

presence of K2CrO4. The formed chromium(III) oxide layer covers preferentially

the rhodium particles and prevents the contact of H2 with Rh and therefore the

back-reaction with oxygen. But catalytic water reduction is still possible.82) A sim-

ilar surface modification was also performed on ZrO2-grafted TaON employing

ruthenium instead of rhodium. Both systems are rare examples for visible-light-

driven water splitting. They exhibit surprising photostability, allowing constant

water splitting rates for about 3 months.83) Oxygen evolution occurs also in the

absence IrO2 or RuO2, but the presence of these catalysts improves the rate and

photostability of the semiconductor.

5.4.1.2 Two-Particle Photocatalysis

Analogous to the Z-scheme of photosynthesis, a two-particle photocatalysis sys-

tem consists of two semiconductors connected by an electron-transportmediator.

The sophisticated electron-transport chain in the natural system is replaced by a

simple reversible redox system (Ox/Red) of special kinetic selectivity. Scheme 5.29

summarizes the postulated basic reaction steps. The photogenerated electron in

SC II (SC II(e−)) has first to reduce Ox to Red, followed by fast electron transfer of

Red to the simultaneously photogenerated hole in SC I. As result, the absorption

82) When the size of the Rh/Cr2O3 particle is decreased from 6.5 to 1.5 nm, the gas production

becomes three times faster [352].

83) The long-term experiment was performed with 0.2 g of Rh2−yCryO3/GaN–ZnO powder sus-

pended in 0.2 l of sulfuric acid (pH4.5) in a Pyrex top-irradiation reaction vessel.The visible light

came from a 300W xenon lamp fitted with a cutoff filter and a water filter (400<𝜆< 500 nm). A

rate decrease of 50% was observed after 6months of irradiation time [352].
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Scheme 5.29 Two-particle photocatalysis scheme for water splitting at a suspension of two

semiconductor powders in a redox electrolyte in neutral water. For the nature of Cred and

Cox, see Scheme 5.28.

of two photons produces one hole in SC II and one electron in SC I. After charge

storage in Cred and Cox, reduction and oxidation of water can proceed [242, 277,

278, 338, 353–358].

Obviously, that mechanistic scheme is based on the assumption that the ther-

modynamically strongly favored back-electron transfers according to Equations

5.96 and 5.97 are much slower. The redox systems IO3
−/I−and Fe3+/Fe2+ have the

SC I(e−) +Ox → SC I + Red (5.96)

SC II(h+) + Red → SC II +Ox (5.97)

required kinetic selectivities.84) A typical example for the former system is RuO2-

loaded TaON (SC II) and platinum-loaded TaON grafted with 10% of ZrO2 (SC I).

The system photocatalyzes water splitting at 𝜆≥ 420 nm [359]. The iron redox

couple was employed with rhodium-doped SrTiO3 having platinum as Cred and

BiVO4, which does not require an oxidation co-catalyst (Cox). The latter system

works even in the absence of the iron redox shuttle (Scheme 5.30) [338, 360],

suggesting that the two powders form mixed aggregates allowing an interparticle

electron transfer.85) There is good experimental evidence to suggest that this occurs

via a Rh4+/3+ surface species. When a slightly modified powder system (Cred =Ru

84) Introduced as sodium salts and chlorides, respectively. I− + 6 OH− + 6 h+(SC I)→ IO3
− + 3H2O

and IO3
− + 3H2O+ 6e−(SC II).

85) Probably induced by weak electronic solid–solid interactions like in mixed-phase materials. See

Ref. [176].
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Scheme 5.30 Two-particle photocatalysis scheme for water splitting at a suspension of two

semiconductor powders in acidic water. The dashed line symbolizes an interparticle electron

transfer.

instead of Pt) with a surface area of 33 cm2 of was irradiated with a solar simula-

tor during 120 h, it produced hydrogen and oxygen with rates of 1 and 0.5ml h−1,

respectively.86)

5.4.1.3 Reduction and Oxidation of Water

A possibility to check the reactivity of a photocatalyst separately on its hydrogen-

and oxygen-producing properties is to caary out the reaction in the presence of a

reducing and oxidizing agent, respectively. These systems are often called “sac-

rificial” to signal that the reductant and oxidant (electron donor D and accep-

tor A) are “sacrificial reagents,” that is, they are consumed during the reaction.

This is obvious for a chemical reaction, and therefore we simply name these reac-

tions just reduction and oxidation of water and not “sacrificial hydrogen or oxygen

production.” The mechanism is analogous to water cleavage except that water is

involved as a substrate not in both but only in one of the two IFET reactions. In this

respect, they are heterogeneous versions of the homogeneous systems discussed

in Section 3.5.

Water Reduction A great number of semiconductors, including organic polymers

such as graphitic carbon nitride, have conduction band edge positions negative

enough for the reduction of water to hydrogen. To observe H2 evolution, the

valence band edge has to match the reduction potential of the reducing agent

(Red).A fast and irreversible secondary reaction of the primary oxidation product

of Red inhibits back-electron transfer and therefore improves the photocatalytic

activity. Typical reducing agents87) are alcohols, alkylamines, sulfide and sulfite,

formic acid, and EDTA [362]. One of the simplest visible-light-active systems is

platinized cadmium sulfide in the presence of sodium sulfite (see Section 5.3.4).

The two IFET reactions produce hydrogen and the oxidized donor (Equations 5.98

and 5.99).

86) 0.1 g of each photocatalyst suspended in 180ml of H2SO4 (pH= 3.5) [338].

87) Many authors use the term “sacrificial agents” instead of reducing agents.This causes sometimes

confusion for the non-chemist and should be abandoned [361].
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2 e−r + 2 D2O → D2 + 2 OD− (5.98)

2 Red-H + 2 h +
r → 2 Red-H+⋅ (5.99)

2 Red-H+⋅ → 2 Red⋅ + 2 H+ (5.100)

2 Red⋅ → 2 Redox (5.101)

2 Red-H → D2 + 2 Redox (5.102)

In many cases, it is not proven experimentally that hydrogen originates from

water. The usual test is to carry out the reaction in D2O and analyze the isotopic

composition of hydrogen evolved. Formation of D2 is then usually taken as proof

that water is consumed. However, when the donor contains C–H bonds (Red-H),

the radical cation generated according to Equation 5.99 undergoes a fast depro-

tonation to a carbon-centered radical (Equation 5.100), followed by conversion

into a stable product (Equation 5.101).88) As a result of the reactions according

to Equations 5.98–5.100, water of the isotopic composition HOD is produced

in the same amount as D2O is consumed. Accordingly, at early reaction stages

Equation 5.102 describes the net reaction.Thus, the formation of D2 is a necessary

but not sufficient criterion for overall water reduction.89) As expected formethanol

as reducing agent, the amount of hydrogen produced in the presence of titania is

equivalent to the complete oxidation of methanol. No hydrogen is produced in

absence of methanol [363].

Water Oxidation As discussed in the previous sections, many semiconductors are

suited for oxygen formation from the thermodynamic point of view. But because

of the high kinetic barriers of this four-hole process (Equation 5.103), in general

an oxidation catalyst (Cox) is indispensible for sufficient reaction rates. Perox-

odisulfate, ammonium cerium(IV) nitrate, and silver nitrate are typical electron

acceptors having reduction potentials in the range of 1.8–0.8V.90) Accordingly, all

IFET reactions (e.g., Equation 5.104) to these acceptors are strongly exergonic.

2H2O + 4hr
+ → O2 + 4H+ (5.103)

2S2O8
2− + 4e−r → 4SO4

2− (5.104)

As discussed for the reduction of water, the origin of oxygen is often unclear,

especially in cases where only micromolar and millimolar amounts are produced.

The mechanism of oxygen formation depends strongly on the nature of the oxi-

dizing agent, suggesting that it may be directly involved [361].

88) In the case of alcohols and alkylamines, these radicals are strong one-electron donors. Thus the

absorption of one photon may produce two electrons (see Chapter 3.5).

89) See Section 5.4.5 for an experimental proof for the case of Red-H in an unsaturated cyclic ether

[166].

90) K2S2O7, (NH4)2Ce(NO3)6, AgNO3 have, at pH= 0, reduction potentials of 2.0, 1.7, and 0.8V,

respectively.
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5.4.2

Aerobic Oxidations

In the last section, we learned that the oxidation of water to oxygen, although

thermodynamically allowed at many semiconductor surfaces, has a high kinetic

barrier. When, therefore, substrates are also present, which can be oxidized via

more simple one- or two-electron transfer steps, they are oxidized preferentially.

In the presence of air, in many cases, an exhaustive oxidation (“mineralization”)

of organic or inorganic substrates is observed. Phenol, for instance, is converted

to carbon dioxide and water. This is the basis for the use of aerobic photocatalysis

for environmentally friendly cleaning of air and water. While the photocatalytic

detoxification of air by sunlight is already in the stage of technical application (see

Section 5.6.3), water cleaning has not reached this point until now. One reason

may be that the pollutant concentrations in general are much higher in water than

in air, rendering the reaction times too long.

Although often claimed without reliable experimental evidence, in general, a

direct photocatalysis mechanism is anticipated. But quite commonly, also sub-

strates or their surface–CT complexes may be the light-absorbing species and an

indirect mechanism may be operating (see Section 5.1.1). This is especially true

for visible-light degradation of dyes.91)

5.4.2.1 Direct Photocatalysis

A summary of the most relevant reactions occurring after the generation of

the reactive electron–hole pairs in such aerated systems is given by Equations

5.105–5.113. Therein, R symbolizes almost any functional group such as OH,

CHO, CO2H, NH2, and SH.

The formation of the superoxide radical ion92) in any case is the reductive pri-

mary step (Equation 5.105). The standard potential E∘(O2(aq)/O2
−) is −0.16V.93)

Superoxide in neutral water undergoes a fast protonation to the hydroperoxyl

radical (Equation 5.106), which is an efficient hydrogen-atom acceptor producing

an alkyl radical and hydrogen peroxide (Equation 5.107). The latter can be easily

reduced by another electron, generating an OH radical (Equation 5.108). Thus, in

the presence of oxygen, the reductive primary step generates a strong oxidant. In

addition to its strongly oxidizing power, the OH radical may abstract hydrogen

from the substrate or add to the double bonds present in the group R.94)

An easy test for the mutual involvement of a superoxide-based intermediate is

to investigate the influence of another electron acceptor in the absence of oxygen.

91) It is often overlooked that methylene blue and rhodamine B have a strong absorption band in the

range 600–700 nm.

92) We prefer to writeO2
− instead ofO2

−⋅ since the latter formula suggests that the unpaired electron

is localized, that is, the anion should have a strong radical character.This is not the case, since the

electron is delocalized over both atoms in an MO of O–O character. For the chemical reactivity

of superoxide, see Ref. [364].

93) See Ref. [222].

94) The intermediateOHandHO2 radicalsmay escape to the gas phase and enable remote oxidations;

see, for example, Ref. [365].
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Typical examples aremethylviologen and tetranitromethane, both of which do not

absorb visible light. The reactive electrons reduce the former to blue MV+⋅, and

the latter toNO2 andC(NO2)3
−.The use of silver ions is less recommendable since

the formation of metallic silver changes the quasi-Fermi level of electrons.

O2 + e−r → O2
− (5.105)

O−
2 +H2O → HO⋅

2 +OH− (5.106)

HO⋅
2 + RCH3 → RCH⋅

2 +H2O2 (5.107)

H2O2 + e−r +H+ → OH⋅ +H2O (5.108)

RCH3 + h +
r → RCH⋅

2 +H+ (5.109)

RCH⋅
2 +O2 → RCH⋅

2–O–O⋅ (5.110)

RCH2–O–O⋅ + RCH3 → RCH2O–OH + RCH⋅
2 (5.111)

2 RCH2–O–O⋅ → RCH2–O–O–O–O–CH2R (5.112)

RCH2–O–O–O–O–CH2R → RCH2OH + RCHO +O2 (5.113)

In the primary oxidative step, a dissociative IFET affords a further substrate radical

(Equation 5.109). At the oxidic semiconductor surfaces, lattice hydroxide species

may be first oxidized to surface hydroxyl radicals, followed by oxidation of RCH3

[366]. This is indicated by the formation of C18O16O when Ti18O2 is used for

the mineralization of benzene (Ph-H) in the presence of silver ions as electron

acceptors [367]. According to Scheme 5.31, hole oxidation affords an adsorbed
18OH radical, which adds to benzene under deprotonation. The generated lattice

vacancy is filled up by water, accompanied by the generation of a second proton.

Subsequent oxidation steps lead eventually to the formation of isotopically mixed

carbon dioxide.

Ti

18O

18OH

Ti 18OH

Ti

O

18OH

Ti OH

h+ (1) Ph-H

(2) H2
16O

Ti

O

16OH

Ti OH

    Ph18OH 

    2 H+

hν

   H2
16O

C18O16O+

Scheme 5.31 Exchange between titania lattice and water oxygen during UV oxidation of

benzene to C16O18O and water; pH<pzzp.

Similarly, also in the aerobic oxidation of alcohols, the produced ketone contains

predominantly oxygen atoms from molecular oxygen as evidenced by the photo-

catalytic oxidation of PhCH2
18OHby 16O16O [368, 369].There is good experimen-

tal evidence that incorporation of 16O occurs via the reaction sequence depicted
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in Scheme 5.32. Photochemical hydrolysis of the peroxotitanium surface complex

re-forms the titania surface. It is acceleratedwhen the titania surface is protonated.

[TiIV]
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CHR2
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CR2

[TiIV]
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R2
C

O

O
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18O
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hν, −H+
O2

e−, h+

Scheme 5.32 Oxygen atom exchange in aerobic alcohol oxidation.

Subsequent addition of oxygen to the alkyl radical produces a peroxyl radical

(Equation 5.110), which in turn abstracts hydrogen affording an alkylhydroper-

oxide and a further substrate radical (Equation 5.111). The peroxyl radicals are

eventually transformed to an alcohol and aldehyde as the first stable reaction prod-

ucts (Equations 5.112 and 5.113). They are easily further oxidized in multistep

reaction sequences, affording finally, for example, carbon dioxide and water.

Some of the intermediate oxygen radicals such as OH and HO2 may diffuse

away from the surface allowing remote oxidation of substrates [370–373].

Functional groups such as –NH2 and –SH are oxidized to nitrate and sulfate,

respectively. Reduction potentials of 1.90V (OH./OH−),95) 1.29V (H2O2/H2O),

and 0.94V (O2
−/H2O2) illustrate the strongly oxidizing nature of some key

intermediates.96) It is therefore not surprising that almost any pollutant can be

oxidized, especially at oxidic semiconductors. As a prerequisite, the potential of

the reactive electron has to be negative enough for enabling oxygen reduction.

If this is not the case, like for tungsten oxide, grafting with copper(II) renders

the reaction possible by opening a new oxygen 2e− reduction (Scheme 5.33).97)

Similar results were reported for platinum-loaded tungsten oxide [379].

Vis

V (NHE)

0

1.5

3.0

Cu2+/o

O2

H2O2

WO3

CH3CHO

CO2  +  H2O

O2 /O2
−

Scheme 5.33 The presence of Cu(II) on the WO3 surface opening a thermodynamically

favorable 2e− reduction of oxygen.

95) At pH= 0 the potential is 2.6 V, see Refs [374–376].

96) As already mentioned, all electrochemical potentials apply for pH 7 relative to NHE as defined by

Ref. [377].

