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Introduction

This book focuses on solar photocatalysis
and catalysts used in such processes. Photo-
assisted catalysis using UV and /or visible light
has been the focus of numerous labs for a very
long time. The term photo-assisted catalysis or
photo-assisted catalyst means that light is
required to form an excited state species and
that is the active phase. Without light no such
species exists. There has been a renewed inter-
est in this area as the cost of fuels has skyrock-
eted. Various approaches have been proposed
including development of solar ponds, reac-
tors to carry out solar photocatalysis, and the
types of catalysts and catalytic reactions to be
studied. Steady progress has been made in the
design of such systems which are now quite
complicated due to the multicomponent nature
of these materials.

One of the key reactions being studied is
the solar photocatalytic decomposition of
water. This reaction is very complicated and
requires two separate active sites, one for
reduction of hydrogen and the other for gen-
eration of oxygen. Various materials includ-
ing zeolites, polymers, transition metal
complexes, phosphorous containing cata-
lysts, and others have been used as catalysts
in these systems. Another reaction being
studied includes the decontamination and
disinfection of water.

Several excellent chapters in this book
cover the fundamental design and current
strategies that researchers are using in order
to make such devices function. Some
researchers have focused on single site sys-
tems and others on composite materials.
Another difficult reaction is the reduction of

carbon dioxide and there are many recent
studies in this area. Use of solar photocataly-
sis for environmental remediation is another
very active area of research right now.

The use of solar photocatalysis in order to
disinfect bacteria is the subject of one chap-
ter. Composite materials of titania nano-size
particles embedded in membranes is another
unique approach. Composites are often nec-
essary because two or more reactions are
required such as the reduction of hydrogen
and oxidation of oxide ions in the splitting of
water. Development of analytical methods to
study such complicated systems is discussed
in a separate chapter. Studies of the mecha-
nisms of such reactions are well underway
and in certain cases well-developed theories
exist and desirable materials and approaches
have been determined. Various methods of
deposition of active components including
microwave radiation, photochemical, ther-
mal, and electrochemical methods are
summarized.

The area of solar photocatalysis is an excit-
ing area of research that will be under inves-
tigation for quite some time. There are
inherent problems regarding absorption of
radiation, minimizing back reactions, and
efficiently transporting electrons through
these complicated systems that need contin-
ual improvement. The Chapters in this book
provide detailed understanding of the chal-
lenges ahead and necessary improvement in
photo-assisted catalysts, the different steps
of photo-assisted catalytic processes, and the
development of working composite
systems.

ix



X INTRODUCTION

Acknowledgments

SLS thanks the US Department of Energy Basic Energy
Sciences Program and Dr. Raul Miranda as well as Dr.
Maria Burka of the National Science Foundation, CBET
Program for significant ideas about this book and their
support of catalysis research.



Contributors

Ryu Abe Department of Energy and Hydro-
carbon Chemistry, Graduate School of Engi-
neering, Kyoto University, Kyoto 615-8510,
Japan

Detlef W. Bahnemann Institut fuer Technische
Chemie, Gottfried Wilhelm Leibniz Universitaet
Hannover, Callinstrasse 3, D-30167 Hannover,
Germany

Subhrakanti Chakraborty Department of Chem-
istry, The Ohio State University, Columbus, OH
43210, USA

Shery L.Y. Chang School of Chemistry, Monash
University, Victoria 3800, Australia

Monash = Centre for Electron Microscopy,
Monash University, Victoria 3800, Australia

Anna Cybula Department of Chemical Tech-
nology, Gdansk University of Technology,
80-233 Gdansk, Poland

Kevin D. Dubois Department of Chemistry and
Materials Science Program, University of New
Hampshire, Durham NH 03824, USA

Joseph S. DuChene Department of Chemistry
and Center for Nanostructured Electronic
Materials, University of Florida, Gainesville, FL
32611, USA

Prabir K. Dutta Department of Chemistry, The
Ohio State University, Columbus, OH 43210,
USA

A.V. Emeline Department of Photonics, V.A.
Fock Institute of Physics, Saint-Petersburg State
University, Ulianovskia Str. 1, Petrodvoretz,
Saint-Petersburg, 198504, Russia

Monika Fekete School of Chemistry, Monash
University, Victoria 3800, Australia

ARC Centre of Excellence for Electromaterials
~ Science, ACES, Monash University, Victoria
3800, Australia

