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Preface

In today’s world, clean energy technologies, which include energy storage and
conversion, play the most important role in the sustainable development of
human society, and are becoming the most critical elements in overcoming
fossil fuel exhaustion and global pollution. Among clean energy technologies,
electrochemical technologies are considered the most feasible, environmentally
friendly and sustainable. Electrochemical energy technologies such as secondary
(or rechargeable) batteries and fuel cells have been invented and used, or will be
used in several important application areas such as transportation, stationary, and
portable /micro power. With increasing demand in both energy and power densities
of these electrochemical energy devices in various new application areas, further
research and development are essential to overcome challenges such as cost and
durability, which are considered major obstacles hindering their applications and
commercialization. In order to facilitate this new exploration, we believe that a
book covering all important areas of electrochemical energy technologies for clean
energy storage and conversion, giving an overall picture about these technologies,
should be highly desired.

The proposed book will give a comprehensive description of electrochemical
energy conversion and storage methods and the latest development, including
batteries, fuel cells, supercapacitors, hydrogen generation and storage, as well as
solar energy conversion. It addresses a variety of topics such as electrochemi-
cal processes, materials, components, assembly and manufacturing, degradation
mechanisms, as well as challenges and strategies. Note that for battery technolo-
gies, we have tried our best to focus on rechargeable batteries by excluding primary
batteries. With chapter contributions from scientists and engineers with excellent
academic records as well as strong industrial expertise, who are at the top of their
fields on the cutting edge of technology, the book includes in-depth discussions
ranging from comprehensive understanding, to engineering of components and
applied devices. We wish that a broader view of various electrochemical energy
conversion and storage devices will make this book unique and an essential read
for university students including undergraduates and graduates, scientists, and
engineers working in related fields. In order to help readers to understand the
science and technology of the subject, some important and representative figures,
tables, photos, and comprehensive lists of reference papers, will also be presented
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Preface

in this book. Through reading this book, the readers can easily locate the latest
information on electrochemical technology, fundamentals, and applications.

In this book, each chapter is relatively independent of the others, a structure
which we hope will help readers quickly find topics of interest without necessarily
having to read through the whole book. Unavoidably, however, there is some
overlap, reflecting the interconnectedness of the research and development in this
dynamic field.

We would like to acknowledge with deep appreciation all of our family members
for their understanding, strong support, and encouragement.

If any technical errors exist in this book, all editors and chapter authors would
deeply appreciate the readers’ constructive comments for correction and further
improvement.

Ru-Shi Liu, Lei Zhang, Xueliang Sun, Hansan Liu, and Jiujun Zhang



About the Editors

Ru-Shi Liu received his bachelor’s degree in chemistry from
Shoochow University, Taiwan, in 1981, and his master’s in
nuclear science from the National Tsing Hua University, two
years later. He gained one Ph.D. in chemistry from National
Tsing Hua University in 1990, and one from the University
of Cambridge in 1992. From 1983 to 1995 he worked as a
researcher at the Industrial Technology Research Institute,
before joining the Department of Chemistry at the National
Taiwan University in 1995 where he became a professor in
1999. He is a recipient of the Excellent Young Person Prize, Excellent Inventor
Award (Argentine Medal) and Excellent Young Chemist Award. Professor Liu has
over 350 publications in scientific international journals as well as more than 80
patents to his name.

Lei Zhang is a Research Council Officer at the National Re-
search Council of Canada Institute for Fuel Cell Innovation.
She received her first M.Sc. in inorganic chemistry from
Wuhan University in 1993, and her second in materials
chemistry from Simon Fraser University, Canada in 2000.
She is an adjunct professor at the Federal University of
Maranhao, Brazil and at the Zhengzhou University, China,
in addition to being an international advisory member of
7th TUPAC International Conference on Novel Materials and
their Synthesis and an active member of the Electrochemical Society and the
International Society of Electrochemistry. Ms. Zhang has co-authored over 90
publications and holds five US patent applications. Her main research interests
include PEM fuel cell electrocatalysis, catalyst layer/electrode structure, metal-air
batteries/fuel cells and supercapacitors.