97) A suspension ofWO3 powder is impregnated with 0.05% of CuCl2 and heated to 260
∘C, followed

by calcination at 650 ∘C. Refs [271, 378].
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We note that in Equation 5.111 a second alkyl radical is generated without

involvement of an electron–hole pair. It may start a radical chain reaction by

repeating the reaction steps 5.110 and 5.111. Thus, the absorption of one photon

induces a thermally driven autoxidation reaction.98) In such cases, depending on

the nature of RCH3 and experimental conditions, the reaction may continue after

turning off the light. Such reactions are named photoinitiated (or photoinduced)

chain reactions. In these, the semiconductor acts as a photoinitiator.

In the absence of oxygen, other acceptors for the reactive electron must be

present. Classical examples are organic halogen compounds [381]. When their

reduction potential is equal to or less negative than that of the reactive electron,

a dissociative IFET according to Equation 5.114 can proceed. The

RCl + er
− → R + Cl− (5.114)

C6H12 + hr
+ → C6H11⋅ +H+ (5.115)

C6H11 + RCl → C6H11Cl + R⋅ (5.116)

as-generated alkyl radical again may start a chain reaction as observed in the UV

irradiation of titania in cyclohexane solutions of CBr4 or CCl4. A cyclohexyl radi-

cal is produced according to Equation 5.115, followed by regeneration of the alkyl

radical (Equation 5.116).

C6H12 + CBr4
UV,TiO2−−−−→

N2

C6H11Br + CHBr3 (5.117)

As products, cyclohexyl halides and CHX3 (X=Cl, Br) are formed, and the

overall reaction can be formulated as a hydrogen and chlorine atom transfer

(Equation 5.117).

The literature covers extensively the exhaustive aerial photoxidations of pollu-

tants including cyanide, NOx, mercaptanes, phenol derivatives, pharmaceuticals,

dyes, and polymers.99) Special attention is given to visible-light-active photocata-

lysts such as doped or modified titania.

Surface modification by grafting of platinum(IV) or rhodium(III) chloride onto

titania (see Section 5.3.3) significantly changes the nature of the reactive hole

and increases photocatalytic activity. Whereas titania does not induce a com-

plete mineralization of atrazine,100) this is feasible with 4.0%PtCl4–O–TiO2 [223].

Visible-light absorption within the platinum chloride-centered absorption shoul-

der induces cleavage of the Pt–Cl bond to a Pt(III) fragment and an adsorbed chlo-

rine atom (Scheme 6.11, process A).101) The latter oxidizes D under re-formation

of a chloride ligand (Scheme 5.34, process B). Concerted injection of an elec-

tron from Pt(III) into the titania conduction band is followed by oxygen reduction

98) For the autoxidation of acetaldehyde, see Ref. [380].

99) See, for example, references in Section 5.6.3.

100) Atrazine (1-chloro-3-ethylamino-5-isopropylamino-2,4,6-triazine) is one of the most widely

applied herbicides.

101) This is evidenced by the formation of chlorophenols during oxidation phenol degradation.
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Scheme 5.34 Proposed photocatalysis mechanism at chloridoplatinate-grafted titania.

(Scheme 5.34, process). The reduction potential of the adsorbed chlorine atom is

unknown but should be between 2.6 and 1.3V, the values for a free chlorine atom

and aqueous chlorine gas, respectively. Obviously, the rates of processes A and B

have to be much faster than charge recombination (Scheme 5.34, process C). A

positive role of the intermediary chlorine atoms is also known in the visible-light

C–H activation of hydrocarbons by surface-chlorinated BiOBr/TiO2 [382].

Visible excitation of the corresponding rhodium-grafted material 4.0%RhCl3–

O–TiO2 has different consequences because no chlorine atoms could be scav-

enged [383]. Since the relevant absorption band has rhodium-to-titanium CT

character (see Section 5.3.3), a mechanism according to Scheme 5.35 is proposed.

The different mechanisms for the platinum- and rhodium-modified materials

reflect the different natures of the lowest electronic transitions.

O2

O2
−

OH•

D

Vis
A BC

D•+

– O – RhIVCl3

TiO2 – O – RhIIICl3

TiO2(ecb)−

Scheme 5.35 Postulated photocatalysis mechanism at chlororhodate-grafted titania.

Modifications of titania with nonmetal elements such as carbon, nitrogen,

and sulfur introduce new electronic states close to the valence band, and the

reactive holes acquire the corresponding modifier character (Figure 5.32, see

also Section 5.3.5). It is, therefore, not unexpected that the ammonia- and

urea-derived powders TiO2–N and TiO2–N,C, although exhibit almost identical

quasi-Fermi levels, have distinctly different reactivities [300, 301]. TiO2–N is

inactive in the visible-light oxidation of formic acid to carbon dioxide, whereas

TiO2–N,C is highly active. That corresponds to the photoelectrochemical

properties of electrodes prepared from the two powders by depositing them on
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Figure 5.32 Bandgaps and energy levels (eV) of visible-light-active titania modified by urea

(TiO2–N,C) or ammonia (TiO2 –N).

conducting glass. Upon irradiation at 420 nm, the IPCE of the anodic current is

doubled after the addition of formic acid only in the case of TiO2–N,C.102)

Accordingly, hole oxidation of formic acid (Equations 5.118 and 5.119) is

observable both in the photocatalytic and photoelectrochemical system only with

TiO2–N,C.

HCOO− + hr
+ → COO⋅ +H+ (5.118)

COO⋅ → CO2 + ecb
− (5.119)

These different reactivities can be rationalized in terms of stabilization of pho-

togenerated holes by delocalization within an extended poly(amino-tri-s-triazine)

heterocycle at the surface of TiO2–N,C.103) Such hole stabilization is not possi-

ble in case of TiO2–N, since this contains nonaromatic, small amidic or oxidic

nitrogen species. As consequence, electron–hole recombination becomes more

efficient than interfacial electron exchange, and formic acid oxidation is therefore

inhibited.

The oxidation of formic acid is the very last and often rate-determining step of

the exhaustive degradation of organic pollutants. In aerobic decarboxylation of

aliphatic carboxylic acids, a fluctuation between odd and even carbon numbers

was observed [385].

Different from the unselective oxidations discussed earlier, also selective

reactions are observed. Examples are the oxidations of alcohols to aldehydes

[369, 386] and of alicyclic hydrocarbons to alcohols and ketones [387]. All these

reactions are often important for mechanistic reasons. For synthetic aspects, they

may be valuable only when the product cannot be prepared by more conventional

thermal methods. Secondary oxidations of the aldehyde or ketone usually lead to

102) No significant photocurrent is observed in absence of formic acid.

103) The tri-s-triazine core is based on a cyclic system of 12 C–N bonds which surround the cen-

tral sp2-hybridized N atom. The 14π-electrons form a doubly cross-conjugated aromatic planar

system [384].
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carboxylic acids and higher oxidized products, when conducted on a preparative

scale.104)

5.4.2.2 Indirect Photocatalysis

Theexhaustive aerial oxidation of dye residues in pollutedwaters is themost inves-

tigated field of indirect photocatalysis [388].We recall that in onemechanism light

absorption occurs only by the dye, whose excited state reduction potential has to

be equal to or more negative than the conduction band edge (or a closely located

empty surface state). Only in that case electron injection into the conduction band

might occur via a PET process. The resulting dye radical cation undergoes a fast

deprotonation, affording an intermediate radical which is further oxidized (see

Equations 5.110–5.113). In the other mechanism, the substrate forms a surface

CT complex, exhibiting a new absorption band of CT character. Irradiationwithin

this band leads to an OET process producing the same primary redox products as

in the PET pathway. An example is the niobiumpentoxide-photocatalyzed aerobic

conversion of benzylamine to N-benzylbenzylidene imine. Visible-light absorp-

tion occurs by a surface [Nb2O5]–O–N(CH2)Ph complex (see also Scheme 5.39)

[389].

5.4.3

Nitrogen Fixation

After photosynthesis, nitrogen fixation is the second most important chemical

process in nature. The mild reaction conditions of the enzymatic reaction

(catalyzed by the iron- and molybdenum-containing enzyme nitrogenase) as

compared to the iron-catalyzed Haber–Bosch process105) (approximate reaction

conditions are 200 bar and 400 ∘C) stimulated a multitude of investigations on the

synthesis and reactivity of N2 transition-metal complexes under thermal reaction

conditions. Relatively little work was published on photofixation, especially at

simple inorganic photocatalysts.

5.4.3.1 Fixation by UV Irradiation

In 1977, Schrauzer et al. reported the very first photoreduction of dinitrogen in

the presence of iron oxide-modified titania powder [390]. The most active pho-

tocatalysts were obtained when powdered anatase was impregnated with 0.2%

of iron(III) sulfate, followed by calcination at 1000 ∘C. Such treatment causes a

partial conversion to rutile, producing crystals of diameters from 0.1 to 0.3 μm
with a rutile content of 23%. Up to 6 μmol of ammonia and molecular oxygen are

formed upon UV irradiation of the dry powder in contact with humid dinitrogen.

The use of 15N2 proved that ammonia originated from dinitrogen. No ammonia

formed when nitrogen was bubbled through an aqueous suspension of this pow-

der or when irradiation was conducted with visible light. It was proposed that in

104) That means on the half-gram or gram scale.

105) The most important process of chemical industry. N2 + 3H2 → 2 NH3 + 22.1 kcal.
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the primary reductive step nitrogen is reduced at titanium(II) centers to diazene

according to Equation 5.120. The primary oxidative

N2 + 2 H2O + 2 er
− → HN = NH + 2 OH− (5.120)

2 H2O + 4 hr
+ → O2 + 4 H+ (5.121)

step is oxidation of adsorbed water/hydroxyl groups. Subsequent further oxida-

tion produces oxygen (Equation 5.121).

Diazene is a short-lived molecule, which is not reduced further but either dis-

proportionates into N2H4 and N2 (Equation 5.122) or decomposes spontaneously

into N2 and H2.

2 HN = NH → H2N–NH2 +N2 (5.122)

N2H4 + 2 er
− + 2H2O → 2 NH3 + 2 OH− (5.123)

Intermediate hydrazine concentrations are in the range of 1 μmol. Dispropor-

tionation is a bimolecular reaction and hence favored at higher stationary con-

centrations of N2H2. The decomposition to dinitrogen and hydrogen, which is a

unimolecular reaction, is base-catalyzed and favored under alkaline conditions.

Disproportionation therefore preferably occurs at high concentrations andneutral

or acidic environment. The latter is provided by the humidified TiO2 employed,

since about half of its surface OH groups have a pK a value of 2.9 [266]. The as-

produced hydrazine is further reduced to ammonia (Equation 5.123).Thus, in the

overall reaction, dinitrogen is reduced by water to ammonia.

Prolonged irradiation, especially in the presence of air, induces photoxidation

of NH3 [391]. A direct photochemical oxidation of N2 to various nitrogen oxides

is energetically possible on TiO2 and was originally suggested to occur. But later

studies demonstrated that these compounds were produced via the photoxidation

of intermediary ammonia.

Subsequent work by various authors confirmed the photoreduction, although

the nature of the reducing agent was not known inmost cases since oxygen forma-

tion was only rarely proven [392–403]. Also iron-modified tantalum oxide is able

to photoreduce nitrogen; the optimal Fe loadingwas determined as 1wt% [403]. In

general, ammonia concentrations are in the range 1–10 μM and excitation by UV

light is necessary. Even in the absence of any dopant, an electrochemically formed

titania layer was reported to generate ammonia upon UV irradiation [404, 405].

Other authors could not repeat ammonia formation, which led to adverse dis-

cussions culminating in the proposal that all previously reported yields originated

from traces of ammonia present in a laboratory air [406, 407]. However, this possi-

bility can be easily excluded by taking precautions such asworkingwith 15N2 [390].

As discussed in the foregoing sections, the photocatalytic properties of semicon-

ductor powders are strongly influenced by the crystal-phase composition, crystal

size, and the presence of impurities. Therefore, the controversial results originate

probably from the intrinsic difficulties of controlling the calcination processes of

powders. To overcome the latter problem, the more easily controllable sol–gel
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method was used for the preparation of nanostructured thin films of iron titanates

having various Fe : Ti ratios. Contrary to the previously employed titania powders

containing only 0.2% of iron, the most active films have an Fe : Ti ratio of 1 : 1 and

are able to fix dinitrogen also with visible light [235, 408, 409].

5.4.3.2 Fixation by Visible Irradiation

Thin films were obtained from an alcoholic solution of anhydrous iron(III)

chloride and titanium tetraisopropylate in ratios of Fe : Ti= 1 : 1 or 1 : 2 by

dip-coating of glass slides (2.6 cm× 7.6 cm), followed by hydrolysis in humid air

and annealing at 600 ∘C. No photoactive film was formed when hydrous iron

chloride was employed. Electron microscopy of the iron titanate film with a 1 : 1

metal ratio indicated the presence of a nanostructured matrix of about 300 nm

thickness. It contained 15–20 vol% of cubic crystals with an average diameter of

150 nm. The ratio of Fe : Ti : O as determined by energy dispersive X-ray analysis

was 1 : 1 : 3.5 for both the matrix and the crystals. This composition suggests

that a compound Fe2Ti2O7 is present. It is obtained also as an intermediary

phase by heating ilmenite minerals (FeTiO3) in oxygen atmosphere at 700 ∘C
[410]. In the Mößbauer spectrum of the 1 : 1 film, the doublet at 𝛿 (relative to

α-Fe)= 0.462mms−1 (ΔEQ = 0.910mms−1) points to the presence of hexacoordi-

nated Fe(III). The UV–vis spectrum of titania (Figure 5.33, curve a) is red-shifted

upon increasing the Fe:Ti ratio of the starting metal compounds from 1 : 2 to 1 : 1

(Figure 5.33, curves b and c, respectively). Since the Fe2Ti2O7 film upon UV–vis

irradiation produced the highest ammonia amounts, all results discussed in the

following refer to this material and to EtOH (75 vol%) as reducing agent unless

otherwise noted.
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Figure 5.33 UV–vis absorption spectra of various films and wavelength dependence of

ammonia formation. (a) TiO2. (b) Fe : Ti= 1 : 2. (c) Fe : Ti= 1 : 1. The height of the two vertical

bars indicates ammonia concentrations when cut-off filters were employed at 𝜆≥ 335 and

455 nm. (Reprinted with permission from Ref. [409].)
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Figure 5.34 Photocurrent action spectrum of the Fe2Ti2O7/ITO electrode (a) before and (b)

after the addition of methanol. The applied potential was 0.5 V versus Ag/AgCl. (Reprinted

with permission from Ref. [235].)

The anodic photocurrent observed upon irradiation of an Fe2Ti2O7/ITO elec-

trode at wavelengths of 320–640 nm suggests the presence of an n-type semicon-

ductor (Figure 5.34, curve a).The addition of methanol to the electrolyte results in

a photocurrent increase by a factor of up to ∼3 (at 380 nm, Figure 5.34, curve b),

as a result of the known current amplification effect of methanol. When the film is

calcined at 700 ∘C, 500 ∘C, or lower temperatures, the resulting electrode does not

exhibit current amplification and the film is inactive in nitrogen photofixation.