P. Fernandez-Ibafiez Plataforma Solar de Alm-
eria (CIEMAT), Carretera Senés, km 4, 04200
Tabernas (Almeria), Spain

Hermenegildo Garcia Instituto Universitario de
Tecnologia Quimica CSIC-UPV, Universidad
Politécnica de Valencia, 46022 Valencia, Spain

Jiao He Department of Applied Chemistry, The
Universities” Centre for Photocatalytic
Treatment of Pollutants in Yunnan Province,
Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education,
Yunnan University, Kunming, PR China

Rosalie K. Hocking School of Chemistry,
Monash University, Victoria 3800, Australia

ARC Centre of Excellence for Electromaterials
Science, ACES, Monash University, Victoria
3800, Australia

James D. Hoefelmeyer Department of Chemi-
stry, University of South Dakota, Vermillion, SD
57069, USA

Alex Izgorodina ARC Centre of Excellence for
Electromaterials Science, ACES, Monash
University, Victoria 3800, Australia

Takashi Kamegawa Division of Materials and
Manufacturing Science, Graduate School of
Engineering, Osaka University, 2-1 Yamadaoka,
Suita, Osaka 565-0871, Japan

C. Karunakaran Department of Chemistry,
Annamalai University, Annamalainagar 608002,
Tamil Nadu, India

V.N. Kuznetsov Department of Photonics, V.A.
Fock Institute of Physics, Saint-Petersburg State
University, Ulianovskia Str. 1, Petrodvoretz,
Saint-Petersburg, 198504, Russia

xi



xii CONTRIBUTORS

Linda A.Lawton The Robert Gordon University,
Schoolhill, Aberdeen, AB10 1FR, United
Kingdom

Gonghu Li Department of Chemistry and
Materials Science Program, University of New
Hampshire, Durham NH 03824, USA

Jie Li Key Laboratory of Advanced Energy
Materials Chemistry (Ministry of Education),
College of Chemistry, Nankai University,
Tianjin 300071, China

Lei Liu Key Laboratory of Advanced Energy
Materials Chemistry (Ministry of Education),
College of Chemistry, Nankai University,
Tianjin 300071, China

Douglas R. MacFarlane School of Chemistry,
Monash University, Victoria 3800, Australia

ARC Centre of Excellence for Electromaterials
Science, ACES, Monash University, Victoria
3800, Australia

S. Malato Plataforma Solar de Almeria
(CIEMAT), Carretera Senés, km 4, 04200 Tab-
ernas (Almeria), Spain

M.I. Maldonado Plataforma Solar de Almeria
(CIEMAT), Carretera Senés, km 4, 04200
Tabernas (Almeria), Spain

Meiqing Mao Department of Applied Chem-
istry, The Universities” Centre for Photocataly-
tic Treatment of Pollutants in Yunnan Province,
Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education,
Yunnan University, Kunming, PR China

Michat Nischk Department of Chemical

Technology, Gdansk University of Technology,
80-233 Gdansk, Poland

Wenxin Niu Department of Chemistry and
Center for Nanostructured Electronic Mate-
rials, University of Florida, Gainesville, FL 32611,
USA

B. Ohtani Catalysis Research Center, Hokkaido
University, Sapporo 001-0021, Japan

I. Oller Plataforma Solar de Almeria (CIEMAT),
Carretera Senés, km 4, 04200 Tabernas
(Almeria), Spain

Pierre Pichat Photocatalyse et Environnement,
CNRS/Ecole Centrale de Lyon (STMS), 69134
Ecully CEDEX, France

AnaPrimo Instituto Universitario de Tecnologia
Quimica CSIC-UPV, Universidad Politécnica de
Valencia, 46022 Valencia, Spain

Daniel Raftery Department of Chemistry,
Purdue University, 560 Oval Drive, West
Lafayette, IN 47907, USA

Peter K.J. Robertson The Robert Gordon
University, Schoolhill, Aberdeen, AB10 1FR,
United Kingdom

V.K. Ryabchuk Department of Photonics, V.A.
Fock Institute of Physics, Saint-Petersburg State
University, Ulianovskia Str. 1, Petrodvoretz,
Saint-Petersburg, 198504, Russia