Xueliang (Andy) Sun holds a Canada Research Chair in
the development of nanomaterials for clean energy, and is
Associate Professor at the University of Western Ontario,
Canada. He received his Ph.D. in materials chemistry in
1999 from the University of Manchester, UK, after which he
worked as a postdoctoral fellow at the University of British
Columbia, and as a research associate at I'Institut national
de la recherche scientifique, Canada. He is the recipient of
a number of awards, including the Early Researcher award,
Canada Research Chair award and University Faculty Scholar award, and has
authored or co-authored over 100 papers, 3 book chapters and 8 patents. Over the
past decade, Dr. Sun has established a remarkable track record in nanoscience and

Xvil



XV

About the Editors

nanotechnology for clean energy, mainly in the synthesis and structure control of
one-dimensional nanomaterials, as well as their applications for fuel cells and Li
ion batteries.

Hansan Liu is a researcher at the Oak Ridge National Labo-
ratory, US Department of Energy. He obtained his Ph.D. in
electrochemistry from Xiamen University where he studied
cathode materials for lithium ion batteries. After graduation,
he worked at the Hong Kong Polytechnic University and the
National Research Council Canada on electrophotocatalysis
and fuel cell electrocatalysis, respectively. He is currently
working on next generation high-energy density batteries at
ORNL. Dr. Liu has 14 years of research experience in the

field of electrochemical energy storage and conversion. His research interests
mainly include battery and supercapacitor materials, fuel cell electrocatalysts, and
synthesis and applications of high surface area materials. He has authored and
co-authored over 70 publications, including 3 books, 4 book chapters and 3 patent
applications relating to batteries and fuel cells. Dr. Liu is an active member of the
Electrochemical Society and the International Society of Electrochemistry.

Currently a Senior Research Officer and PEM Catalysis Core
Competency Leader at the National Research Council of
Canada Institute for Fuel Cell Innovation, Jiujun Zhang
received his B.Sc. and M.Sc. in electrochemistry from Beijing
University, China, in 1982 and 1985, respectively, and his
Ph.D. in electrochemistry from Wuhan University in 1988.
After this, he took up a position as an associate professor
at the Huazhong Normal University, and in 1990 carried
out three terms of postdoctoral research at the California
Institute of Technology, York University, and the University of British Columbia.
Dr. Zhang holds several adjunct professorships, including one at the University of
Waterloo and one at the University of British Columbia, and is an active member
of The Electrochemical Society, the International Society of Electrochemistry, and
the American Chemical Society. He has 240 publications and around 20 patents or
patent publications to his name. Dr. Zhang has over 28 years of R & D experience
in theoretical and applied electrochemistry, including over 14 years of R & D in fuel
cell, and three years of experience in electrochemical sensor.




List of Contributors

Wen-Sheng Chang

Industrial Technology Research
Institute

Department of Nano-Tech Energy
Conversion

195, Sec. 4, Chung Hsing Road
Chutung

Hsinchu 31040

Taiwan

ChihKai Chen

National Taiwan University
Department of Chemistry
Sec. 4, Roosevelt Road
Taipei 10617

Taiwan

Jun Chen

Nankai University

Key Laboratory of Advanced
Energy

Materials Chemistry (Ministry of
Education)

Chemistry College

Tianjin 300071

China

XIX

Zhongwei Chen
University of Waterloo
Department of Chemical
Engineering

Waterloo Institute for
Nanotechnology
Waterloo Institute for
Sustainable Energy
Waterloo

Ontario N2L 3G1
Canada

Fangyi Cheng

Nankai University

Key Laboratory of
Advanced Energy
Materials Chemistry
(Ministry of Education)
Chemistry College
Tianjin 300071

China

Kong-Wei Cheng

Chang Gung University
Department of Chemical
and Materials Engineering
259 Wen-Hwa 1st Rd.
Kwei-Shan

Tao-Yuan 33302

Taiwan



XX

List of Contributors

Neelu Chouhan

National Taiwan University
Department of Chemistry
Sec. 4, Roosevelt Road
Taipei 10617

Taiwan

and

Government P. G. College
Department of Chemistry
Devpura, Kota Road
Bundi 323001

India

Aaron Davies
University of Waterloo
Department of Chemical
Engineering

Waterloo Institute for
Nanotechnology
Waterloo Institute for
Sustainable Energy
Waterloo, N2L 3G1
Ontario