Photoelectrochemical measurements of the quasi-Fermi level of electrons by

recording the photovoltage of the iron titanate film as function of pH in the pres-

ence of methylviologen are exemplified in Figure 5.35. The plot of photovoltage

versus pH exhibits surprisingly two inflection points pHo(1) and pHo(2) at pH4.5

(±0.2) and pH8.6 (±0.2), respectively (Figure 5.35a). The first and second inflec-

tion points correspond to quasi-Fermi levels of −0.60 and −0.32V, respectively.
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Figure 5.35 Photovoltage versus pH value recorded for the Fe2Ti2O7 film in 0.1M KNO3

in the presence of 1mM methylviologen dichloride. Irradiation with (a) full light and (b)

through a 455 nm cut-off filter. (Reprinted with permission from Ref. [235].)
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The first level can be assigned to traces of anatase. When inserting a cut-off filter

of 455 nm into the exciting light beam, the first inflection point disappearswhereas

the second is still present at the same pHo value of 8.6 (Figure 5.35b). Under this

irradiation condition, the titania component cannot be excited and therefore the

photovoltage must originate from the Fe2Ti2O7 phase, exhibiting the quasi-Fermi

level at 0.32V.We note that such a wavelength-dependent photovoltage measure-

ment offers an easy method for testing the composition of a semiconducting thin

film or powder. These conclusions are also supported by spectroelectrochemical

experiments [235].

5.4.3.3 Formation of Ammonia, Hydrazine, and Nitrate

Irradiations (𝜆≥ 320 nm) of the iron–titanate films in EtOH/H2O solutions under

N2 bubbling or in a closed system after saturationwithN2 affords ammonia in con-

centrations of up to 17 μMand acetaldehyde. No significant amounts of ammonia

are formed in the absence of EtOH. Ammonia is also produced upon visible-light

excitation (𝜆≥ 455 nm, Figure 5.33), rendering light absorption by traces of titania

impossible. Visible excitation of an analogously prepared titania-free iron oxide

film did not produce ammonia. Experiments under 15,15N2 atmosphere followed

by addition of excess (14NH4)2SO4 and subsequent oxidation of the generated

ammonia with sodium hypobromite generates 14,15N2, as indicated by mass spec-

troscopic analysis. This proves that ammonia detected after irradiation originates

from the reduction of dinitrogen and not from some unknown impurities.

Upon bubbling with a mixture of N2 : CO= 10 : 1, ammonia formation is

completely inhibited. The effect is reversible since the same film again induces

ammonia formation after it has been washed with water. It is known that carbon

monoxide inhibits thermal nitrogen fixation in nitrogenase model systems.

Ethanolmay be replaced by the naturally occurring reducing agent humic acid106)

(Figure 5.36, curve e). Figure 5.36 displays the time dependence of ammonia con-

centration under various reaction conditions. Lines (a–c) show in all blank exper-

iments that the ammonia concentrations never exceed 2 μM. However, under N2

bubbling, the formation of ammonia starts after an induction period of 30min and

passes through a maximum at 90min of irradiation time (Figure 5.36, curve d).

During the induction period, intermediary hydrazine is detectable in concentra-

tions of 1 μM(Figure 5.37).While using air instead of nitrogen purging, the ammo-

nia concentration decreases by about 60%.

Further reduction of hydrazine occurs photochemically, as indicated by the irra-

diation of the film immersed in a hydrazine solution.

The decrease of ammonia concentration after 90min irradiation time

(Figure 5.36, curve d) suggests a deactivation of the iron titanate film or a

consecutive reaction such as oxidation to nitrate.107) Since after repeated washing

of the film with water the photoactivity decreased by only 15%, a photocatalyst

106) Humic acid is a mixture of heteroaromatic carboxylic acids formed by biodegradation of organic

matter in soil and water. Because of the presence of amino groups, it has reducing properties.

107) The reaction is observed in the presence of UV excitation of titania [411].
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Figure 5.36 Ammonia formation as function of irradiation time in EtOH (75 vol%) (a–d).

(a) Solution with immersed film prior to nitrogen bubbling and irradiation. (b) Subsequent

nitrogen purging in the dark. (c) Irradiation under argon bubbling. (d) Irradiation under N2.

(e) Irradiation under N2 in the presence of 10−2 g l−1 of aqueous humic acid in ethanol-free

water. (Reprinted with permission from Ref. [409].)
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Figure 5.37 Concentrations of (a) ammonia and (b) hydrazine under N2 and under Ar (c).

(Reprinted with permission from Ref. [409].)

deactivation is rather unlikely. Furthermore, no iron ions were detectable after

24 h of irradiation. These observations suggest that the primary product ammo-

nia may be oxidized to nitrite/nitrate by traces of oxygen introduced during

nitrogen bubbling. Whereas only traces of nitrite are detectable, the nitrate

concentration in the film reaches 45 μM and in solution 7 μM (Figure 5.38).

When air is substituted for nitrogen, the total concentration of nitrate becomes

30 μM. Nitrate is formed in appreciable amounts only when ammonia reaches its
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Figure 5.38 (a) Concentration of ammonia in solution and (b) total nitrate concentration as

a function of irradiation time. (Reprinted with permission from Ref. [409].)

maximum concentration. This suggests that nitrate is produced via intermediary

ammonia and not by a mutual direct oxidation of nitrogen. In accordance with

this conclusion is the fact that no nitrite/nitrate is generated in the absence of

EtOH.

To find out whether the oxidation of the initially produced ammonia is a pho-

tochemical or thermal process, an ammonium chloride solution of comparable

concentration is stirred in the dark in the presence of the iron titanate film. Sur-

prisingly, nitrate formation is observable, indicating a thermal process catalyzed

by the semiconducting film.

5.4.3.4 Role of Chloride Ions

Prolonged water washing of the iron titanate film produced chloride ions, sug-

gesting that hydrolysis of Fe–Cl bonds during the film preparation is incomplete.

The remaining film is inactive, even upon addition of 20 or 40 μM of sodium

chloride solution. In agreement with this observation is the result that an iron

titanate film produced from iron chloride hydrate is inactive. This dominant role

of chloride ions suggests that in the oxidative primary step not ethanol but surface

iron chloride is oxidized (Equation 5.124). The resulting adsorbed chlorine atom

then oxidizes ethanol to the hydroxyethyl radical (Equation 5.125) followed by the

re-formation of the reactive surface iron chloride species (Equation 5.126). This

unprecedented role of surface Fe–Cl bonds differs from titania-photocatalyzed

oxidation reactions in the presence of hydrated chloride ions. In the latter case,

both inhibiting and accelerating effects were observed [412, 413].

h+r +
[
Fe (III)Cl

]
s
→ [Fe (III)]s

+ + Clads (5.124)

Clads + CH3CH2OH → CH3CHOH + Cl− +H+ (5.125)

[Fe (III)]s
+ + Cl− →

[
Fe (III)Cl

]
s

(5.126)
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When, instead of anhydrous iron(III) chloride, the corresponding bromide

is used as starting material, the resulting film is a little less active, which is in

agreement with the lower oxidation potential of a bromine atom. About the same

activity is also obtained when the film is prepared from iron(IIII) acetylacetonate,

suggesting that ethanol oxidation can proceed also in the absence of an Fe–X

bond (X=Cl, Br), either via an initially formed acetylacetonyl radical or through

direct reaction with the reactive hole.

5.4.3.5 Mechanism

From the experimental results presented before, a semiconductor photocatalysis

mechanism is proposed for this unique nitrogen photofixation process, as

schematically depicted in Scheme 5.36. Absorption of a photon by the Fe2Ti2O7

phase generates a reactive electron–hole pair trapped at iron and oxygen surface

centers. The hole oxidizes ethanol to the hydroxyethyl radical directly or via

Equations 5.124–5.126. Subsequently, the hydroxyethyl radical injects an elec-

tron into the conduction band, affording acetaldehyde as oxidation product, in

accordance with the redox amplification effect of alcohols. Thus, the absorption

of one quantum of light generates the two electrons necessary for the crucial first

reaction step: the proton-coupled two-electron reduction ofN2 to diazene, known

as the primary reduction product in homogeneous model systems of biological

nitrogen fixation [390, 414]. It is emphasized that this is a likely proposal without

firm experimental evidence. Disproportionation of this short-lived intermediate

produces N2 and hydrazine, the latter being subsequently photoreduced to

ammonia. The following oxidation of ammonia to nitrate by traces of oxygen is

the thermally catalyzed final reaction step.

CH3CH2OH

 CH3CHOH + 2 H+

hr
+

e−
r

+1.68 V

−0.32 V 

hν

hν

2 H2O  +  N2

HN=NH  +  2 OH

H2N–NH2 + N2

2 NH3

 3 O2

2 NO3CH3CHO + H+ + e−

hr
+

e−er
−

Scheme 5.36 Simplified mechanistic scheme of the visible-light photofixation of nitrogen

to nitrate. The upper and lower horizontal lines represent conduction and valence band

edges, respectively.
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Instead of ethanol, humic acid can also act as a reductant, as shown in

Figure 5.36. Since humic acids are ubiquitous in nature and Fe2Ti2O7 phases may

be formed through solar oxidative weathering of ilmenite, this novel nitrogen

photofixation may be an example for a light-driven nonenzymatic nitrogen fix-

ation under natural conditions. Solar photocatalysis at semiconducting mineral

surfaces should be included in future environmental research. An impressive

example is the solar nitrogen reduction at rutile containing desert sands (see

Section 5.6.1) [415].

5.4.4

Carbon Dioxide Fixation

In connection with the search for renewable fuels and new feedstock for chemical

industry, the fixation of carbon dioxide has become a central topic both in basic

and applied sciences. Methanol, produced through solar reduction by water, is

much easier to handle than hydrogen and re-forms carbon dioxide upon burning.

The standard free energy of 167 kcalmol−1 (Equation 5.127) is almost three times

higher than for water

CO2(g) + 2 H2O(l) → CH3OH(l) + 3∕2 O2(g) ΔGO = 167 kcal mol−1

(5.127)

cleavage [416]. Additionally, by analogy to photosynthesis, C–C bond formation

may open new synthetic routes to valuable organic compounds, such as carbohy-

drates, and in combination with nitrogen fixation even to proteins.

Different from water cleavage, wherein one unique molecule acts both as the

donor and acceptor substrate, an “external” reducing agent is required for carbon

dioxide fixation. An ideal donor is water, but its oxidation to oxygen is a diffi-

cult four-electron process, and therefore more efficient reducing agents such as

amines, sodium sulfite, or EDTA are employed in basic research, similar to the

reduction of water (see Section 5.4.1). The general reaction principle is depicted

in Scheme 5.37, exhibiting commonly investigated systems.108) In addition to the

powder photocatalysts shown in the scheme, also α-Fe2O3 [420], CaFe2O4 [421],

ZnS–O–SiO2, CdS–O–SiO2, and CdS–S–ZnS [258, 422] are photoactive.

hν  CO2Cred

Cred =  Pt, Pd, Cu

SC

SC  = TiO2, SrTiO3, ZnS, CdS

D

Dox

C1 + C2 products D = H2O, NR3, ROH, SO3
2−

−

Scheme 5.37 Carbon dioxide photoreduction scheme.

108) For exhaustive summaries see, for example, Refs [417–419].
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Figure 5.39 Simplified surface structures of TiO2 and ZnS in the presence of carbon diox-

ide. For simplicity, the water/solvent layers are omitted.

One of the earliest works reported that irradiation of SiC, CdS, GaP, ZnO, and

TiO2 generatesmicromoles of the C1 productsmethane,methanol, formaldehyde,

and formic acid [423]. Besides the C1 products, also C2 compounds such as oxalic

acid are formed. A very rare C–C coupling occurs when the donor D is acetylace-

tone. The generated allylic radical CH2=C(OH)C.HCOCH3 can add to the CO2
−

radical producing the corresponding carboxylic acid [424].Therefore, the reaction

belongs to the rare type of semiconductor type B photocatalysis (see Section 5.1.1).

Itmay be recalled that depending on the pHvalue, carbondioxide can be present

also as hydrogen carbonate and carbonate (Equations 5.128 and 5.129). Thus, in

addition to

CO2 + 2 H2O ⇌ H3O
+ +HCO−

3 pKa = 6.4 (5.128)

HCO−
3 +H2O ⇌ H3O

+ + CO2−
3 pKa = 10.3 (5.129)

Physisorption, also chemisorption109) may occur at an oxidic or sulfidic semi-

conductor surface (Figure 5.39). Depending on the detailed structure of the

surface–CO2 complex, binding energies in the range of 4 kcalmol−1 for mon-

odentate and 40 kcalmol−1 for bidentate coordination were calculated for the

CdS surface [425].

Table 5.3 summarizes the standard reduction potentials of the basic carbon

dioxide reactions [426]. From the table, we note that, different from water

reduction (−0.42V), the one-electron reduction requires even a potential of

−1.90V. Only a very few semiconductors have such highly cathodic conduction

band edges. Examples are zinc sulfide (Ec =−1.8V) [427], Ga2O3 (−1.45V) [428],
and copper(I) tantalates of formula Cu5Ta11O30 (−1.53V) [429].
Irrespective of that requirement, many photocatalysts enable the photoreduc-

tion. This is because adsorption of carbon dioxide at the semiconductor surface

may considerably lower the required potential, so that formation of formate can

109) Through condensation of hydrogen carbonate with surface OH groups.
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Table 5.3 Standard potentials of carbon dioxide reductions at pH 7.

E0red (V)

CO2 + e− →CO2
− −1.90

CO2 + 2H+ + 2e− →HCOOH −0.61
CO2 + 2H+ + 2e− →CO+H2O −0.53
CO2 + 4H+ + 4e− →HCHO+H2O −0.48
CO2 + 6H+ + 6e− →CH3OH+H2O −0.38
CO2 + 8H+ + 8e− →CH4 + 2 H2O −0.24

proceed via paths a–c of Scheme 5.38.We note that the two processes b and cmay

occur also in a single step as a proton-coupled one-electron reduction. Further-

more, the reduction could occur through a primary proton-coupled two-electron

IFET (Equation 5.130 and Scheme 5.38, path d). This reaction path requires a

potential of only −0.59V and should be preferred when the reducing agent has

photoredox amplification properties. In a subsequent secondary

HCO3
− + 2 e− + 2 H+ → HCO2

− +H2O (5.130)

HCO2
− + hr

+ → CO2
− +H+ (5.131)

reaction step, formate can be oxidized by the reactive hole to a carbon dioxide

radical anion (Equation 5.131). Subsequent dimerization through C–C coupling

leads to the C2 product oxalic acid (Scheme 5.38 path e). Thus, oxalate formation

does not prove a primary one-electron reduction of carbon dioxide (Scheme 5.38,

paths a–g). By analogy to the electrochemical fixation of carbon dioxide [430], the

C

O

O

e−

e−

C

O−

O

CO2 C
O

O

C
HO

O

CO  +  CO3
2

C

OH

O

e

C

O
C

O−

O

C

−O

−O

O

H+

2 hr
+

a

b

c

f
g

d

g

e

−

2e−
 /H+

HCO2
−

Scheme 5.38 Major products of electrochemical CO2 reduction.
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formation of the reduction product carbon monoxide is rationalized according to

paths f and g of Scheme 5.38.

Although various factors controlling the chemoselectivity, such as the nature

of the semiconductor and the reduction catalyst, have been proposed, simple

correlations do not exist. It was found, for instance, that copper(II) oxide-loaded

titania favors methanol formation [431]. In general, low amounts of products

are obtained, and in many cases the reaction may not be catalytic. Formic acid,

methanol, and methane are observed as major products, whereas formaldehyde

and oxalic acid are rarely formed.110) It is unlikely that formaldehyde is produced

by proton-coupled reduction of formic acid since this reaction was not observed

upon irradiation of silica-supported CdS in the presence of sodium formate [258].