N. Serpone Dipartimento di Chimica, Univer-
sita di Pavia, via Taramelli 10, Pavia 27100, Italy

Archana Singh School of Chemistry, Monash
University, Victoria 3800, Australia

ARC Centre of Excellence for Electromaterials
Science, ACES, Monash University, Victoria
3800, Australia

Leone Spiccia School of Chemistry, Monash
University, Victoria 3800, Australia

ARC Centre of Excellence for Electromaterials
Science, ACES, Monash University, Victoria
3800, Australia

Brendan C. Sweeny Department of Chemistry
and Center for Nanostructured Electronic
Materials University of Florida, Gainesville, FL
32611, USA

Jason M. Thornton Department of Chemistry,
Purdue - University, 560 Oval Drive, West
Lafayette, IN 47907, USA

Jiagiang Wang Department of Applied Chemi-
stry, The Universities” Centre for Photocatalytic
Treatment of Pollutants in Yunnan Province,
Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education,

—Yunnan University, Kunming, PR China

Jinyong Wang Department of Chemistry and
Center for Nanostructured Electronic Materials,
University of Florida, Gainesville, FL 32611, USA

W. David Wei Department of Chemistry and
Center for Nanostructured Electronic Mater-
ials, University of Florida, Gainesville, FL32611,
USA



CONTRIBUTORS

Hiromi Yamashita Division of Materials and
Manufacturing Science, Graduate School of
Engineering, Osaka University, 2-1 Yamadaoka,
Suita, Osaka 565-0871, Japan

Zhiying Yan Department of Applied Chemistry,
The Universities’ Centre for Photocatalytic
Treatment of Pollutants in Yunnan Province,
Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education,
Yunnan University, Kunming, PR China

Zhong-Yong Yuan Key Laboratory of Advanced
Energy Materials Chemistry (Ministry of

xiii

Education), College of Chemistry, Nankai
University, Tianjin 300071, China

Adriana Zaleska Department of Chemical
Technology, Gdansk University of Technology,
80-233 Gdansk, Poland

Chair of Environmental Engineering, Univer-
sity of Gdansk, 80-952, Poland

Fengling Zhou School of Chemistry, Monash
University, Victoria 3800, Australia

ARC Centre of Excellence for Electromaterials
Science, ACES, Monash University, Victoria
3800, Australia



Contents

Introduction ix
Contributors  xi

(1.1
12

13
1.4

155
1.6

1. Heterogeneous Photocatalysis: Basic
Approaches and Terminology

A.V. EMELINE, V.N. KUZNETSOV, V.K. RYABCHUK,
AND N. SERPONE

Introduction 1

Photophysical Processes in Solid Photocatalysts
and Photoinduced Molecular Transformations
on Their Surface 5

Photogeneration, Recombination, and Trapping
of Charge Carriers in Photoactive Solids 20
Impact of Catalysis on Photocatalysis 27
Impact of Photochemistry on Photocatalysis 35
Concluding Remarks and Notes 44

References 44

2.

Light Activated Processes with Zeolites:
Recent Developments

PRABIR K. DUTTA AND SUBHRAKANTI CHAKRABORTY

2.1
2.2
.9

24
2.5

2.6

Introduction 49

Organic Photochemistry within Zeolites 52
Zeolite-Based Quantum Dot (QD) Materials
Relevant to Solar Energy Applications 54
Photocatalysis Facilitated by Zeolite 56
Environmental Photochemistry with
Zeolites 58