Canada

Bruce W. Downing
MagPower Systems Inc.
20 — 1480 Foster Street
White Rock, BC V4B 3X7
Canada

Jeffrey W. Fergus
Auburn University

Materials Research and Education

Center

275 Wilmore Laboratories
AL 36849

USA

Carlotta Francia

Politecnico di Torino
Department of Materials Science
and Chemical Engineering
Corso Duca degli Abruzzi 24
Torino 10129

Italy

Fathy M. Hassan
University of Waterloo
Department of Chemical
Engineering

Waterloo Institute for
Nanotechnology

Waterloo Institute for
Sustainable Energy
Waterloo, Ontario N2L3G1
Canada

Kan-Lin Hsueh

National United University
Department of Energy
Engineering, No.2, Lianda Rd.
Miaoli 36003

Taiwan

Bo Huang

Shanghai Jiao Tong University
Institute of Fuel Cells

800 Dongchuan Road
Shanghai 200240

China

Joey Jung
EVT Power Inc.
6685 Berkeley Street
Vancouver, V5S 2]5
Canada



Aung Ko Ko Kyaw
Nanyang Technological
University

School of Electrical and
Electronic Engineering
Nanyang Avenue
Singapore 639798
Singapore

Chiou-Chu Lai

Industrial Technology Research
Institute

Material and Chemical Research
Laboratories, No.195, Sec. 4,
Zhongxing Rd.

Zhudong Township, Hsinchu
County 31040

Taiwan

Ru-Shi Liu

National Taiwan University
Department of Chemistry
Sec. 4, Roosevelt Road
Taipei 10617

Taiwan

Hua Ma

Nankai University

Key Laboratory of
Advanced Energy
Materials Chemistry
(Ministry of Education)
Chemistry College
Tianjin 300071

China

Pierre Millet

Université de Paris-Sud 11
Institut de Chimie Moléculaire et
des Matériaux d’Orsay

UMR 8182 CNRS

15 rue Georges Clémenceau
Batiment 410,

91405 Orsay Cedex

France

List of Contributors

Yu-Min Peng

Industrial Technology Research
Institute

Material and Chemical Research
Laboratories, No.195, Sec. 4,
Zhongxing Rd.

Zhudong Township, Hsinchu
County 31040

Taiwan

Stefania Specchia

Politecnico di Torino
Department of Materials Science
and Chemical Engineering
Corso Duca degli Abruzzi 24
Torino 10129

Italy

Paolo Spinelli

Politecnico di Torino
Department of Materials Science
and Chemical Engineering
Corso Duca degli Abruzzi 24
10129 Torino

Italy

Xiao Wei Sun

Nanyang Technological
University

School of Electrical and
Electronic Engineering
Nanyang Avenue
Singapore 639798
Singapore

and

Tianjin University

Tianjin Key Laboratory of
Low-Dimensional Functional
Material

Physics and Fabrication
Technology

Weijin Road

Tianjin 300072

China

XXI



XX

List of Contributors

Li-Duan Tsai

Industrial Technology Research
Institute

Material and Chemical Research
Laboratories, No.195, Sec. 4,
Zhongxing Rd.

Zhudong Township, Hsinchu
County 31040

Taiwan

Dingguo Xia

Beijing University of Technology
Department of Environmental
and Energy Engineering

Ping le yuan 100

Chaoyang district

Beijing, 100124

China

Ming Fei Yang
Nanyang Technological
University

School of Electrical and
Electronic Engineering
Nanyang Avenue
Singapore 639798
Singapore

Aiping Yu

University of Waterloo
Department of Chemical
Engineering

Waterloo Institute for
Nanotechnology

Waterloo Institute for
Sustainable Energy
Waterloo, Ontario N2L3G1
Canada

Huamin Zhang

Dalian Institute of Chemical
Physics

Chinese Academy of Science,
No.457 Zhongshan Road Dilian
Dilian 116023

China

Xin-jian Zhu

Shanghai Jiao Tong University
Institute of Fuel Cells

800 Dongchuan Road
Shanghai 200240

China



9.1
9.1.1
9.1.2
9:2
9.2.1

9.2.2
9.2.3
9.2.4
9.3
9.3.1
9:3:2
933
934
9.3.5
9.3.5.1
9.3.52
9.4
9.4.1
9.4.2
9.4.3
9.4.4
9.4.5
9.4.6
9.4.7
9.5