5.4.5

Organic Reactions

One of the earliest examples of photocatalysis of an organic reaction at a semi-

conductor powder is the photo-Kolbe reaction (Equations 5.132–5.136) [432].

Irradiating a titania suspension in acetonitrile in the presence of deuterated acetic

acid with UV light affords CH3D and CO2 as major products and only 5% of

ethane.The latter is themajor product in the classical Kolbe electrolysis and in the

photoelectrochemical version at a titania single-crystal electrode.111) The reaction

offers an elegant access to monodeuterated methane. We note that methane for-

mation occurs between the primary reduction and secondary oxidation product

(Equation 5.136).

After that inspiring observation, many papers appeared dealing with photocat-

alytic organic reactions in the presence of colloidal or suspended semiconductor

particles.

CH3COOD
hν

−−−−→
TiO2

CH3D + CO2 + CH3–CH3 (5.132)

CH3COO−
ad
+ h +

r → CH3COO⋅
ad

(5.133)

Dad
+ + e −

r → Dad (5.134)

CH3COO⋅
ad

→ CH⋅
3(ad) + CO2 (5.135)

Dad + CH ⋅
3(ad) → CH3D (5.136)

They include cis–trans isomerizations [173, 433–435], valence isomerizations

[436, 437], substitution and cycloaddition reactions [200, 438–442], oxidations

[443, 444], and reductions [445–447]. In general, UV excitation is indispensable,

110) Formation of the C2 product oxalic acid as, for example, observed at CdS [258] represents the

first step for a mutual synthesis of organic matter, similar to photosynthesis.

111) This difference is firm evidence for the photocatalysis mechanism since only the oxidative step

occurs in the electro- and photoelectrochemical version of the reaction.
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and in all cases well-known compounds are formed that were not isolated but

only identified by spectroscopicmethods. One reason, inter alia, is that photocor-

rosion of the semiconductor photocatalyst often prevents its use in preparative

chemistry. This is very true for colloidal metal sulfide semiconductors, which are

photochemically too unstable to be used in synthetic reactions [99, 178, 448].

However, the pseudo-homogeneous nature of their solutions allows classical

mechanistic investigations.

The structure of almost all products can be rationalized within the mechanistic

scheme of semiconductor photocatalysis type A. In general, the oxidative part

of the reaction is the product-determining reaction step. That means that the

reactivity of the initially formed radical cation determines the kind of products

finally formed. Typical reactions of radical cations are deprotonation, bond

cleavage, and electron transfer [449, 450], which usually generate radicals as first

basic intermediates. With some acceptors, such as organohalogen compounds, it

is the reductive reaction part that generates a radical according to Equation 5.137.

The following

ArCH2X + er
− → ArCH2⋅ + X− (5.137)

examples illustrate some basic reaction modes. Recent reviews on organic

photochemistry briefly mention also the use of semiconductors as photocatalysts

[125, 451–455].

5.4.5.1 Oxidative C–N Cleavage

Exhaustive photodealkylation of methylene blue and rhodamine B [456, 457] cat-

alyzed by CdS (Figure 5.40) demonstrates nicely which factors decide whether a

direct or indirect photocatalysis mechanism is operating. In the case of methylene

blue (1), photoexcitation of CdS is a prerequisite, since no reaction occurs when

the dye absorbs the light exclusively.

In the primary reductive step, oxygen from air or Fe(III) ions function as the

electron acceptor.The radical cation1+⋅ generated in the oxidative step loses a pro-
ton, affording the strongly reducing α-amino radical (Figure 5.41), which injects an

electron into the conduction band of CdS. Hydrolysis of the resulting iminium salt

leads finally to the secondary amine. Repetition of this multistep reaction affords

the completely demethylated product 2.

N

S NMe2
Me2N

N

S NH2H2Nhν, CdS
4 CH2O

1 2

O2

Figure 5.40 Aerobic exhaustive dealkylation of methylene blue photocatalyzed by CdS.
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hr+ + R–N(CH3)2

R–NH(CH3) + CH2O + H+

[R–N(CH3)2] R–N(CH3)–CH2

[R–N(CH3)-CH2]+

 e−
cb

−H+

H2O

Figure 5.41 C–N bond cleavage through hydrolysis of the intermediate iminium cation.

When methylene blue is replaced by rhodamine B,112) dealkylation occurs also

if the dye is the light-absorbing species. In this case, the reduction potential of

the excited state is negative enough to inject an electron into the conduction band

of CdS, followed by IFET to adsorbed oxygen. The remaining rhodamine radical

cation is converted to the final product.This mechanistic case is rather rare since,

in general, the semiconductor absorbs light and the radical cation is generated in

the oxidative primary step through IFET from the substrate to the reactive hole

(hr
+).

5.4.5.2 Intramolecular C–N and C–C Coupling

In addition to deprotonation via C–H cleavage, radical cations may be trans-

formed to the corresponding radicals also by C–C, C–Si, and other bond cleav-

ages. The intra- or intermolecular consecutive reactions of these radicals usually

determine the chemoselectivity of the overall reaction. Examples for intramolecu-

lar reactions are the cyclizations of the diamino dicarboxylic acid 3 [458] and the

hydrazone 5 [459], both of which proceed via C–N coupling. Figures 5.42 and 5.43

summarize the postulated reaction sequences. It is assumed that water is reduced

in the reductive part of both reactions.

We note that, for both reactions, two electron–hole pairs are necessary to

produce one product molecule of 4 and 6 (2e−/2h+-process). In both cyclization

reactions, C–N coupling occurs intramolecularly in an intermediate generated

through the oxidative IFET. In the following examples, that intermediate adds to

an unsaturated acceptor molecule or an intermediate thereof, generated by the

reductive IFET.

5.4.5.3 Intermolecular C–C and C–N Coupling

An intermolecular bond formation is the hydroalkylation of olefins [460, 461].

TiO2 photocatalyzes the reaction of benzyltrimethylsilane (7) and maleic acid

(8) to the hydroalkylation product 10; dibenzyl (9) and 1,2-dibenzylsuccinic acid

(11) are formed as by-products (Figure 5.44). It is proposed that, in the reductive

primary step, 8 is reduced to the relatively stable radical anion 8−⋅.The oxidatively

formed radical cation 7+⋅ undergoes a fast C–Si bond cleavage to Me3Si
+ and

PhCH2
⋅. Addition of the latter to 8 followed by proton-coupled reduction by

112) Like in methylene blue, it contains two bis(diethylamino) groups, which are now attached to a

xanthene ring.



5.4 Type A Reactions 179

H2N

H2O

H2O

−H2O

NH2

NH2
−NH3

E E

NH

E

E

HN NH2

E E

O

E E

NE E

hν,TiO2 / Pt

2 hr
+ 

2er
− 

−2H+ 
2H+ 

E = CO2H

3 4

Figure 5.42 Anaerobic C–N coupling of 1,5-diaminopimelic acid through an intramolecular

condensation.
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Figure 5.43 Anaerobic cyclization of the hydrazone 5 through intramolecular C–N cou-

pling in the radical cation.

8−⋅ or er
− affords 10. Different from the cyclizations mentioned earlier, only

one electron–hole pair is required to obtain one molecule of the product 10
(1e−/1h+-process).

Another example of an intermolecular C–C coupling is the amidation and acy-

lation of aromatic nitrogen bases such as quinoxaline (Figure 5.45). The reductive

step is oxygen reduction to superoxide, followed by the formation of hydrogen per-

oxide and hydroxyl radicals. In the case of amidation, the oxidative step generates
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MeCN

EE

EE

Ph

EE

PhPh

+

hν, TiO2

+ +

E = CO2H

7 8

9 10 11

PhCH2CH2Ph

PhCH2SiMe3

Figure 5.44 Anaerobic hydroalkylation of maleic acid by benzyltrimethylsilane. Intermolec-

ular C–C coupling proceeds by the addition of a benzyl radical to the olefin.
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H
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Figure 5.45 Aerobic solar amidation of quinoxaline. C–C coupling occurs through radical

addition to the C=N bond.

the.CONH2 radical. Subsequent attack at the α-position of the protonated quinox-
aline, followed by oxidation, leads via deprotonation113) to the amidated product

13. When instead of formamide an aldehyde is employed, the oxidative IFET pro-

duces a proton and an acyl radical. The latter subsequently affords, analogous to

Figure 5.45, an acylated quinoxaline. The intermediate acyl radical may be par-

tially decarbonylated to carbon monoxide and an alkyl radical, which leads to an

alkylated quinoxaline product [462].

In the examples discussed earlier, C–C and C–N coupling occurred via the

addition of a short-lived primary radical to a C=C or C=N bond of the acceptor

substrate. In the following case, an oxidatively generated secondary interme-

diate undergoes a condensation with the starting material, as summarized in

Scheme 5.39 for the aerobic conversion of primary amines to imines [369].

An analogous condensation reaction is a key step in the reduction of nitroaro-

matics by alcohols, as depicted in Scheme 5.40a,b [463]. Titania loaded onto silica

which is surface-modified by arylsulfonic acid groups is a tailored photocatalyst

113) Deprotonation occurs during work-up of the reaction mixture.
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hν

−H+

PhCH2NH2

PhCH=NH2
+                      PhCHO

H2O

−NH4
+

PhCH2NH2

CH
N

H2
C

PhPh

−H2O

O2

TiO2

O2
−

Scheme 5.39 Aerobic C–N coupling occurring through an intermolecular condensation

reaction.

illustrating the power semiconductor photocatalysis. The titania component

functions as the photocatalyst, whereas the acidic silica part acts as a thermally

active catalyst (Scheme 5.40b, step b to c). In the reductive reaction part,

m-nitrotoluene is reduced by six electrons to the corresponding aniline, which

then suffers a fast condensation with the aldehyde generated in the oxidative

reaction step (Scheme 5.40a). The produced intermediary imine undergoes a

proton-catalyzed cyclization with the enolether a, generated from the alcohol,

and its primary oxidation product, the corresponding aldehyde (Scheme 5.40b).

In a subsequent proton-catalyzed step, the intermediate b is converted to c, which
finally disproportionates to products 14a and 14b.
Carboxylic acids are known to generate radicals through oxidative decarboxy-

lation by the reactive hole (Scheme 5.41, see also the photo-Kolbe reaction).114)

In the reductive step, an electron-poor olefin such as 15 may be reduced to the

radical a in a proton-coupled IFET. Subsequent radical C–C coupling (hetero-

coupling) produces the hydroalkylated product 16. Alternatively to the proton-

coupled reduction of 15, the intermediate radical R may add to olefin 15 followed

by reduction of the generated radical by a conduction band electron.Theproduced

enolate ion undergoes a fast protonation to product 16. In the absence of an olefin,
the acid-derived radicals R undergo efficient dimerization when platinized titania

is employed as the photocatalyst [464].

5.4.5.4 Intermolecular C–O Coupling

Selective oxidation of alcohols to aldehydes is an important problem in organic

synthesis, since it is difficult to prevent further oxidation to carboxylic acids.

Although aerobic photocatalysis at titania may exhibit a high selectivity in

early reaction stages [465, 466], further oxidation is expected at prolonged

irradiation times.

All the reactions earlier-discussed produce well-known organic compounds,

which were isolated only in a very few cases. In general, the products were

114) In some cases, an intermediate RCOO⋅ radical is observable.
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Scheme 5.40 (a) Simplified early reactions steps of anaerobic C–N coupling. (b) Secondary

thermal reaction steps leading to quinoline products 14, 15.

not obtained on a preparative scale but just identified by analytical methods.

Furthermore, non-oxidic semiconductors such as metal sulfides often suffer

photocorrosion, as already mentioned in Section 4.2.4, preventing their use

in preparative chemistry. This is very true also for colloidal semiconductors.

Although the pseudo-homogeneous nature of their solutions allows conducting

classical mechanistic investigations, until now they were too labile to be used in

preparative chemistry [99, 178, 448]. As a last example for C–C coupling within

the scope of semiconductor photocatalysis typeA, we shall discuss the synthesis of

a previously unknown organic compound, which was conducted on a gram scale.

5.4.5.5 Anaerobic Dehydrodimerization and Intermediary Water Reduction

Irradiation of an aqueous 2,5-DHF suspension of ZnS or platinized CdS (Pt/CdS)

with UV or visible light affords a few liters of hydrogen and gram amounts of
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Scheme 5.41 Anaerobic radical C–C coupling.

hitherto unknown dehydrodimers in isolated in yields of 60% (Scheme 5.41) [88,

99, 166, 467, 468]. No reaction occurs in the absence of water, and the initially

evolved hydrogen gas contains about 90% of D2 when D2O is employed. Col-

loidal zinc or cadmium sulfide and high-purity single crystals do not catalyze

the reaction. The structure and statistical ratio of the three regioisomeric dehy-

drodimers suggest that the products are formed by dimerization of an intermedi-

ate dihydrofuryl radical. In the reductive reaction step, water is reduced to hydro-

gen (Equation 5.138), whereas in the oxidative part, 2,5-DHF is oxidized to the

allylic dihydrofuryl radical and a proton (Equation 5.139). Statistical dimerization

of the radicals affords the final products. The D2 content of the hydrogen evolved

drops from 90% to 40% after evolution of 1 l of H2, whereas the sum of HD and H2

increases from 10% to 60%. From these results, it is obvious that the formation of

D2 from D2O in “sacrificial” systems is a necessary but not sufficient criterion for

“permanent” water reduction. 3-Hydroxytetrahydrofuran, the product of addition

of water to a mutual 2,5-DHF radical cation, could not be detected. According to

the basic mechanistic proposal (Scheme 5.42), although water is reduced, it is not

consumed, since it is re-formed as indicated by the sum of Equations 5.138 and

5.139. In fact, it is experimentally proven that the water concentration did not

decrease although about 2 l

2 er
− + 2 H2O → H2 + 2 OH− (5.138)

2 hr
+ + 2 RH → 2 R⋅ + 2 H+ (5.139)

2 R⋅ → R − R (5.140)

of hydrogen was produced. The net reaction can therefore be summarized from

Equations 5.138–5.140 as 2 RH→H2 +R–R.

Re-formation of water probably occurs in the many reactions dealing with

“sacrificial” photogeneration of hydrogen. Typical examples are primary and

secondary alcohols as reducing agents, also generating protons according to
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Scheme 5.42 Anaerobic photodehydrodimerization of 2,5-dihydrofuran (2e−/2h+ process).

Band edges are positioned at −1.8 and +1.8 V or −0.9 and +1.5 V for ZnS and CdS,

respectively.

Equation 5.141.

hr
+ + R2CHOH → R2C

⋅OH +H+ (5.141)

Since the dehydrodimerswere unknownbefore, this reaction is the first example

of the preparation of a novel compound through semiconductor photocatalysis.

Analogous products were obtained from 3,4-dihydropyran (3,4-DHP), 3-methyl-

2,3-dihydropyran (3-MeDHP), and cyclohexene in isolated yields of 30–60%.The

saturated ether tetrahydrofuran is also dehydrodimerized, whereas 1,4-dioxane

does not react. In situ prepared zinc sulfide photocatalyzes the same reactions but

exhibits a different chemoselectivity since 1,4-dioxane is also dehydrodimerized

[469, 470].

To unravel the detailed mechanism, substrate adsorption, quenching,

inhibition, and kinetic studies were conducted for the ZnS-catalyzed photode-

hydrodimerization of 2,5-DHF. We will discuss the results in some detail to

illustrate a typical set of mechanistic procedures.