Novel Optical Materials Using Zeolites 59

References 61

3.1

3. Photocatalysts for Solar Energy
Conversion

ADRIANA ZALESKA, MICHAL NISCHK,
AND ANNA CYBULA

Introduction 63

3.2 CO, Photoconversion Into Light
Hydrocarbons 65

3.3 Hydrogen Production by Water Splitting 82

3.4 Hydrogen Production by Biomass
Conversion 91

3.5 Hydrogen Production by Glycerol
Conversion 93

3.6 Conclusions 98

References 99

4. Solar Energy Conversion Using
Single-site Photocatalysts
TAKASHI KAMEGAWA AND HIROMI YAMASHITA

4.1 Introduction 103

4.2 Characterizations and Photocatalytic Reactions
on Single-Site Ti**-Containing Catalysts 104

4.3 Characterizations and Photocatalytic Reactions
on Single-Site Cr**-Containing Catalysts 110

4.4 Photocatalytic Performances of Single-Site
Cr®*- and Ti**-Containing Binary System 115

4.5 Conclusions 118

References 118

5. Principle of Photocatalysis and Design
of Active Photocatalysts
B. OHTANI

5.1 Introduction 121

5.2 What is Photocatalysis? 122

5.3 Photocatalytic Activity 122

5.4 Principle of Photocatalysis 123

5.5 Thermodynamics of and Energy Conversion by
Photocatalysis 126

5.6 Kinetics of Photocatalysis 128

5.7 Visible Light-Induced Photocatalysis 134

5.8 Design of Active Photocatalysts 139

5.9 Conclusion 142

Acknowledgments 142

References 142




vi CONTENTS

6. Solar Photocatalysis for Environment
Remediation
ANA PRIMO AND HERMENEGILDO GARCIA

6.1 General Remarks 145

6.2 Photocatalytic Activity Under Visible Light
Irradiation 150

6.3 Solar Light Photocatalysis to Abate Atmospheric
Pollution 156

6.4 Solar Photocatalysis for Water
Remediation 157

6.5 Solar Photocatalysis for Soil Remediation 161

6.6 Concluding Remarks 162

References 164

7. Self-Cleaning Materials Based on Solar
Photocatalysis
PIERRE PICHAT

7.1 Introduction 167

7.2 Coating or Incorporating TiO;. Thickness of the
TiO,-containing Layer 170

7.3 Methods for Increasing the Self-Cleaning
Efficacy 172

7.4 Photo-Induced Hydrophilicity 173

7.5 Measurements of the Self-Cleaning
Efficacy 175

7.6 Measurements of the Mechanical and Oprical
Properties of Self-Cleaning Materials 182

7.7 Potential effect of Self-Cleaning Materials on
the Removal of Air Pollutants Outdoors 182

7.8 Considering the Potential Health Risk of
TiO,-Containing Self-Cleaning Materials 185

7.9 Commercial Availability of Self-Cleaning
Materials and Coatings 186

7.10 Conclusions 187

References 188

8. Photocatalysts for Solar Hydrogen
Conversion
JASON M. THORNTON AND DANIEL RAFTERY

8.1 Introduction 191

8.2 Titanium-Based Solar Hydrogen Conversion
Materials 196

8.3 Photocatalysts Based on other Metals with D°
Electronic Configurations 200

8.4 Photocatalysts Based on Metals with D'
Electronic Configuration 205

8.5 Photosynthetic Analogous Materials 211

8.6 Conclusions 213

References 213

9. Innovative Photocatalysts for Solar Fuel
Generation by CO, Reduction
KEVIN D. DUBOIS AND GONGHU LI

9.1 Introduction 219

9.2 Photocatalytic CO, Reduction 220

9.3 Supramolecular Photocatalysts 222

9.4 Heterogenized Molecular Photocatalysts 225
9.5 Photochemical Enzymatic Catalysts 229

9.6 Composite Heterogeneous Photocatalysts 231
9.7 Single-Site Metal Oxide Photocatalysts 233
9.8 Photoelectrochemical CO, Reduction 235
9.9 Concluding Remarks 237

Acknowledgment 238

References 238

10. Solar Photocatalytic Disinfection of
Bacteria
C. KARUNAKARAN

10.1 Introduction 243

10.2 Photocatalytic Bacteria-Inactivation with UV
Light 244

10.3 Solar Photodisinfection 250

10.4 Photocatalytic Disinfection Mechanism 255

References 258

11. Surface-Modified Anisotropic
TiO; Nanocrystals Immobilized in
Membranes: A Biologically Inspired Solar
Fuel Catalyst
JAMES D. HOEFELMEYER

