WOODHEAD PUBLISHING IN MATERIALS

Solid-state
hydrogen storage

Materials and chemistry

Edited by Gavin Walker

| W




o0lld-state
hydrogen storage

Materials and chemistry

Woodhead Publishing'and Maney Publishing
on behalf of
The Institute of Materials, Minerals & Mining

CRC Press
Boca Raton Boston New York Washington, DC

WOODHEAD PUBLISHING LIMITED
Cambridge England




Woodhead Publishing Limited and Maney Publishing Limited on behalf of
The Institute of Materials, Minerals & Mining

Woodhead Publishing Limited, Abington Hall, Granta Park, Great Abington,
Cambridge CB21 6AH, England
www.woodheadpublishing.com

Published in North America by CRC Press LLC, 6000 Broken Sound Parkway, NW,
Suite 300, Boca Raton, FL 33487, USA

First published 2008, Woodhead Publishing Limited and CRC Press LLC
© 2008, Woodhead Publishing Limited
The authors have asserted their moral rights.

This book contains information obtained from authentic and highly regarded sources.
Reprinted material is quoted with permission, and sources are indicated. Reasonable
efforts have been made to publish reliable data and information, but the authors and
the publishers cannot assume responsibility for the validity of all materials. Neither
the authors nor the publishers, nor anyone else associated with this publication, shall
be liable for any loss, damage or liability directly or indirectly caused or alleged to be
caused by this book.

Neither this book nor any part may be reproduced or transmitted in any form or by
any means, electronic or mechanical, including photocopying, microfilming and
recording, or by any information storage or retrieval system, without permission in
writing from Woodhead Publishing Limited.

The consent of Woodhead Publishing Limited does not extend to copying for
general distribution, for promotion, for creating new works, or for resale. Specific
permission must be obtained in writing from Woodhead Publishing Limited for such

copying.

Trademark notice: Product or corporate names may be trademarks or registered
trademarks, and are used only for identification and explanation, without intent to
infringe.

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library.

Library of Congress Cataloging in Publication Data
A catalog record for this book is available from the Library of Congress.

Woodhead Publishing ISBN 978-1-84569-270-4 (book)
Woodhead Publishing ISBN 978-1-84569-494-4 (e-book)
CRC Press ISBN 978-1-4200-7788-9

CRC Press order number WP7788

The publishers’ policy is to use permanent paper from mills that operate a
sustainable forestry policy, and which has been manufactured from pulp
which is processed using acid-free and elementary chlorine-free practices.
Furthermore, the publishers ensure that the text paper and cover board used
have met acceptable environmental accreditation standards.

Typeset by Replika Press Pvt Ltd, India
Printed by T J International Limited, Padstow, Cornwall, England



Solid-state hydrogen storage



Related titles:

Materials for energy conversion devices

(ISBN 978-1-85573-932-1)

As the finite capacity and pollution problems of fossil fuels grow more pressing, new
sources of more sustainable energy are being developed. Materials for energy
conversion devices summarises the key research on new materials which can be used
to generate clean and renewable energy or to help manage problems from existing
energy sources. The book discusses the range of materials that can be used to harness
and convert solar energy in particular, including the properties of oxide materials and
their use in producing hydrogen fuel. It covers thermoelectric materials and devices
for power generation, ionic conductors and new types of fuel cell.

Materials for fuel cells

(ISBN 978-1-84569-330-5)

This authoritative reference work provides a comprehensive review of the materials
used in hydrogen fuel cells, which are predicted to emerge as an important alternative
energy option in transportation and domestic use over the next few years. The design
and selection of the materials are critical to the correct and long-term functioning of
fuel cells and must be tailored to the type of fuel cell. The book looks in detail at each
type of fuel cell and the specific material requirements and challenges. Chapters cover
material basics, modelling, performance and recyclability.

Microjoining and nanojoining

(ISBN 978-1-84569-179-0)

Many recent advances in technology have been associated with nanotechnology and
the miniaturisation of components, devices and systems of electronic, precision and
medical products. Among the key technical prerequisites, effective microjoining plays
an essential role. Microjoining, having been closely associated with the evolution of
microelectronic packaging, covers a much broader area, and is essential for
manufacturing many electronic, precision and medical products. The book reviews the
basics of microjoining and microjoining processes. Chapters discuss microjoining of
materials and the applications of microjoining.