A plot of the amount of 2,5-DHF adsorbed (neq) against the residual concen-

tration in solution exhibits two saturation plateaus at neq(sat) of 2.8× 10−3 and

65× 10−3 mol g−1 (see Section 5.1.2). The first plateau is due to the formation

of a mixed solvent–solute surface monolayer, and the second corresponds to

multilayer adsorption. Assuming that the formation of the monolayer occurs by

competitive adsorption between water and 2,5-DHF, the data can be analyzed

according to the Hiemenz model [196, 471]. From the surface density of zinc

sites (11.4× 10−6 molm−2) of cubic zinc sulfide [472] and the specific surface

area (100–170m2g−1) of ZnS employed, one arrives at a surface concentration
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of 2,5-DHF in the saturated monolayer in the range of 1–2× 10−3 mol g−1. This

good agreement with the experimental value of 2.8× 10−3 mol g−1 suggests that

each zinc site is occupied by one 2,5-DHF molecule. The small downfield shift

of 1.5 ppm as observed for the C(sp3) atoms of adsorbed 2,5-DHF by 13C-NMR

spectroscopy suggests that the oxygen atom is attached to the zinc sulfide surface

through hydrogen bonding to coordinated water (see Figure 5.5).

To find out whether emissive (etr
−, htr

+) and reactive (er
−, hr

+) electron–hole

pairs are identical or not, emission quenching and product inhibition studies are

the appropriate methods. Addition of zinc or cadmium sulfate slightly increases

or does not alter the two emission bands of an aqueous ZnS suspension at 366

and 430 nm, corresponding to band-to-band transition (Figure 4.11) and emission

from trapped charges. Also 2,5-DHF exerts no significant influence. Contrary to

emission, the reaction is inhibited strongly when cadmium or zinc salts are added.

This indicates that the emitting and reacting electron–hole pairs are different.

A Stern–Volmer plot of the relative reaction rate as function of initial inhibitor

concentration only affords a straight line when the concentration of adsorbed ions

is employed (Figure 5.46). From the corresponding slopes, Stern–Volmer con-

stants of 13× 103 and 50× 103 M−1 are calculated for Zn2+ and Cd2+, respectively.

Copper(II) ions exert only a very weak effect. Inhibition by Cd2+ proceeds via

competitive IFET (Equation 5.142) because, even at the very low concentration of

3.9× 10−6 mol g−1, the formation of elemental cadmium is observable; complete

inhibition occurs at 6× 10−4 mol g−1. This differs significantly from

2 er
− + Cd2+ → Cd (5.142)

the effect of zinc ions, in which the expected elemental zinc [98, 473] could not be

detected even at the high concentration of 0.8mol g−1. Therefore, zinc ions either

prevent the formation of the reactive electron–hole pair or efficiently promote its
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Figure 5.46 Stern–Volmer plot for the ZnS-photocatalyzed dehydrodimerization of 2,5-DHF.

(Reprinted with permission from Ref. [99].)
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radiationless deactivation. Inhibition studies with various metal ions reveal that

Fe2+ and Ni2+ accelerate the reaction up to a concentration of about 0.7× 10−3 M,

but inhibit the reaction at concentrations above 2× 10−3 and 6× 10−3 M, respec-

tively. At a given surface concentration of these ions (neq = 3× 10−5 mol g−1), there

is no simple relation with the reduction potential of the metal ion. However, the

reaction rate increases approximately linearly with the electrochemical exchange

current density of hydrogen evolution at the correspondingmetal electrode [474].

This strongly suggests thatwater reduction at the photoexcitedZnS/Mad
2+ surface

occurs at small metal islands generated by photoreduction of metal ions.

From these results, the primary events at the semiconductor surface can be

summarized as schematically depicted in Scheme 5.42. The light-generated

electron–hole pair has a lifetime of 0.1–20 ns and either recombines through

radiative or nonradiative processes or is trapped at emitting (etr
−, htr

+) and

reacting surface (er
−, hr

+) sites. Whereas the former were detected by their

emission at 440 nm, the latter could not be observed directly but their existence

was evidenced through inhibition experiments. The reduction of water most

likely is located at the surface states generated by the metal islands. For the

formation of the 2,5-dihydrofuryl radical in the oxidative part of the reaction,

three pathways may be considered.

• Hydrogen abstraction by a surface sulfur radical. Although such radicals

have been detected at zinc sulfides, this reaction path is rather unlikely since

THF is also dehydrodimerized but does not undergo H-abstraction with

sulfur-centered radicals in a homogeneous solution [475].

• Stepwise formation through an initially formed radical cation followed by

deprotonation.

• A dissociative IFET in which electron transfer and deprotonation proceed con-

certed. All experimental evidence is in favor of the concerted pathway.

Assuming a redox potential of 1.6–2.0V for the reactive hole, and consider-

ing the oxidation potential of 2,5-DHF of 2.6V, oxidation to the radical cation is

endergonic by at least 0.6 eV. Furthermore, there is no simple relation between the

apparent product quantum yields and the ether redox potentials. On the other

hand, a similar estimation for the concerted process of a dissociative electron

transfer (Equation 5.143) reveals that the reaction is exergonic by at least 0.8 eV.

Since the driving force of this reaction

RH → R⋅ +H+ + e− (5.143)

is the difference between the free enthalpy of the C–H bond dissociation energy

(BDE) and the potential of the hydrogen electrode,115) the former value should

be decisive when comparing the apparent quantum yields of various substrates.

Figure 5.47 displays the relation between the quantum yield and the calculated

115) Using a BDE of 3.22 eV and E0(H+/H) of −2.40V (in H2O), we arrive at a value 0.8 eV for the

driving force of reaction according to Equation 5.143. For analogous calculations, see, for example,

[476].
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Figure 5.47 Dependence of the apparent product quantum yield on the calculated bond

dissociation energy of the allylic C–H bond. (Reprinted with permission from Ref. [99].)

BDE of the corresponding C–H bond [99].The expected increase with decreasing

bond strength favors the concerted oxidation pathway.The deviation of 3-MeDHP

most likely arises from steric hindrance of the radical C–C coupling step by the

adjacent methyl group.

Once formed, the allylic radicals can disproportionate, add to double bonds,

undergo electron transfer, and dimerize, as well known from their chemistry in

homogeneous solution. Surprisingly, the latter pathway is followed to about 90%,

as indicated by a complete material balance. This unexpected high chemoselec-

tivity strongly suggests that C–C coupling does not proceed via fully solvated

radicals but in the H2O/2,5-DHF surface layer. This is corroborated by the

quadratic dependence of the initial rate on the amount of adsorbed 2,5-DHF,

which is characteristic for a heterogeneous catalytic dimerization by a modified

Langmuir–Hinshelwood mechanism affording easily desorbable products [477].

C–C coupling between radicals adsorbed in the water–2,5-DHF surface layer

is further supported by competition experiments with THF. Although the

unsaturated ether reacts only 10 times faster than the saturated one, no THF

dehydrodimers or cross-products are detected when THF is present in 10-fold

excess over 2,5-DHF. Only at a 500-fold higher concentration, the expected

products are observed.

The question arises why the C–C homocoupling between two radicals is so

highly favored over C–H heterocoupling with a mutually adsorbed hydrogen

atom to re-form 2,5-DHF.116) One possibility is that the first photogenerated

116) When the reaction is interrupted after production of 1 l of hydrogen, the remaining unreacted

2,5-DHF does not contain deuterium.
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electron does not react with water but is stored at a Zn/ZnS or Pt/CdS center

until a second electron is produced followed by a two-electron reduction of water

(Equation 5.144). As another possibility, the adsorbed hydrogen atom may not

undergo coupling to the dihydrofuryl

2e−r + 2H2O
Zn∕ZnS
−−−−−−→H2 + 2 OH− (5.144)

radical because of unknown kinetic barriers. Therefore, it seemed worthwhile to

replace water by an organic acceptor which could produce a more stable one-

electron reduction intermediate, perhaps capable of undergoing the postulated

heterocoupling with the one-electron oxidation intermediate. The following

section illustrates that this concept led to the discovery of a novel type of linear

photoaddition reaction (belonging to type B semiconductor photocatalysis).

It also exemplifies typical basic mechanistic investigations in detail.

A reaction mechanism analogous to Scheme 5.42 was proposed for the visible-

light homo- and heterocoupling of benzyl alcohols and benzyl amines at cadmium

sulfide [478].

5.5

Type B Reactions

5.5.1

C–N Coupling

When azobenzene is added to a running ZnS- or CdS-catalyzed photodehy-

drodimerization experiment of 2,5-DHF, hydrogen evolution is completely

inhibited. Instead, the novel allylhydrazine 19c, a linear addition product of

2,5-DHF to azobenzene, and small amounts of hydrazobenzene (20) are formed

(Scheme 5.43) [178, 197, 448]. After all the azobenzene is consumed and some

excess 2,5-DHF is still present, hydrogen evolution starts again. CdS or CdS

grafted onto silica (CdS–O–SiO2) allows conducting the reaction with visible

light. The photoaddition exhibits a significant solvent dependence. No reaction

occurs in dry n-hexane or THF, but upon addition of water or methanol the

reaction is as fast as in pure methanol. When colloidal CdS is employed, no

photoaddition but efficient photocorrosion occurs.

The hitherto unknown allylhydrazines 19a–f were isolated on a gram scale.

Because of the poor crystallization properties, the isolated yields are only in the

range of 10–40% whereas HPLC yields are about twice larger. Surprisingly, only a

very few allylhydrazines have been synthesized until recently employing conven-

tional thermal procedures [479].

From the discussion at the end of the previous section and the experimental

results presented, a simplified reaction scheme is depicted in Scheme 5.44.

Since the presence of the diazene completely inhibits hydrogen evolution and

the reaction proceeds only in protic solvents or in the presence of water, the

reductive IFET is formulated as a proton-coupled reduction of the diazene to a
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Scheme 5.43 Preparation of allylhydrazines 19 through addition of cyclic allyl/enol ethers

and olefins to 1,2-diazenes photocatalyzed by ZnS or CdS suspended in methanol.

hydrazyl radical (Equation 5.145). The oxidative IFET is assumed to proceed as

described for

ArN = NAr + er
− +H+ → ArN⋅ −N(H)Ar (5.145)

the photodehydrodimerization. Heterocoupling of the hydrazyl and allyl radicals

affords the allylhydrazine (Scheme 5.44, path B). Thus, the formation of the

addition product is a 1e−/1h+ process, whereas the by-products are formed via a

2e−/2h+ process (path A, Scheme 5.44), irrespective of whether the hydrazoben-

zene derivative 20 is formed by subsequent disproportionation or reduction of

the hydrazyl radical (Equations 5.146 and 5.147). The energetic relations between

band positions and redox potentials are summarized

2 ArN⋅ −N(H)Ar → ArN(H) −N(H)Ar + ArN = NAr (5.146)

 H+ +

PhN_N(H)Ph

RH + h
r

+

H
+ + er

−PhN=NPh

RH

R

R R

hr

er

hν

Solid              Liquid

A

A

B

PhN NPh

H

H

PhN NPh

R

H

 H+

Scheme 5.44 Simplified scheme for the CdS- or ZnS-photocatalyzed addition of cyclic

unsaturated ethers or olefins to 1,2-diazenes (1e−/1h+ process).
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ArN(H) −NAr + er
− +H+ → ArN(H) −N(H)Ar (5.147)

in Figure 5.48. Formation of the hydrazobenzene product is strongly favored when

platinized zinc or cadmium sulfide is used as the photocatalyst. In both cases, the

rate decreases considerably and hydrazobenzene becomes the major product. It is

known that the presence of platinum favors multielectron processes [480].

Adsorption studies were conducted with CdS in methanol, the solvent

employed in the photoaddition reaction. 13C NMR spectra of 2,5-DHF adsorbed

from the gas phase onto the dry powders suggest that 2,5-DHF is adsorbed paral-

lel to the surface. From the maximum surface concentration of 0.4× 10−3 mol g−1

found for 2,5-DHF and the maximum number of 1.54× 10−3 mol g−1 calculated

for the Cd2+ surface concentration in cubic CdS, [481], it follows that 2,5-DHF

adsorbs at about every fourth Cd2+ center, which is in agreement with a parallel

orientation. The maximum surface concentration neq(sat) for azobenzene of about

10−5 mol g−1 is two orders of magnitude lower, whereas the adsorption constants

are much higher. It is estimated that in the case of CdS only every 220th Cd2+ site

interacts with an azobenzene molecule, corresponding to a surface coverage of

only about 0.7%.This suggests that the more polar methanol (𝜇= 1.7D) efficiently

competes with the less polar trans-azobenzene (𝜇trans ≅ 0D) for adsorption sites

at the polar CdS surface. It seems likely that the interaction between surface

Brønsted acid sites [197] and the basic nitrogen lone pairs is the driving force for

the adsorption.

The apparent quantum yields of allylhydrazine formation (Φapp) were measured

at 366 nm, the wavelength at which light absorption by the diazene is minimized.

In the system CdS/olefin/1,2-diphenyldiazene/MeOH, Φapp increases from 0.02

(2,5-DHF) over 0.03 (cyclohexene) and 0.04 (3,4-DHP) to 0.05 (2,3-DHF). As also

observed for the ZnS-catalyzed photodehydrodimerization, there is no simple

relation with the redox potentials of the olefins.

The postulated C–N heterocoupling requires diffusion of the two radicals

either in the solvent–solute surface layer or in the bulk solution. In both cases,
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one expects that the reaction rate should decrease upon increasing the solvent

viscosity through the application of high pressure. To achieve the latter, the

CdS–O–SiO2-catalyzed photoaddition of 2,5-DHF to azobenzene was con-

ducted at pressures ranging from 0.1 to 120MPa [197]. Both the formation

rate of addition and the reduction product 19c and 20 (R1–R2–Ph) decrease

with increasing pressure. From a plot of ln(rate) versus pressure, the activation

volumes ΔV are obtained as +17.4± 3.4 and +15.8± 2.3 cm3 mol−1 for 19c
and 20, respectively (Figure 5.49). However, since with increasing pressure

also the dielectric constant increases, the observed effects may originate from

the change of this property [482–485]. In order to differentiate between these

two possibilities, the rates were measured in a series of alcohols for which the

viscosity and dielectric constant change in opposite directions. Whereas the rates

again decrease with increasing viscosity, they increase when plotted as function

of increasing dielectric constant. This indicates that the rate decrease at higher

pressure is a viscosity effect.

It is unlikely that the activation volume is connected with substrate adsorption

and product desorption [486] or with the IFET steps. Usually, interfacial collision

rates depend on the molecular mass but not on the diffusion rates [487]. Most

likely, the activation volume measured for the formation of 19 originates from

the diffusion of the intermediary radicals to each other, or from the subsequent

C–N coupling step itself. The latter case can be excluded since bond formation

between neutral organic species in homogeneous solutions in general has a neg-

ative activation volume [488–491]. The only exception is radical recombination

in the termination step of polymerizations [492, 493].These reactions possessΔV
values in the range of +13 to +25 cm3 mol−1, which are composed of the large
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Figure 5.49 Pressure dependence of the 19c and 20 formation rates. (Reprinted with

permission from Ref. [197].)
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and positive contribution of diffusion and the small and negative part of radical

C–C coupling. Hence, the activation volume found for 19 most likely originates

for the most part from diffusion of the intermediate radicals to each other and

only to a minor part from C–N coupling. Therefore it should resemble the acti-

vation volume for the viscous flow of methanol. The fact that the latter value of

+8 cm3 mol−1 [490] is significantly smaller suggests that the radicals do not dif-

fuse in the bulk homogeneous solution but in the solvent–solute surface layer.