11.1 Introduction 263

~ 11.2 Wireless Photoelectrochemical Cells

(PECs) 266

11.3 Semiconductor Nanowires and
Nanorods 268

11.4 Colloidal Hybrid Nanostructures 269

11.5 New Designs that Build on the “Gratzel
Colloid” and “Artificial Leaf” 271



CONTENTS vii

11.6 Self-Assembly of Nanostructured Catalyst to
Form Organized Systems for Water Splitting at
the Macroscale 273

11.7 Conclusion 274

References 275

12. Current Development of
Photocatalysts for Solar Energy
Conversion

W. DAVID WEI, JOSEPH S. DUCHENE; BRENDAN C.
SWEENY; JINYONG WANG, AND WENXIN NIU

12.1 The Importance and History of Solar
Energy, a Bright Future with Global
Markets 279

12.2 Photocatalysts for Solar Energy

| Conversion 281

12.3 TiO; for Photocatalysis 285

12.4 Basic Crystal Structure of TiO, 285

12.5 Tailoring Morphology of TiO; Photocatalytic
Nanomaterials 287

12.6  Optical Excitations and Carrier
Dynamics 288

12.7 Interface Charge Transfer and Surface
Reaction 290

12.8 Overpotential 292

12.9 From UV to Visible Light 292

12.10 Hybrid Materials 297

12.11 Green Chemistry Using Photocatalysis 298

Acknowledgments 300

References 300

13. Role of Advanced Analytical
Techniques in the Design and
Characterization of Improved Catalysts
for Water Oxidation

SHERY L.Y. CHANG, MONIKA FEKETE, ROSALIE
K. HOCKING, ALEX IZGORODINA, ARCHANA SINGH,
FENGLING ZHOU, DOUGLAS R. MACFARLANE,
AND LEONE SPICCIA

13.1 Introduction 305

13.2 Electrochemical Techniques 308
13.3 Product Detection 315

13.4 Spectroscopy and Imaging 320
13.5 Conclusions 336
Acknowledgments 337

References 337

14. Z-Scheme Type Water Splitting into
H; and O, Under Visible Light Through
Two-Step Photoexcitation Between Two
Different Photocatalysts
RYU ABE

14.1 Introduction 341

14.2 Photocatalytic Water Splitting into H; and O,
Under Visible Light Irradiation Through
Two-Step Photoexcitation (Z-Scheme) 347

14.3 Conclusion 367

References 368

15. Solar Photocatalytic Processes: Water
Decontamination and Disinfection

S. MALATOQ, P. FERNANDEZ-IBANEZ, M.I. MALDONADO,
AND 1. OLLER

15.1 Introduction 371

15.2 Heterogeneous and Homogeneous Solar
Photocatalysis 374

15.3 Solar Photoreactors 378

15.4 Target Contaminants and Applications 381

15.5 Solar Photocatalytic Disinfection 387

References 391

16. The Application of Semiconductor
Photocatalysis for the Removal of
Cyanotoxins from Water and Design
Concepts for Solar Photocatalytic
Reactors for Large Scale Water
Treatment

DETLEF W. BAHNEMANN, LINDA A. LAWTON,
AND PETER K.J. ROBERTSON

16.1 Introduction 395

16.2 UV/Solar Destruction 396

16.3 Titanium Dioxide Photocatalysis 398

16.4 Processes Influencing Photocatalytic
Destruction 399

16.5 Toxicity Studies 402

16.6 Mechanistic Studies 403

16.7 Pilot Reactor Processes 406

16.8 Design Concepts for (Solar) Photocatalytic
Reactors - 407

16.9 Other Cyanotoxins 413



viii CONTENTS

16.10 Concluding Comments 414
References 415

17. Nanocrystal Assembly of Hierarchical
Porous Architecture for Photocatalysis
JIE L, LEI LIU, AND ZHONG-YONG YUAN

17.1 Introduction 417

17.2 Synthesis Strategies of Nanocrystal
Assembly into Hierarchical Porous
Architecture 418

17.3 Photocatalytic Applications of Nanocrystal-
Assemblied Hierarchical Porous
Architecture 427

17.4 Conclusions and Outlook 435

Acknowledgments 436

References 436

18. Mesoporous Materials Catalysts for
Photodegradation of Water Pollutants:
From Chemical Templates to
Biotemplates

MEIQING MAO, IAQIANG WANG, JIAO HE,
AND ZHIYING YAN

18.1 Introduction 443

18.2 Template-Based Synthesis of Mesoporous
Photocatalysts 445

18.3 Water Treatment by using Mesoporous
Photocatalysts 456

18.4 Conclusion and Perspectives 462 .

Acknowledgment 464

References 464

Index 471



Heterogeneous Photocatalysis:
Basic Approaches and
Terminology

A.V. Emeline*, V.N. Kuznetsov*,
V.K. Ryabchuk?, and N. Serpone”