Details of these and other Woodhead Publishing materials books, as well as materials
books from Maney Publishing, can be obtained by:

visiting our web site at www.woodheadpublishing.com

contacting Customer Services (e-mail: sales @woodhead-publishing.com;

fax: +44 (0) 1223 893694; tel.: +44 (0) 1223 891358 ext. 130; address: Woodhead
Publishing Ltd, Abington Hall, Granta Park, Great Abington, Cambridge CB21
6AH, England)

If you would like to receive information on forthcoming titles, please send your
address details to: Francis Dodds (address, tel. and fax as above; e-mail:
francisd @woodhead-publishing.com). Please confirm which subject areas you are
interested in.

Maney currently publishes 16 peer-reviewed materials science and engineering
journals. For further information visit www.maney.co.uk/journals



Contributor contact details

* = main contact)

Editor and Chapter 1, 17
and 20

Dr Gavin Walker

School of Mechanical, Materials
and Manufacturing Engineering

University of Nottingham

University Park

Nottingham NG7 2RD

UK

Email: gavin.walker@nottingham.ac.uk

Chapter 2

Professor Paul Ekins*
Policy Studies Institute
50 Hanson Street
London

WI1W 6UP

UK

Email: paul.ekins@kcl.ac.uk
p-ekins @psi.org.uk

Professor Paul Bellaby
University of Salford
Manchester

M5 4WT

UK

Email: p.bellaby @salford.ac.uk

Chapter 3

Dr B. P. Somerday* and Dr C. San
Marchi

Sandia National Laboratories

PO Box 969

MS 9402

Livermore

CA 94551-0969

USA

Email: bpsomer @sandia.gov

Chapter 4

Daniel E. Dedrick

Senior Member of Technical Staff
Sandia National Laboratories

PO Box 969

MS 9409

Livermore

CA 94551-0969

USA

Email: dededri@sandia.gov



Xiv Contributor contact details

Chapter 5

Professor Bjgrn C. Hauback
Physics Department

Institute for Energy Technology
PO Box 40

NO-2027 Kjeller

Norway

Email: bjorn.hauback @ife.no

Chapter 6

Professor D. K. Ross

Functional Materials Centre
Director

Institute for Materials Research

108a Maxwell Building

University of Salford

Salford

Manchester

M5 4WT

UK

Email: d.k.ross@salford.ac.uk

Chapter 7

Professor Evan Gray

Griffith University

Nanoscale Science and Technology
Centre

Nathan 4111

Australia

Email: e.gray @griffith.edu.au

Chapter 8

Dr Jorge fﬁiguez

Institut de Ciencia de Materials de
Barcelona (ICMAB-CSIC)

Campus UAB

08193 Bellaterra (Barcelona)

Spain

Email: jiniguez@icmab.es

Chapter 9

Dr Paul A. Anderson
School of Chemistry
University of Birmingham
Edgbaston

Birmingham

B15 2TT

UK

Email: p.a.anderson @bham.ac.uk

Chapter 10

Professor Pierre Bénard* and
Professor Richard Chahine

Institut de recherche sur
I’hydrogeéne

Université du Québec a Trois-
Rivieres

Québec

Canada G9A 5H7

Email: Pierre.Benard @uqtr.ca
richard.chahine @uqtr.ca



Chapter 11

Xiang Lin*, Junhua Jia, Neil R.
Champness, Peter Hubberstey
and Martin Schroder

School of Chemistry

University of Nottingham

Nottingham NG7 2RD

UK

Email: Xiang.Lin@nottingham.ac.uk
Neil.Champness @nottingham.ac.uk
m.schroder @nottingham.ac.uk