Contents to Volume 2

Contents to Volume 1 XIII

Preface XV
About the Editors XVII
List of Contributors XIX

Water Electrolysis for Hydrogen Generation 383
Pierre Millet

Introduction to Water Electrolysis 383

Brief Historical Review 383

Cell Technologies 383

Thermodynamics 385

Gibbs Free Energy of the Water-Splitting Reaction and Cell
Voltage 385

Role of pH on Cell Voltage 387

Role of Operating Temperature on Cell Voltage 388
Role of Operating Pressure on Cell Voltage 391
Kinetics 393

Current—Voltage Relationships 393

Cell Impedance 396

Role of Operating Temperature on the Kinetics 398
Role of Operating Pressure on the Kinetics 399
Cell Efficiencies 399

Energy Consumption and Cell Efficiency 399
Faradaic Efficiency 401

Alkaline Water Electrolysis 401

Basic Principles 401

Cell Components 402

Cell Assembly and Manufacturing 403

Cell Stacking and Systems 403

Cell Performance, Testing, and Diagnosis 404
Degradation Mechanisms and Mitigation Strategies 406
Challenges and Perspectives 406

PEM Water Electrolysis 406



Vi

Contents to Volume 2

9.5.1
9.5.2
953
954
9.5.5
9.5.6
9.5.7
9.5.71
9.5.7.2
9:5.7.3

9.5.7.4

9.6

9.6.1
9.6.2
9.6.3
9.6.4
9.6.5
9.6.6
9.6.7
9.7

10

10.1
10.2
10.2.1
10.2.1.1
10.2.1.2
10.2.2
10.2.2.1
10.2.2.2
10.2.3
10.2.4
10.3
10.3.1
10.3.1.1
10.3.2
10.3.2.1
10.3.3
10.3.4
10.3.5

Basic Principles (Electrochemical Processes) 406

Cell Components 407

Cell Assembly and Manufacturing 407

Cell Stacking and Systems 408

Cell Performance, Testing, and Diagnosis 410

Degradation Mechanisms and Mitigation Strategies 411
Challenges and Perspectives 412

Replacement of Platinum with Non-Noble Electrocatalysts 412
Replacement of Iridium with Non-Noble Electrocatalysts 414
Development of Polymeric Proton Conductors for Operation at More
Elevated Temperatures 414

Development of Proton-Conducting Ceramics for Operation at More
Elevated Temperatures 415

High Temperature Water Electrolysis 415

Basic Principles (Electrochemical Processes) 415

Cell Components 417

Cell Assembly and Manufacturing 417

Cell Stacking and Systems 417

Cell Performance, Testing, and Diagnosis 417

Degradation Mechanisms and Mitigation Strategies 419
Challenges and Perspectives 420

Conclusion 420

List of Symbols and Abbreviations 421

References 422

Hydrogen Compression, Purification, and Storage 425
Pierre Millet

Introduction 425

Pressurized Water Electrolysis 425
Principles 425

Thermodynamics 426

Kinetics 428

Technical Developments 430

HP Stack 430

Ancillary Equipment 431

Electrochemical Performances 432

Current Limitations and Perspectives 434
Hydrogen Electrochemical Compression 438
Principles 438

Compression Cell 438

Thermodynamics 439

Kinetics 440

Technical Developments 441
Electrochemical Performances 443

Current Limitations and Perspectives 446



10.4
10.4.1
10.4.1.1
10.4.1.2
10.4.1.3
10.4.2
10.4.3
10.4.4
10.5
10.5.1
10.5.1.1
10.5.1.2
10.5.1.3
10.5.2
10.5.3
10.5.3.1
10.5.3.2
10.5.4
10.6

1

11.1
11.2
11.3
11.3.1
11.3.2
11.3.3
11.34
11.4
11.4.1
11.4.1.1
11.4.1.2
11.4.1.3

11.4.2

11.4.2.1
11.4.2.2
11.4.3

11.4.3.1
11.4.3.2
11.4.3.3
11.4.3.4

Contents to Volume 2

Hydrogen Electrochemical Extraction and Purification 447
Principles 447

Concentration Cell 447

Thermodynamics 448

Kinetics 448

Technical Developments 448

Electrochemical Performances 449

Current Limitations and Perspectives 449

Hydrogen Storage in Hydride-Forming Materials 450
Principles 450

Thermodynamics 450

Insertion Mechanisms 451

Hydriding Kinetics 454

Electrochemical Storage (see Ni-MH batteries Chapter 5) 457
Gas-Phase Storage 457