‘Department of Photonics, V.A. Fock Institute of Physics,
Saint-Petersburg State University, Ulianovskia Str. 1, Petrodvoretz,
Saint-Petersburg, 198504, Russia
*Dipartimento di Chimica, Universita di Pavia, via Taramelli 10,
Pavia 27100, Italy

1.1 INTRODUCTION

Heterogeneous photocatalysis is the interdisciplinary field of science that originated from
the intersection of several areas of Chemistry and Physics, and to some extent Photobiology
(natural photosynthesis). From a historical point of view, heterogeneous photocatalysis rests
on four basic pillars: (i) heterogeneous catalysis, (ii) photochemistry, (iii) molecular spectros-
copy of adsorbed molecules and solid-state spectroscopy, together with (iv) materials science
and surface science of semiconductors and insulators (Figure 1.1). As such, most of the basic
approaches and terminology used in heterogeneous photocatalysis originated from these
four areas.

The aim of this chapter is to describe some of the basic approaches and terminology used
in heterogeneous photocatalysis; the latter was recently the object of an extensive examina-
tion of various terms that are summarized in the Glossary of Terms Used in Photocatalysis
and Radiation Catalysis (IUPAC recommendations 2011) [1].

To the best of our best knowledge, the terms “photocatalysis” and “photocatalyst” (photo-
katalyse and photokatalytisch) were introduced for the very first time by Plotnikow in a 1910

Solar Photocatalysis 1 © 2013 Elsevier B.V. All rights reserved.
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Materials/
Surface
Science

y'

FIGURE 1.1 The four pillars that have had a great impact in the development of heterogeneous photocatalysis.

textbook on photochemistry [2]. The word photocatalyst was later introduced in France in
1913 by Landau [3,4]. Presently [1], the term “photocatalysis” is described as a 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, while a “photocatalyst” is the sub-
stance able to produce, by absorption of ultraviolet, visible, or infrared radiation, chemical
transformations of the reaction partners, repeatedly coming into intermediate chemical
interactions with them and regenerating its chemical composition after each cycle of such
interactions.

Several pioneering studies have had a significant impact on heterogeneous photocatalysis,
studies that dealt with the photostability of dyes in heterogeneous systems and of pigments
(similar studies later concerned the photostability of thermo-control coatings [5]) and that
demonstrated that the optical characteristics of the compositions are strongly affected by the
environmental conditions under the action of light. Most pigments and thermo-control coat-
ings contained the white pigments ZnO and TiO, and various dyes including organic dyes
(see, e.g., Ref. [6]). TiO, in its pristine or modified form is the most popular photocatalyst and
is the basic source of several modern composite photoactive materials [7]. At the same time,
experimental studies conducted in the physics of semiconductors demonstrated a significant
effect of the environment on the photoconductivity and photo-EMF (see, e.g., Ref. [8] and
other textbooks on the physics of semiconductors), especially with respect to the surface man-
ifestation of phenomena that have been attributed to surface photostimulated adsorption and
interfacial chemical reactions.

Shwab [9,10] irradiated metal-oxide semiconductor catalysts to modify their electronic
properties without serious changes in the material structure (compared to doping) in order
to verify the role played by electronic factors in heterogeneous catalysis. Such role was
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actively studied [11-13] and analyzed within the confines of the electronic theory of cataly-
sis [14-16] based on major approaches and concepts of the physics of semiconductors. The
principal ideas adopted from the physics of semiconductors and the electronic theory of
catalysis still play a key role in fundamental and applied studies pertaining to heteroge-
neous photocatalysis. In fact, many researchers still consider photocatalysis only as a part
of catalysis. However, some postulates typical of traditional catalysis sound rather conten-
tious in photocatalysis. For instance, by analogy with catalysis, one of the postulates would
suggest that a photocatalytic process should favor only thermodynamically allowed chem-
ical reactions. From this point of view, the light should cause the decrease of the potential
energy barrier relative to the dark catalytic reaction and thereby cause the acceleration in
establishing the chemical equilibrium between reagent and product in the heterogeneous
system. Those photoreactions taking place in heterogeneous systems that were thermody-
namically unfavorable, such as water photolysis, were classified as being not photocata-
lytic but photosynthetic, in spite of the similarity in all major steps of the photoprocesses
and that the sole reason for both types of photoreactions is the free energy of the actinic
Jlight. In fact, the action of the free energy of light turns the system into a thermodynami-
cally open system so that, by definition, the concept of thermodynamic equilibrium is not
applicable.