The latter should have a higher viscosity and consequently the activation volume

should become more positive. In accordance with this interpretation are also the

small activation energies of 2.8± 0.3 and 2.5± 0.2 kcalmol−1 observed for 19c and
20, respectively. Since the same activation parameters as for 19c were also found

for the formation of the reduction product 20, the disproportionation pathway

(Equation 5.146), which involves radical diffusion, is favored over the secondary

reduction step (Equation 5.147). However, the latter may be partly involved, as

suggested by the slightly smaller pressure effect as compared to 19c.

5.5.2

C–C Coupling

5.5.2.1 Addition of Olefins to Imines

According to the proposed mechanism for the novel photoaddition reaction dis-

cussed in the previous section, other substrates capable of forming radicals upon

CdS-photoinduced one-electron oxidation or reduction should undergo similar

C–C couplings. On replacing the 1,2-diazene by an aromatic imine, the expected

reactions are observed [140, 197, 255, 293, 494–498]. Trisubstituted imines 21
afford the hitherto unknownhomoallylamines 22a–g in isolated yields of 30–75%
(Scheme 5.45).117)

When a disubstituted imine (23a–d) is employed instead of the trisubstituted

one, in addition to the homoallylamine (24) also the hydrodimer (25) of the
imine, that is, the dimer of an anticipated α-aminobenzyl radical, is isolated

(Scheme 5.46). The observation that the hydrodimer is produced only from the

disubstituted imine but not from the trisubstituted one parallels the electrochem-

ical reduction that affords hydrodimers from aldimines but not from ketimines

[499, 500]. Thus, product formation can be rationalized by assuming that the

allylic radical generated in the oxidative IFET, as discussed, undergoes C–C

heterocoupling with the α-aminodiphenylmethyl radical produced according

to Scheme 5.47. In no cases, a product arising from C–N heterocoupling is

117) 1.55 g (5.82mmol) of 21(X=Ar, Ph), 0.30 g (2.08mmol) of self-prepared CdS and 37.0ml

(0.23mol) of α-pinene are suspended in 200ml of MeOH in a Solidex immersion lamp apparatus

and sonicated for 20min under Ar bubbling. Subsequent irradiation with a tungsten halogen

lamp (100W, 12V, Osram, 𝜆> 350 nm) is stopped when all of the imine is consumed as indicated

by thin-layer chromatography. Typical reaction times are 20–22 h. CdS is removed by suction

filtration, and the remaining liquid is evaporated in vacuo. The resulting white powder 22d
(X=Ar, Ph) is recrystallized from heptane. Yield: 1.64 g (72%).
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Scheme 5.45 Preparation of homoallylamines through addition of allyl/enol ethers

and olefins to trisubstituted imines.

observed. Thus, different from mutual thermal routes, which usually involve

the use of organometallic reagents [501–503], the reaction is regioselective and

much easier to perform.
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Scheme 5.46 Addition of cyclopentene to monosubstituted imines.

When the surface SH and OH groups of cadmium sulfide are alkylated with

3-bromopropyltrimethoxysilane, the resulting powder is completely inactive.

However, it becomes very active when the iminium salt instead of the imine

is employed. This indicates that these surface groups protonate the imine to

render its redox potential more positive [495]. The reductive IFET is therefore

formulated according to Equation 5.148.[
Ar2C = N (H)Ar

]+ + er
−⋅ → Ar2C

⋅ −N(H)Ar (5.148)
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Control experiments with 23a show that, in the absence of olefins, hydrodimers

are also formed but the reaction rate decreases by about 90%. While the reduc-

tive reaction step can proceed as depicted in Scheme 5.47, the solvent must be

involved in the oxidative step since no significant oxidative photocorrosion occurs.

Accordingly, irradiation of CdS in a solution of 26 in different alcohols transforms

the imine at different rates to the corresponding alcohol addition products 27 and
hydrodimers 28 (Scheme 5.48).
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Scheme 5.47 Simplified mechanistic scheme for the CdS-photocatalyzed addition of

cyclopentene to imines.
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Scheme 5.48 Preparation of β-hydroxyamines 27 and imine hydrodimers 28 through

addition of alcohols to imine 26.

Except for methanol and 2-propanol, the products are racemic diastereomeric

mixtures, which are isolated in low yields (5–20%). They are often mixed with

the two-electron reduction product N-4-chlorobenzyl-4-chloroaniline. The

major product in all reactions is the hydrodimer 28, which is obtained in yields

of 10% (MeOH), 28% (BuOH), 29% (PrOH), 42% (EtOH), and 60% (iPrOH).

The structure of 27 indicates that the α-CH bond of the alcohol is added to the

imine, in agreement with the preferred formation of α-hydroxyalkyl radicals.
These results show that the solvent can be directly involved in the oxidative step.

It is noted that, in the presence of olefins, no alcohol addition products could be
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detected by HPLC analysis, although methanol was present in a 500-fold molar

excess.This nicely reflects the high chemoselectivity of the semiconductor–liquid

interface.

Increasing the light intensity results in a linear increase of the reaction rate.

Above an incident intensity of about 1018 quanta s−1, a saturation effect is

observed. This is in accordance with other photoreactions catalyzed by semi-

conductor powders [172, 173]. Noteworthy, the product ratio of 0.9 observed for

24a : 25a is not influenced by changing the light intensity. This suggests that the

rates of aminobenzyl radical dimerization and addition to the allyl radical exhibit

the same dependence on the concentration of the light-generated electron–hole

pairs.

To investigate how steric pressure at the imine nitrogen atom influences the

reaction, the aryl group Ar2 was replaced by the bulky 1-adamantyl group. In

this case, CdS-grafted alumina was employed as the photocatalyst. Hitherto

unknown homoallyladamantylamines were obtained in isolated yields of 21–85%

using cyclopentene, cyclohexene, α-pinene, and various N-adamantylimines

(Scheme 5.49) [504]. Unsaturated adamantylamines are of pharmaceutical

interest since this class of compounds has antibacterial, antitumor, antipyretic,

and anti-inflammatory properties. Some of them were discussed as promising

candidates for the treatment of Alzheimer’s and Parkinson’s diseases [505].
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Scheme 5.49 Preparation of homoallyl-N-adamantylimines 31 and hydrogenated products

32. Ad= adamantyl group.

While the diastereoselectivity of C–C heterocoupling is rather low

(Scheme 5.47, path B), the homocoupling between two α-aminobenzyl rad-

icals (Scheme 5.47, path A) is a diastereospecific process as exemplified by the

hydrodimerization of the p-chlorophenyl derivative 29 (X=Cl). According to

HPLC and X-ray structural analysis, only the diastereomer 32 (X=Cl) is formed

in the reactions with cyclopentene and α-pinene, whereas only 32′ (X=Cl) is

produced in the case of cyclohexene (Figure 5.50). Surprisingly, the stereochem-

istry is controlled by the nature of the olefin, although it is not directly involved
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Figure 5.50 Diastereomers 32 and 32′ observed in the hydrodimerization of 29 (X=Cl) in

the presence of cyclopentene or α-pinene and cyclohexene, respectively.

in the C–C homocoupling. However, this effect can be rationalized by recalling

that the radicals have to diffuse to each other within a solvent–solute surface

layer consisting, inter alia, of olefins adsorbed to CdS via hydrogen bonding with

surface SH and OH groups. It is expected that steric interaction with the olefin

should occur during this diffusion process.Thus, the olefin plays a dual role being

substrate for the addition and stereodirecting spectator for the hydrodimerization

reaction.

To explore the general applicability of the olefin–imine addition reaction for

the synthesis of valuable organic compounds, theN-aryl substituent in the imines

23 (X=CN) was replaced by an N-benzoyl group, which may be easily converted

to an amino group. The resulting unsaturated amino acids could be of pharma-

ceutical relevance [506, 507]. Surprisingly, in the presence of CdS–O–SiO2, the

addition reactions of 33with cyclopentene and cyclohexene are completely inhib-

ited in favor of a novel thermal transhydrocyanation of the imine component,

affording novel malononitriles 35 in isolated yields of 40–50% (Scheme 5.50).

However, in the presence of CdS, ZnS, or 36%CdS–S–ZnS, this dark reaction

is completely inhibited in favor of the formation of the hitherto unknown addi-

tion products 34 (65–85% isolated yield). Commercially available CdS and ZnS

are inactive.

NBz

CN

X

R–H

CN

NHBz

R

X

CN

NHBz

CN

X

+

33

34

35

R = X = H(a), F(b), Cl(c), Br(d), Me(e), MeO(f)

hν

36% CdS–S–ZnS

30% CdS–O–SiO2

Scheme 5.50 Support-controlled chemoselectivity.
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A speculative mechanism for the 36%CdS–S–ZnS-catalyzed addition reaction

is summarized in Scheme 5.51. It is noted that this grafted photocatalyst induces

about six times higher reaction rates than pristine CdS. According to time-

resolved photovoltage measurements, 36%CdS–S–ZnS may be considered as a

photochemical diode of the type n-CdS–S–p-ZnS [494].The increased reactivity

is in accordance with the longer charge carrier lifetime of 4 μs as compared to 3 μs
measured for pristine CdS. This slower charge recombination can be rationalized

by assuming an ICET at the CdS–S–ZnS interface.

CdSZnS

hr
+

er
−

er
−

hν1

RH

NBzAr(CN)C

Ar(CN)C—NH(H)BzV (NHE)

hν2

0

 −2

+ 3

Ar(R)(CN)—NH(H)Bz

RH

R• + H+R• + H+

H+

hr
+

Scheme 5.51 In 36%-CdS–S–ZnS, the photoinduced charge separation may be improved

by an intercrystallite electron transfer (ICET).

To investigate whether the rate-determining diffusion of the radicals contains

also some contribution of C–C bond formation, the addition of cyclohexene and

cyclopentene to a series p-substituted imines was analyzed in terms of the Ham-

met equation (Equation 5.149). There, the parameter 𝜎 is a constant for a given

substituent X in the p-XC6H4 group of the imine, and kX, kH are the corresponding

rate constants.The value of 𝜌 depends on the specific reaction. Generally, positive

𝜌 values indicate that enhanced electron-withdrawing substituents X increase the

reaction rate.

log

(
kX
kH

)
= ρσ (5.149)

A corresponding plot of the left term of Equation 5.149 versus 𝜎 reveals a lin-

ear relationship (Figure 5.51) Only the fluorophenyl imine 33b does not follow

this correlation.118) The positive ρ values of 1.18 and 1.44 for cyclopentene and

118) Quite often, the introduction of fluorine substituents exerts unexpected and deviating influences.
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Figure 5.51 Hammet plot for the addition of cyclopentene to imines 33. (Reproduced with

permission from Ref. [493].)

cyclohexene additions, respectively, suggest a nucleophilic attack of the allyl rad-

ical at the α-aminobenzyl radical.

5.5.2.2 Addition of Olefins to Amines

In the foregoing section, C–C bond formation occurred by radical heterocoupling

of the primary IFET products. A similar mechanism (Scheme 5.51, path A) may

explain the formation of the addition products 36, as summarized in Scheme 7.11

[453]. Alternatively, the α-amino radical may attack the furan radical, followed by

proton-coupled IFET affording 36 (Scheme 5.51, path B).

5.5.3

C–H Activation of Alkanes

The activation and functionalization of alkanes is one of the major challenges in

chemistry [508, 509]. The only industrially applied process is the photosulfoxida-

tion of liquid alkanes by sulfur dioxide and oxygen in the presence of UV light

(Equation 5.150).119) In the case of C16–20 alkanes, the resulting linear alkanesul-

fonic acids are used as biodegradable surfactants. The alkane

R–H + SO2 + 1∕2 O2 + hν → RSO3H (5.150)

activation step consists of hydrogen abstraction from the alkane by triplet-

excited sulfur dioxide. Subsequent addition of SO2 to the generated alkyl radical

affords an alkylpersulfonyl radical, which by a further hydrogen abstraction

119) A German company produces 72 tons of alkanesulfonic acid per day in a continuously working

photoreactor of 52m3, equipped with 40 medium-pressure mercury lamps (lengths of 171 cm

and diameter of 10.6 cm).
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Scheme 5.52 Titani-photocatalyzed addition of a tertiary amine to an electron-deficient

alkene.

produces another alkyl starter radical and the persulfonic acid (Scheme 5.52).

Fragmentation and hydrogen abstraction (Equations 5.151 and 5.152) produce

the alkanesulfonic acid [510]. Accordingly, the overall reaction is a photoinduced

radical chain reaction, and product formation continues even after turning off

the light. In general regioisomeric alkyl radicals are formed in the hydrogen

abstraction step except in the case of adamantane photosulfoxidation in the

presence of hydrogen

RSO2–O–O–H → RSO2–O
⋅ +OH⋅ (5.151)

RSO2–O + R–H → RSO3H + R⋅ (5.152)

peroxide, affording regioselectively 1-adamantanesulfonic acid.

Since hydroxyl and hydroperoxyl radicals are generated at the semiconductor

surface in the presence of oxygen, they may also undergo hydrogen abstraction

with an alkane, inducing a similar chain reaction. In fact, irradiating a suspen-

sion of titania P25 powder in n-heptane with visible light (𝜆≥ 400 nm) under an

atmosphere of SO2/O2 = 1 : 1 (v/v) affords n-heptanesulfonic acid. Surprisingly,

the reaction occurs even though neither titania nor the substrates absorb visible

light. This suggests the formation of a CT complex between titania and one of the

reaction components. In fact, exposure of P25 to sulfur dioxide results in a yel-

lowish coloration of the powder originating from a broad absorption maximum

in the diffuse reflectance spectrum at 410–420 nm (Figure 5.52).

Under the given experimental conditions, product formation stops after 6 h of

irradiation time. However, separating the catalyst powder and washing it with

methanol restores the activity.On repeating this procedure three times, the photo-

catalyst still retained its original activity (Figure 5.53). This behavior suggests that

the reaction is inhibited by strong product adsorption and that washing desorbs

the sulfonic acid.

Accordingly, no product is formed when heptanesulfonic acid is added to

the suspension prior to irradiation. Product formation is also inhibited when



200 5 Semiconductor Photocatalysis

0.009

0.006

0.003

0.000

410

c

a
b

415 420

λ (nm)

425 430

F
(R

∞
)

Figure 5.52 Diffuse reflectance spectra of titania P25 in (a) the absence and (b) presence

of SO2. Curve (c) corresponds to the difference spectrum (b) – (a).
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Figure 5.53 Sequential visible-light sulfoxidation of n-heptane. HS= n-heptanesulfonic acid,

R= regeneration.

small amounts of water, such as 0.3 vol%, are present in the suspension. This

may be due to the blocking of the reactive surface centers for heptane oxidation

by preferential adsorption. When after 2 h of irradiation, resulting in a product

concentration of 15mM, irradiation is stopped and the reaction left for 3 days in

the dark at room temperature, product formation continues, affording 50mM

of the sulfonic acid. However, when the radical scavenger hydroquinone is

present during the dark phase, product formation does not continue. All these

observations suggest that the new photosulfoxidation is a radical chain reaction.

However, the alkyl starter radical is generated not via UV excitation of sulfur

dioxide, as in the uncatalyzed reaction, but through visible-light absorption of
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the TiO2/n-heptane/SO2/O2 system. Accordingly, a preliminary mechanism for

alkyl radical generation is proposed, as schematically depicted in Scheme 5.53.