Chapter 12

Professor Dhanesh Chandra

Engineering Department

Metallurgical and Materials
Sciences Division

MS 388

University of Nevada

Reno

NV 89557

USA

Email: dchandra@unr.edu

Chapter 13

Professor D. Grant

Professor of Materials Science

School of Mechanical, Materials
and Manufacturing Engineering

University of Nottingham

University Park

Nottingham

NG7 2RD

UK

Email: david.grant@nottingham.ac.uk

Contributor contact details XV

Chapter 14

Professor Craig Jensen*
University of Hawaii at Manoa
Department of Chemistry

2545 The Mall

Honolulu

Hawaii

HI 96822-2275

Email: jensen@hawaii.edu

Dr Y Wang

Georgia Institute of Technology
GA 30332-0295

USA

Email: yan.wang @physics.gatech.edu

Professor Mei-Yin Chou
Georgia Institute of Technology
School of Physics

837 State Street

Atlanta

GA 30332-0430

USA

Email:
meiyin.chou @ physics.gatech.edu

Chapter 15

Professor Dr Y. Nakamori* and S.
Orimo

Institute for Materials Research

Tohoku University

2-1-1 Katahira

Sendai 980-8577

Japan

Email: yuko@imr.tohoku.ac.jp
orimo @imr.tohoku.ac.jp



XVi Contributor contact details

Chapter 16

Professor Duncan H. Gregory
West CHEM

Department of Chemistry
University of Glasgow
University Avenue

Glasgow

G12 8QQ

UK

Email: d.gregory @chem.gla.ac.uk

Chapter 18

Professor Masaru Ichikawa
Hokkaido University

Kita 8

Nishi 5

Kita-ku

Sapporo

060-0808

Japan

Email: michi @cat.hokudai.ac.jp

Chapter 19

Dr Tejs Vegge*, R. Z. Sgrensen, A.
Klerke, J. S. Hummelshgj, T.
Johannessen, J. K. Ngrskov and
C. H. Christensen

Materials Research Department

Risg National Laboratory for
Sustainable Energy

Technical University of Denmark

DK-4000 Roskilde

Denmark

Email: tejs.vegge @risoe.dk



Preface

Energy is a requirement for any civilisation, whether from wood, fossil
fuels, nuclear or renewable sources (such as solar, wind and tidal). The more
developed a nation, the higher the energy need per capita as energy consumption
moves away from being primarily for heating and cooking and pervades all
aspects of life (domestic, work and leisure). For example, the greater wealth
of a nation leads to higher rates of consumption and increased demand for
transportation. Cheap and abundant reserves of oil and coal have fuelled an
extraordinarily rapid rate of technological development in the Western world
over the past century. Developing countries such as China and India are set
to emulate this transition which, owing to the large populations of both
countries, will lead to unprecedented global energy demand. The
Intergovernmental Panel on Climate Change (IPCC) has shown that the
increasing concentrations of carbon dioxide are caused by human activities,
and that increased carbon dioxide levels lead to global warming (with the
associated problems of rising sea levels and more frequent and extreme
adverse weather events). These are global problems which will affect all
countries.

A potential solution is to develop a low-carbon future, where fossil fuel
use is reduced, replacing it with zero-carbon energy sources such as from
renewables. Hydrogen and electricity can both be used as convenient energy
carriers for renewable energy sources. In a low-carbon future, a more robust
energy network will probably incorporate both. One sector where hydrogen
is likely to have a major impact is transport because hydrogen fuel cells have
a higher energy density than current battery technologies, which severely
limits the range for current electric vehicles. The importance of hydrogen for
our low-carbon future is highlighted by the International Energy Agency’s
(IEA) Hydrogen Implementing Agreement. IEA activities bring together
scientists from around the globe to collaborate on solutions to the current
technical barriers hindering our transition to a hydrogen economy. One focus
is the compact and lightweight storage of hydrogen.

Over the past decade, there have been many significant advances in the
storage of hydrogen in porous materials, complex hydrides and liquid hydrides,



XViii Preface

and in catalysts to accelerate the cycling kinetics for these materials. It is
therefore very timely to bring together many of the leading experts in this
field and have them report the exciting developments for these systems.
There are so many different types of materials being investigated for hydrogen
storage applications that it is beyond the scope of this book to include chapters
on them all; hence the focus is on the new materials which have been intensively
investigated over the past decade. The book also examines some of the
techniques to characterise these materials to determine physical and structural
changes, investigate the interactions of hydrogen with substrates and the
accurate measurement of hydrogen storage capacities. In addition to the
science and engineering related specifically to the storage medium, there are
also chapters on the effect of hydrogen on structural materials (e.g. the walls
of a pressure vessel where hydrogen embrittlement can be a significant
problem) and the socio-economic factors that may influence our transition to
a low-carbon future.

This collection will inevitably be of interest to experienced scientists and
engineers in the field as well as postgraduate and undergraduate students
keen to explore either energy and/or hydrogen technologies. Global solutions
are urgently needed if we are to avoid a global catastrophe. The range of
nationalities of the contributing authors indicates the effort from around the
world being devoted to hydrogen storage and it is the hope of the editor that
this book will be a valuable resource to, and help inspire, young researchers
in this exciting and challenging field.

Dr Gavin Walker
University of Nottingham
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