Another major pillar of heterogeneous photocatalysis is molecular spectroscopy of
adsorbed molecules. Pioneering studies in this area were focused on the understanding of
changes in the molecular structure induced by adsorption of the molecule onto the solid sur-
faces [17-19]. However, light cannot only be used as the probe but is also an active factor in
the transformation of adsorbed molecules. As a result, the effects of photodissociation and
photodesorption of adsorbed molecules were established together with the photostimulated
adsorption (photoadsorption) of simple molecules on the surface of dispersed semiconduc-
tors and insulators [19,20].

The photochemistry of heterogeneous systems also became an important pillar of hetero-
geneous photocatalysis. By definition, photochemistry considers thermodynamically open
systems. Thus, heterogeneous photocatalysis can also induce those reactions that lead to light
energy conversion and storage by formation of higher energy products, as occurs in natural
photosynthesis [21,22]. The concepts taken from photochemistry suggest that the photocata-
lytic process occurs through electronically excited states of the photocatalyst induced by light
absorption. Quite often, photocatalyzed reactions cannot be distinguished from photosensi-
tized reactions examined in photochemistry [23].

Historically, many photoreactions that presently are called photocatalytic were earlier
considered as photosensitized reactions so that the term used to describe that particular
substance was referred to as a photosensitizer rather than a photocatalyst. Indeed, two
major characteristics of photosensitized reactions are also typical of photocatalytic pro-
cesses: (i) the red shift of the spectral limit of the photoreaction and (ii) alteration of the
reaction pathway compared to that of the photochemical reaction. For example, the photo-
chemical decomposition of methane (Reaction (1.1)) occurs under irradiation with photon
energy corresponding to the absorption band edge of methane (A~ 160nm). However, the
methane decomposition reaction can be photosensitized by mercury vapor through forma-
tion of the unstable species {HgCH,}" formed by interaction of photoexcited (at » =254 nm)
Hg atoms with methane molecules to produce two :CH, radicals [24]. Direct photochemical
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formation of :CH, radicals from methane occurs only at shorter wavelengths (1 <130nm;
Reaction (1.2)) [25]

CH,+ hv — CH; +H (1.1)

CH, + hv — :CH, + 2-H (1.2

The red shift of the spectral limit of a photoprocess and alteration of the reaction pathway
are distinguishable fingerprints of heterogeneous photocatalytic reactions. Enhancing the
ability of photocatalysts to sensitize photochemical reactions, especially toward visible light,
is currently one of the major challenges and areas of interests in applied heterogeneous
photocatalysis.

Photoelectrochemical studies have played a partial role in the development of funda-
mental and applied heterogeneous photocatalysis. One school espouses the notion that the
beginnings of modern applied photocatalysis are due to a short note that appeared in the
journal Nature in 1972 on the electrochemical photolysis of water over a TiO, photoanode
[26]. However, the role that connected photoelectrochemistry and heterogeneous photoca-
talysis with particulate systems was only clarified several years later (1979) in a study [27]
that described the principles and applications of semiconductor electrodes in photoelec-
trochemical (PEC) cells (liquid junction photovoltaic, photoelectrosynthetic, photocata-
lytic). And most importantly, the study described in some details the factors important to
the design of practical systems and the extension of the principles of PEC cells to particulate
systems for carrying out heterogeneous photocatalysis and photosynthesis. The close inter-
connection between a photoelectrochemical cell and a photocatalytic nanoparticulate sys-
tem made by Bard [27] and most recently re-emphasized by Lianos [28] is illustrated in
Figure 1.2.

Photocatalytic processes occurring in heterogeneous systems are complex and multifarious
starting, as it were, from the absorption of photons by the solid photocatalyst and ending with

— 2 —
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0, 2H,0
H” LA B S s
Tio, 2H;0 Pt

PEC cell nano-TiO;

FIGURE 1.2 Schematic illustration of the interconnection between a photoelectrochemical cell and a photocata-
lytic nano-TiO, particulate system in converting light energy into a solar fuel (H,) from the water splitting process.