   SO2

RH

O2

RSO2–OOH
RH

3SO2
RSO2

SO2

UV

R
HSO2

RSO2–O

1SO2
ISC

Scheme 5.53 Mechanistic scheme of the UV photosulfoxidation of alkanes.

Visible-light excitation of the CT complex generates a reactive conduction band

electron TiO2(er
−) and an adsorbed sulfur dioxide radical cation. Oxygen reduc-

tion by TiO2(er
−) produces the superoxide, whereas the adsorbed radical cation

may oxidize the alkane to the alkyl radical and a proton. A reduction potential

of about 1.8V is estimated for the latter reaction step. The superoxide may also

generate an alkyl radical through protonation by adsorbed water or surface OH

groups to the hydroperoxyl radical and subsequent hydrogen abstraction from the

alkane.The alkyl radical thus produced is expected to initiate a radical chain reac-

tion as formulated for the stoichiometric UV photosulfoxidation (Scheme 5.54,

Equations 5.146 and 5.147). In agreement with the mechanistic proposal is the

complete inhibition observed in the presence of only 10 vol% of 2-propanol, which

should be much faster oxidized than the alkane and which is also an efficient OH

radical scavenger.

[TiO 2...SO2 ]

Vis

RHO2

RH

R  + H+
H+ + R

[ TiO2(er
−)...SO2   ]+

Scheme 5.54 Proposed mechanism for the visible-light generation of alkyl radicals.

The general applicability of the presented C–H activation is demonstrated by

the successful photosulfoxidation of cyclohexane and the solid adamantane. In

the latter case, glacial acetic acid was employed as a solvent. In summary, this

visible-light-induced C–H activation can be classified as a semiconductor photo-

catalysis type B reaction, extending the two-substrate addition [140] to the three-

substrate addition scheme A+B+C→D.



202 5 Semiconductor Photocatalysis

5.6

Environmental Aspects

Theubiquitous occurrence of semiconducting minerals suggests that solar photo-

catalysismay take place on the surface of soil components, a process called geopho-

tocatalysis. Table 5.4 contains the bandgap values, the corresponding absorption

onsets, and the positions of conduction and valence band edges of some typ-

ical minerals. They were estimated from bandgap and electronegativity values

according to Equation 5.66 for an ideal stoichiometric composition of the min-

eral [511, 512] In reality, minerals contain often impurities, which may alter or

inhibit photocatalytic activity. In natural waters, sediments and clays may pre-

vent light absorption by the semiconducting mineral [513]. When that is not the

case, we can predict from Table 5.4 that, under aerobic conditions, photogenera-

tion of reactive oxygen species is thermodynamically favored, both via reductive

or oxidative pathways (see Section 5.4.2). Such processes contribute very likely to

the self-cleaning of natural waters. Rutile and sphalerite were reported to photo-

catalyze the degradation of the dye methyl orange [514]. And the black varnish

of Saharan rocks containing the mineral Birnessite, amanganese(II,III) oxide with

small amounts of Na, K, and Ca, accelerates the solar degradation of polyphenols

[515, 516]. Hollandite, a barium–manganese manganite mineral photocatalyzes

water oxidation by cerium(IV) nitrate [517].

5.6.1

Abiotic Nitrogen Fixation

In the 1940s, Dhar and coworkers reported on the photoreduction of N2 to NH3

at the surface of TiO2 containing minerals. They proposed that water or natu-

ral organic compounds act as reducing agents [518]. Ammonia formation was

confirmed about 20 years later, when Schrauzer et al. used 15N2 and sand from

the location Dhar had reported [415]. There was good correlation between the

rutile content and the amount of ammonia observed upon solar irradiation in the

Table 5.4 Properties of some semiconducting minerals.

Mineral Formula Eg (eV) 𝝀g (nm) Ec (V) Ev (V)

Anatase TiO2 3.20 390 −0.46 2.74

Rutile TiO2 3.00 414 −0.36 2.64

Ilmenite FeTiO3 2.80 444 −0.35 2.45

Tausonite SrTiO3 3.40 366 −1.26 2.14

Hematite Fe2O3 2.20 565 0.28 2.48

Magnetite Fe3O4 0.10 12 431 1.11 1.21

Pyrite FeS2 0.95 1 309 0.03 0.98

Sphalerite ZnS 3.90 319 −1.58 2.32

Source: Adapted from Ref. [511].
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Table 5.5 Sites of sand samples, rutile content, and amount of ammonia produced.

Number Site Rutile (%) NH3 (nmol)

I Imperial Sand Dunes, Imperial Valley (California) 0.051 59

II Death Valley Dune, base material (California) 0.036 38

III Kuwait desert (Kuwait) 0.011 28

IV Jamuna River, near Allahabad (India) 0.019 25

V Desert near Cairo (Egypt) 0.030 24

VI Tengger Desert (China) 0.010 23

VII Panamint Spring Area, Death Valley (California) 0.016 20

Six grams of a sample was washed with deionized water and heat-sterilized at 100 ∘C for 4 h before

placing them into a Pyrex glass test tube (10 cm long, 1 cm diameter). A calculated volume of air

was withdrawn and replaced by the same volume of 15N2 to enrich the N2 to 25% 15N2. The tubes

were exposed to sunlight for 14 days. NH3 was oxidized to N2 with NaOBr and subjected to mass

spectrographic analysis.

Source: Adapted from Ref. [415].

presence of humid nitrogen gas (Table 5.5). No ammonia is formed when aqueous

slurries of the powders are employed [390]. In addition to ammonia, also small

amounts of 15N-containing nitrate and nitrite are formed. The titania-catalyzed

photoxidation of ammonia is well known (see Section 5.4.3).

Although the ammonia yields summarized in Table 5.5 appear rather low, this

type of geophotocatalysis may be a relevant factor in natural nitrogen ecology.

Considering that the average TiO2 amount in sands or sandstones is about 0.25%

[519], the solar ammonia production is estimated as 107 tons of NH3 per year

on the 19× 106 square miles of deserts on the Earth or about 10 kg of ammonia

per 4000m2 per year. This corresponds approximately to one-third of dinitrogen

oxidized annually by lightning discharges, and to about 10% of N2 reduced bio-

logically [520]. Thus, plants in semiarid regions may rely on this nonenzymatic

nitrogen fixation process. This assumption is in accordance with the acceleration

of spinach growth upon impregnation with anatase nanoparticles [521]. In wheat

and rap plantlets, the presence of titania increases root elongation but does not

influence the plant biomass [522].

5.6.2

Photocatalysis and Chemical Evolution

Prebiotic photoreactions on the surface ofmineralsmay have played a basic role in

chemical evolution.The abiotic nitrogen fixation discussed as well as the following

laboratory experiments support this speculation.

Irradiation of platinized titania suspended in a methane-saturated aqueous

ammonia solution generates a few micromoles of glycine and alanine and traces

of aspartic acid and serine.120) Non-platinized titania is inactive. Although the

120) In a typical experiment, 250mg of Pt/TiO2 is suspended in 30ml of 2M NH3 or NH4Cl and

irradiated with UV light under methane bubbling.
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mechanism is not known, both methane and ammonia may be converted initially

to CH3
⋅ and NH2

⋅ radicals. Further reaction with OH radicals leads to alcohols

and eventually to amino acids [523, 524]. A mutual further intermediate is

formamide (NH2CHO). When adsorbed onto a titania single-crystal surface

under high-vacuum conditions, it is converted to various nucleoside bases upon

UV irradiation, as evidenced by mass spectroscopic analysis [525]. Formation of

lactic acid from glyoxalate and carbon dioxide in the presence of colloidal ZnS

seems also noteworthy [526].

5.6.3

Detoxification of Air andWater

As mentioned in Section 5.4.2, the strongly oxidizing properties of excited titania

and other oxidic semiconductors allow complete oxidation of air and water

pollutants under ambient aerobic conditions.121) Depending on the chemical

composition of the pollutant, the final products are, in general, carbon, dioxide,

sulfate, nitrogen, nitrates [527, 528], and water. While in the case of photocat-

alytic air-cleaning quite a number of technical products such as tiles, roof tiles,

road pavements, and wall paints are already on the market [126, 529–532],

detoxification of water is not so far developed [136, 199, 533–541].

Pollutants include a great variety of inorganic and organic compounds such as

cyanide [542], lindane and DDT [543], dyes [528], herbicides [544–546] includ-

ing atrazine [547], pesticides [548], pharmaceuticals [545, 549–552], seawater-

soluble oil [553], polymers [554], and algae toxins such as microcystin [555, 556].

In same cases, solar irradiation was utilized [538, 546, 557–563].

The reactive oxygen compounds produced on the surface of oxidic semiconduc-

tors also inhibit the blooming of marine and sweetwater algae [564, 565]. There

is increasing interest in the application of the photocatalytic properties of oxidic

semiconductors for the disinfection of surfaces, air, and water [566].

A collection of ISO (International Organization for Standardization) standard

tests for degradation reactions is summarized in an informative review [567].

5.6.4

Antibacterial and Antiviral Effects

The reactive oxygen compounds generated at the surface of semiconductors

induce strong biological effects including the killing of bacteria and viruses

[568–574]. In most cases, pristine and modified titania is the photocatalyst. This

photochemical method can inactivate bacteria resistant to oxidative membrane

damage as caused by direct UV irradiation [575]. The method works even when

a bacterium was separated from the semiconductor surface by a 50-mm-thick

porous membrane, analogous to the remote oxidation discussed in Section 5.4.2

121) A vast amount of publications exists on that topic and we cite here only a few of them, since most

can be found easily by search engines.
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[576]. Oxidative damage takes place at the cell wall and continues after its

destruction in the intracellular area, leading eventually to cell death [577].

Most commonly, Escherichia coli was used as the model bacterium [578–580].

But also Staphylococcus aureus [581–584], Salmonella choleraesuis [570, 571],

murine macrophages [585],122) Listeria monocytogenes [574], Streptococcus

mutans [586], Legionella pneumophila [587, 588], avian influenza virus [589],

HIV virus, SARS coronavirus [571], and cancer cells [590, 591] were found to be

deactivated. A PtCl4-grafted titania exhibits activity in the photodynamic therapy

of mouse melanoma [592].

As in artificial systems, the killing effect depends on details of photocatalyst

preparation [593]. The microwave-assisted preparation of a carbon-doped

anatase-brookite leads to a material that inactivates Staphylococcus aureus with

visible light [594]. Smaller titania particles cause quicker intracellular damage

[577]. Coating titania-covered cordierite with copper(II) increases its antiviral

activity in air cleaners [587].

We note that a quantitative comparison of the killing efficiencies as function

of various photocatalysts is not meaningful because of the differing experimental

conditions [595].

Further utilizations of the photocatalytic “self-cleaning” effect are bactericidal

textiles [596, 597], stainless steel [598], gypsum-based composites as paints on

indoor walls [584], titania-coated silicon catheters [576], and photocatalytically

active buildingmaterials [599, 600]. Solar photocatalytic inactivation of pathogens

present in fish aquaculture was also reported [601]. Various methods were pro-

posed for the comparison of self-cleaning glass and other surfaces [602–604].

5.6.5

Amphiphilic Properties of Titania

The control of the surface wettability of solid substrates is relevant for biological

and industrial processes.123) Depending on the detailed morphology of its surface,

titania may have superhydrophobic or superhydrophilic properties [606]. In the

latter case, thin films on glass exhibit in addition to self-cleaning also antifogging

effects [532]. After exposed in the dark to humid air, the superhydrophilicity dis-

appears but reappears again after UV irradiation. In some cases, the hydrophilic-

to-hydrophobic conversion can be induced by visible light or heat and consists

probably of a dissociation of adsorbed water [607]. A detailed study of the depen-

dence of the UV-induced conversion on light intensity, wavelength dependence,

temperature, and surface acidity clearly proves the presence of a true photochem-

ical process [608]. Several reviews summarize the aspects discussed in this para-

graph [529, 568, 609]. A laboratory demonstration of superhydrophilic layers and

their photocatalytic activity is also noteworthy [610].

122) Murine means “of, related to, or affecting rodents of the family Muridae,” like mice. Murine

macrophages are macrophages of these types of animals.

123) See literature cited in Ref. [605].
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5.7

Titania in Food and Personal Care Products

Because of its brightness, high refractive index, and resistance to discoloration,

titanium dioxide is primarily used as a pigment.124) The global production for all

uses is in the range of millions of tons per year. Nearly 70% are used as pigments in

paints, and the rest is part of glazes, enamels, plastics, paper, fibers, foods, phar-

maceuticals, cosmetics, and toothpastes. Recently, much attention has been given

to the use of titania as a nanomaterial. Its production in 2010 was about 5000 tons

and is expected to increase. As a consequence, it will accumulate in the human

body and environment.

Foods with the highest titania content are candies, sweets, and chewing gums.

Toothpastes and sunscreens contain 1–10wt% titania. Much lower levels are

found in shampoos, deodorants, and shaving creams. Approximately 36% of the

titania particles are less than 100 nm. White paints contain about 10% titania.

It was estimated that the typical exposure for a U.S. adult is in the order of 1mg

Ti per kg of body weight per day. Children experience a higher exposure because

the higher titania content of sweets [611].

Toxicity effects of nanocrystalline titania on the human and animal body is

a newly developing field [612–614]. The smaller the particle size, the easier is

the translocation within the body, which may cause damage to various organs.

However, the inhalation of titania nanoparticles seems comparatively minor as

compared to that of particles emitted by combustions [615]. Exposure to indoor

light slightly disturbs the structure of porcine skin in the presence of anatase

and anatase–rutile powders. Almost no effect is observable in the case of the

rutile modification [616]. In vitro irradiation experiments with commercial sun-

creens revealed the formation of small amounts of hydroxyl radicals and singlet

oxygen [617].

5.8

Photoreactors

5.8.1

Laboratory Photoreactors

Photoreactors employed in homogeneous photochemistry [618] can, in general,

be also used for experiments with semiconductor powder slurries. The major

difference is that stirring is even more important in order to ensure maximum

light absorption (see Section 5.1.2). Additionally, glass tube components should

have a larger diameter as usual for enabling easy removal of solid particles.

For preparative experiments on a gram scale, the immersion lamp apparatus is

124) As a result of a special surface treatment, these technical products exhibit generally negligible

photocatalytic activity.
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Figure 5.54 Immersion lamp photoreactor for preparative irradiations.
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Figure 5.55 Optical train for analytical-type irradiations. (A) Power supply. (B) Lamp hous-

ing. (C) IR filter (water). (D) Optical glass filter (cut-off or by-pass). (E) Cylindrical cuvette. (F)

Magnetic stirrer (E).

recommendable having a volume of 150–200ml (Figure 5.54). When required,

a filter solution can be added to the water-cooling part. Incandescent tungsten-

halogen lamps are the cheapest lamps for visible-light excitation. If ultraviolet

light is required, high-pressure mercury lamps are recommendable. For exper-

iments with solar light, the stirred reaction suspension may be just exposed

to sunlight. Examples are titanium-catalyzed solar syntheses of well-known

nitrogen heterocycles [558].

Experiments on an analytical scale are best conducted on an optical train

(Figure 5.55) consisting of a power supply, a light source (in general a xenon

discharge lamp), a water filter, an optical glass filter, and a cylindrical cuvette
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Figure 5.56 Water-cooled cylindrical 20-ml quartz cuvettes with (a) and without a cooling

jacket (b).
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Figure 5.57 Schematic sketch of a setup with a high-power light-emitting diode (LED)

light source and a multimeter connected to a solar cell as light detector. (Reproduced by

permission from Ref. [621].)