Selection of Storage Materials 457

Hydride Reactor Technology 457

Current Limitations and Perspectives 459
Conclusion and Perspectives 460

List of Symbols and Abbreviations 460

References 461

Solar Cell as an Energy Harvesting Device 463

Aung Ko Ko Kyaw, Ming Fei Yang, and Xiao Wei Sun
Introduction 463

Solar Radiation and Absorption 463

Fundamentals of Solar Cells 465

Working Principle of a p-n Junction Solar Cell 465
Equivalent Circuit Diagram (ECD) 466
Current—Voltage Characteristics 468

Quantum Efficiency 470

Silicon Solar Cell 470

Hydrogenated Amorphous Silicon Thin-Film Solar Cell 471
Hydrogenated Amorphous Silicon 472

Amorphous Silicon Thin-Film Solar Cell 474
Single-Junction Microcrystalline Silicon Thin-Film Solar
Cell 475

Polycrystalline Silicon Thin-Film Solar Cell 475
Deposition of PolySi Thin Film 476

Enhanced Light Absorption and Suppressed Recombination 476
Single-Crystalline Silicon Solar Cell 477

Front Texturing 477

Diftusion and p-n Junction 478

Antireflection Coating (ARC) 479

Contact Formation 479

Vi



VIl | Contents to Volume 2

11.5 Other High-Efficiency Solar Cells 479
11.5.1 Copper Indium Diselenide (CIS or Culn, Ga;_,Se) Solar
Cell 479

11.5.1.1  Fundamental Characteristics 480

11.5.1.2  Development History 481

11.5.1.3  Typical Structure 481

11.5.1.4  The Active Layer — CIGS Thin Film 483

11.5.1.5  Future Researches 485

11.5.2 High-Efficiency I1I-V Compound Solar Cell 486

11.5.2.1  Cell Characteristics 486

11.5.2.2  Growth Method of Single-Crystal GaAs 488

11.5.2.3 Growth of III-V Thin Film 488

11.6 Dye-Sensitized Solar Cell 489

11.6.1 History of Dye-Sensitized Solar Cell 490

11.6.2 Basic Principle of Dye-Sensitized Solar Cell 492

11.6.2.1  Charge Transfer and Recombination Kinetics 494

11.6.2.2  Charge Separation at the Semiconductor—Dye Interface 495

11.6.2.3  Electron Percolation through the Nanocrystalline Film 497

11.6.2.4  Photovoltage in Dye-Sensitized Solar Cell 499

11.6.3 Photoanodes Other Than TiO, Nanoparticle Network 502

11.6.4 Photocathode and p-DSC 509

11.6.5 Improvement of Spectral Response by Tandem Structure and
CoSensitization 513

11.6.5.1  Tandem-Structure DSC 514

11.6.5.2  Dye Cocktail or CoSensitization 517

11.6.6 Flexible Dye-Sensitized Solar Cell 521

11.7 Routes to Boost the Efficiency of Solar Cells 523
11.8 Current Ideas for Future Solar Cell 526
11.9 Summary 528

References 529

12 Photoelectrochemical Cells for Hydrogen Generation 541
Neelu Chouhan, ChihKai Chen, Wen-Sheng Chang, Kong-Wei Cheng,
and Ru-Shi Liu

12:1 Introduction 541

122 Main Types and Structures of Photoelectrochemical Cells 544

12.2.1 Types of Photoelectrochemical Devices 544

12.2.1.1  Photoelectrolysis or Photosynthesis Cell 544

12.2.1.2  Photo-Assisted Electrolysis Cell 545

12.2.1.3  Photovoltaic Electrolysis Cell or Regenerative Cell 547

12.2.2 Photogalvanic Cells 548

12.2.3 Photoelectrochemical Solar Cells 548
12.2.4 Photoelectrochemical Cells Based on Inherently Conducting Polymers
(ICPs) 549

12.3 Electrochemical Processes in Photoelectrochemical Cells 550