(Figure 5.56).The latter may be simplified to a homemade version by omitting the

cooling jacket and using Solidex glass (transmission threshold at 390 nm). The

optical train setup is also well suited for the use of LEDs (light emitting diodes) as

light source [619, 620].

For measurements of apparent quantum yields, a convenient setup, originally

assigned for homogeneous reactions, may be used also (Figure 5.57) [621].

5.8.2

Solar Photoreactors and Kinetic Modeling

Flat-plate [622], batch reactors [623], flow reactors without [624] and with recir-

culation [159], membrane reactors [552, 625–627], and annular reactors [550] are

discussed in the literature, as also kinetic modeling. The latter includes the con-

sideration of radiation absorption and scattering inside the reactors and requires

the knowledge of the optical properties of semiconductor and reactor walls [628].

Detailed discussions on the difference between artificial and solar irradiation can

be found in Refs [533, 559, 629, 630].
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Recirculating

tank

Step

(21 steps)

Pump

Figure 5.58 Rectangular staircase photoreactor. (Reprinted with permission from Ref. [559].)

Asimple example for a nonconcentrating photoreactor is depicted in Figure 5.58

[559]. It consists of a rectangular stainless-steel staircase vessel having 21 steps.

A Pyrex glass covers (UV-transparent) the light absorbing part (1m2) in order to

prevent water evaporation. The collector is mounted on a fixed rack tilted at the

same angle as the latitude of the location.

Light-concentrating reactors are based on line-focusing parabolic-trough con-

centrators (Figure 5.59).The suspension-containing absorber tube is located at the

geometric focal line of the parabolic trough (100 cm length and 20 cm aperture),

the inner part of which is an aluminum or silver mirror. Its position is controlled

by a motor-driven solar tracking system that holds the collector aperture plane

Figure 5.59 Parabolic-trough reactor. The semiconductor suspension is circulated through

the absorber tube. (Reprinted with permission from Ref. [240].)
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Collector

Heat

exchanger

Pump
Vessel

Figure 5.60 Solar plant equipped with four parabolic-trough mirrors. (Reprinted with

permission from Ref. [240].)

perpendicular to solar rays [559, 631]. Under that condition, all the solar radia-

tion arriving at the aperture plane is reflected and concentrated on the absorber

tube. As compared to a nonconcentrating reactor, the amount of light absorbed

by the same area is in the range of 15–50 times [240]. On a sunny August in Mid-

dle Europe, the photoreactor collected in 8 h about 7 einstein of solar light of the

wavelength region 500–600 nm.That corresponds to about 35 einsteinm−2 mirror

surface.

In a research project, four troughs (total mirror surface of 4m2) were combined

to a solar pilot plant having a concentration factor of 32 suns (Figure 5.60). The

storage vessel accepted reaction volumes of 35–120 l [240].

An organic solar synthesis was conducted on the 1∕2-kg scale using a three-

trough version of the reactor [632].
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– one/two-electron transfer steps 159

alkyne co-cyclization 47

– anaerobic dehydrodimerization

– – anaerobic radical C–C coupling 182

– – C–C homocoupling 188

– – chemoselectivity 187

– – dehydrodimers 184

– – dihydrofuryl radical 183

– – 2,5-dihydrofuryl radical 186

– – emission quenching and product

– energy 187

– – Stern–Volmer plot 185

– – ZnS/water/2,5-dihydrofuran interface

185

– inhibition 185, 186

– – endergonic and exergonic reaction 186

– – 3-hydroxytetrahydrofuran 183

– – proton generation 184

– – quantum yield and bond dissociation

azobenzene photoreduction 85

b
back-electron transfer (BET) 51–3

Beer–Lambert law 9, 10

bismuth vanadate 130

c
carbon dioxide fixation

– carboxylic acid and oxalic acid 174

– electrochemical CO2 reduction 175

– methanol formation 173

– photoreduction scheme 173

– standard reduction potentials 174

carbon-modified titania 147

catalysis 5

charge transfer ligand to metal (CTLM)

state 42

charge transfer metal to ligand (CTML)

state 42

charge transfer to solvent (CTTS)

states 43

charge-transfer state

– excimers and exciplexes 35

– intermolecular 33

– intramolecular 32

chromophore 14

crystal field theory 38

current amplification effect 110

d
density functional theory 39

Dexter mechanism 20

1,3-dienes hydrogenation 47

doping 127
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e
electron affinity (EA) 22

electronic transitions

– electric dipole transition 14

– electronic transition moment 14

– transition dipole moment 14

– – nuclei 14

– – orbitals 17

– – spin 17

emission spectra 35

enantioselective trifluoromethylation 48

excitation spectrum 29

excited states

– inorganic and organometallic complexes

– – crystal field splitting 38

– – CTLM state 42

– – CTML state 42

– – CTTS state 43

– – density functional theory 39

– – IT state 43

– – LC state 42

– – ligand field theory 39

– – MC state 39

– – spectrochemical series 39

– – strong ligands 39

– organic molecules

– – π, π∗ states 30

– – charge-transfer state see charge-transfer

state

– – n, π∗ states 30

– – triplet and singlet oxygen reactions 36

– quenching

– – definition 26

– – quasi-stationary 26

– – quencher concentration 27

– – quenchers, definition 26

– – reactive excited state 28

– – Stern–Volmer equation 27, 28

– radiative lifetimes 17

f
Förster resonance energy transfer

(FRET) 19

flatband and quasi-Fermi potentials

– capacitance

– – acid–base equilibrium 113

– – Mott–Schottky measurements 112

– – pH value, band energy 114

– free electron energy 112

– open circuit photovoltage 116

– optical absorption 114

– photocurrent 115

– suspension pH value

– – cathodic shifts 123

– – current behavior 117

– – mechanism 116

– – methylviologen 118

– – oxidic and sulfidic semiconductors 116

– – photovoltage method 118

– – redox amplification effect 122

Franck–Condon principle 12, 15, 71

Franck–Condon state 15, 16

FRET see Förster resonance energy transfer

(FRET)

Fujishima–Honda cell 151

g
Grotthuss–Draper law 11

h
hematite 130

highest occupied molecular orbital

(HOMO) 22

i
inner-sphere ET 44

intensity/irradiance 9

inter-system-crossing (ISC) 11

interfacial electron transfer (IFET)

– Gerischer model 71

– – activation energy 73

– – Franck–Condon principle ionization

71

– – iron(II) salt oxidation 73

– – solvation energy 71

– – vertical energy difference variation 71

– photochemical

– – large semiconductor crystals 78

– – small semiconductor crystals 83

– thermal

– – metal/liquid interface 73

– – semiconductor/liquid interface 76

– thermodynamic criterion 70

internal conversion (IC) 13

intervalence transfer (IT) state 43

ionization energy (IE) 22

k
Kasha rule 12, 13

Kubelka–Munk function 60

l
Langmuir–Hinshelwood mechanism 187

Laporte rule 17

ligand centered (LC) state 42

ligand field (LF) theory 39

light-concentrating reactors 209
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lowest unoccupied molecular orbital

(LUMO) 22

m
metal centered (MC) state 39

molecular photocatalysis

– alkyne co-cyclization with nitriles 47

– 1,3-dienes hydrogenation 47

– enantioselective trifluoromethylation 48

– photoinduced electron transfer catalysis

50

– water reduction and oxidation

– – BET 52, 53

– – colloidal platinum 52

– – Dred 52

– – endothermic reaction 51

– – iminium cation 53

– – methylviologen (MV2+) 52

– – thermal active oxidation catalyst 53

– – transition metal complexes 51

– – visible light absorption 52

– – visible light irradiation 52

molecular photochemistry

– absorption and emission

– – absorption coefficient 10

– – Beer–Lambert law 9, 10

– – einstein 9

– – electronic absorption spectrum 10

– – emission/luminescence spectrum 10

– – energy gap law 13

– – internal conversion 13

– – ISC 11

– – Jablonski diagram 12

– – light’s wavenumber 9

– – molecular orbital theory 10

– – molecular state, lifetimes 9

– – nonradiative/radiationless process 11

– – optimal light absorption 10

– – phosphorescence 13

– – radiative process 11

– – rules 11

– – spin flip 13

– – vibrational relaxation 12

– absorption spectrophotometer 28

– electron transfer 21

– electronic transitions see electronic

transitions

– emission spectrophotometer 28

– emission spectroscopy 29

– energy transfer

– – definition 20

– – electron exchange 20

– – energy hopping 20

– – energy migration 20

– – FRET 19

– – radiative energy transfer 19

– excitation spectrum 29

– excitation wavelength 30

– excited states see excited states

– photosensitization 23

– proton transfer and hydrogen abstraction

23

– rates and quantum yields 25

Mott–Wannier exciton 64

n
negative solvatochromism 34

nitrogen photofixation

– chloride ions 171

– mechanism 172

– UV irradiation

– – ammonia and hydrazine formation 169

– – diazene 166

– – dinitrogen 166

– – disproportionation 166

– – iron-modified tantalum oxide 166

– – nitrate formation 171

– – semiconductor powders 167

– – titania 167

nitrogen-modified titania 142

o
one-particle photocatalysis 153

optical bandgap

– atomic orbitals interaction 55

– band structure 55

– band-to-band transitions 57

– bandgap energy measurement

– – bandgap absorption and shift 63

– – crystal size 64

– – diffuse reflectance spectra 62

– – electronic transitions 62

– – TaON and Ta3N5 63

– direct semiconductor 58

– electronic conductivity 56

– energy measurement

– – absorption coefficient 59

– – direct and indirect transitions 60

– – Kubelka–Munk function 60

– – Si absorption spectra 59

– – transmitted light 58

– Fermi level concept 58

– MO theory bond formation 55

outer-sphere ET 44

p
Paterno–Büchi reaction 31

photo-Fenton reaction 43

photo-Kolbe reaction 176
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photocatalysts

– band edge and flatband positions 125

– bismuth vanadate 130

– carbon-modified titania 147

– CdS and ZnS 133

– CdS grafting

– – alumina 135

– – semiconducting support 135

– – silica 134

– crystal size and porosity 124

– CuO and Cu2O 131

– doping 127

– flatband and quasi-Fermi potentials see

flatband and quasi-Fermi potentials

– GaN–ZnO 133

– graphitic carbon nitrides 148

– hematite 130

– metal chloride grafted titania

– – titania–chloridoplatinum surface

complexes 136

– – titania–halogenidorhodium(III) surface

complexes 139

– metal loaded powders 141

– metal oxide grafted titania 139

– MTaO2N 131

– nitrogen-modified titania 142

– photogenerated charge, lifetimes 111

– photosensitization 128

– (poly)urethane modified titania 147

– sunlight source 125

– TaON and Ta3N5 131

– ternary photocatalyst grafting 140

– titania 128

– tungsten(VI) oxide 129

photochemical interfacial electron transfer

– large semiconductor crystals

– – anodic and cathodic polarization 81

– – charge-carrier energies 78

– – current/voltage characteristics 80

– – indium tin oxide 79

– – maximum photovoltage 80

– – space-charge region 80

– small semiconductor crystals 84

photochemistry

– catalysis 5

– catalyst concentration 6

– photocatalysis 7

– photochromic effect 2

– santonin, photo-rearrangement 3

– sunlight and biological actions 2

– thermal and photochemical stoichiometric

reactions 6

photochromic effect 2

photocorrosion 68

photodynamic therapy (PDT) 37

photoelectrochemistry

– emission spectra, ZnS

– – aqueous ZnS 68

– – aqueous ZnS suspension 67

– – dry powders 67

– – electron-hole distance 66

– – exciton binding energy 65

– IFET see interfacial electron transfer (IFET)

– optical bandgap see optical bandgap

– photocorrosion 68

– photonic bandgap 65

photoinduced electron transfer catalysis 50

photonic bandgap 65

photoreactors

– laboratory 206, 208

– solar 208

photosensitization 21, 23, 127

photosynthesis 149, 150

positive solvatochromism 34

proton-coupled electron transfer 22

q
quantum theory 14

quantum yields 25, 93

r
rates 91

– comparability 92

– optimal rate 93

s
semiconductor photocatalysis

– adsorption

– – 2,5-DHF, ZnS polarity 106

– – Hiemenz approach 105

– – Hiemenz model 104

– – saturation 105

– – solute 104

– – solvent concentration 104

– – surface activities 104

– – surface solvent displacement 104

– azobenzene reduction 85

– chemical selectivity control 108

– colloidal titania absorption spectra 90

– environmental aspects

– – abiotic nitrogen fixation 203

– – air and water detoxification 204

– – antibacterial and antiviral effects 205

– – chemical evolution 203

– – surface wettability control 205

– indirect 108

– – optical electron transfer 90

– – photoinduced electron transfer 89, 91
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– kinetic aspects

– – high light intensity 97

– – low light intensity 97

– – radiative and non-radiative charge

recombination 96

– – rate of reactions 96

– – reactive electron-hole pair 97

– photocatalysts see photocatalysts

– photoredox reaction 86

– – charge separation 86

– – electron-exchange steps 86

– – final redox products 86

– – heterogeneous system 87

– – homogeneous system 87

– quantum yield

– – cadmium ions, inhibition effect 94

– – direct semiconductor photocatalysis 91

– – IFET process efficiency 99

– – reactive charge generation efficiency

98, 99

– – semiconductor/liquid interface 93

– – Stern–Volmer plot 94

– redox products conversion efficiency

– – electron-hole pairs 108

– – photocatalytic activities 107

– – product formation 107

– – specific surface area 107

– – temperature 107

– thermodynamic feasibility 88

– type A 148

– – aerobic oxidation see aerobic oxidation

– – anaerobic dehydrodimerization see

anaerobic dehydrodimerization

– – carbon dioxide fixation see carbon

dioxide fixation

– – nitrogen fixation see nitrogen fixation

– – organic reactions see photo-Kolbe

reaction

– – water splitting see water splitting

– – Z-scheme 149

– type B see semiconductor type B

photocatalysis

semiconductor type B photocatalysis

– alkane activation 201

– C–C coupling

– – olefin addition to amines 198

– – olefin addition to imines 192

– C–N coupling

– – activation volume 191

– – adsorption studies 190

– – allylhydrazines 188, 190

– – azobenzene addition 188

– – metal sulfide band edge 190

– – pressure dependence 191

– – substrate redox potential positions 190

– – unsaturated ethers/olefins

addition 189

sensitization see photosensitization

solar photoreactors 208

spectral radiant power 9

spin selection rule 17

Stark–Einstein law 11, 25

Stokes shift 16

stop-band 65

t
thermal interfacial electron transfer

– metal/liquid interface

– – electron transfer 74

– – Fermi level 73

– – Helmholtz layer 75

– – monomolecular solvent layer 75

– – space-charge region 74

– semiconductor/liquid interface

– – band-bending 77

– – flatband energy and potential 77

– – fluctuating-energy-level model 77

thermalization/vibrational cooling 12

titania 128

– food and personal care products 206

– photocatalysis see semiconductor

photocatalysis

trivial energy transfer 19

two-particle photocatalysis 155

v
vibrational relaxation (VR) 12

vibronic transitions 13

w
water splitting

– band gap 150

– complementary semiconductor material

151

– Fujishima–Honda cell 151

– one-particle photocatalysis

– – metalized semiconductors 153

– – one-electron oxidation 154

– – oxidation catalyst loading 154

– – oxygen evolution 154

– – platinum 153

– – surface modified powders 155

– solar-electrochemical cell 151

– standard reduction potentials 150

– two-particle photocatalysis 156

– water oxidation 158

– water reduction 157
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