
SOLID STATE BATTERIES: 
MATERIALS DESIGN AND 

OPTIMIZATION 



The Kluwer International Series in 
Engineering and Computer Science 

ELECTRONIC MATERIALS: 
SCIENCE AND TECHNOLOGY 

Series Editor 
Harry L. Tuller 

Massachusetts Institute of Technology 

Other books in the series: 

Sol-Gel Optics: Processing and Applications, L.C. Klein, editor 

The Series ELECTRONIC MATERIALS: Science and Technology will 
address the following goals 

* Bridge the gap between theory and application. 

* Foster and facilitate communication among the materials scientists, electrical 
engineers, physicists and chemists. 

* Provide publication with an interdisciplinary approach in the following 
topic areas: 

'" Sensors and Actuators 
'" Electrically Active Ceramics 

and Polymers 

'" Structure-Property-Processing 
-Performance Correlations 
In Electromc Materials 

'" Electncally Active Interfaces 
'" High T" Superconductmg Matenals 

• Optoelectromc Matenals 
.. Composne Matenals 

'" Defect EnglOeering 

'" Sol id State lomcs 
'" ElectrOnic Matenals In Energy 

ConverSion-Solar Cells. H'gh Energy 
Dens uy M Icrobattenes. Solid State 

Fuel Cells. e'e. 

With the dynamic growth evident in this field and the need to communicate fmdings between 
disciplines. this book senes will provide a forum for infonnation targeted toward 

• Materials Scientists • Electrical Engineers • Physicists • Chemists 



SOLID STATE BATTERIES: 
MATERIALS DESIGN AND 

OPTIMIZATION 

Christian Julien 
Universite Pierre et Marie Curie 

Gholam-Abbas Nazri 
General Motors Research Laboratories 

SPRINGER SCIENCE+BUSINESS MEDIA, LLC 



Library of Congress Cataloging-in-Publication Data 

Solid state batteries: materials design and optimization 1 edited by 
Christian Julien, Gholam-Abbas Nazri. 

p. cm. -- (The Kluwer international series in engineering and 
computer science; 271. Electronic materials: science and technology) 

lncludes bibliographical references and index. 
ISBN 978-0-7923-9460-0 ISBN 978-1-4615-2704-6 (eBook) 
DOI 10.1007/978-1-4615-2704-6 
1. Solid state batteries. I. Julien, Christian, 1945- . 

II. Nazri, Gholamabbas. III. Series: Kluwer international series in engineering 
and computer science ; SECS 271. IV. Series: Kluwer international series in 
engineering and computer science. 
Electronic materials, science and technology. 
TK2942.S65 1994 
621.31 '242--dc20 

Copyright © 1994 by Springer Science+Business Media New York 
Originally published by Kluwer Academic Publishers in 1994 
Softcover reprint ofthe hardcover lst edition 1994 

94-14426 
CIP 

Ali rights reserved. No part of this publication may be reproduced, stored in 
a retrieval system or transmitted in any form or by any means, mechanical, 
photo-copying, recording, or otherwise, without the prior written permission of 
the publisher, Springer Science+Business Media, LLC. 

Printed on acid-free paper. 



Contents 

Preface ix 

Chapter 1. Design and optimization of solid-state batteries 1 

1. Description of relati ons in battery operation 3 
1.1. Basic concepts 3 
1.2. Classification of cells and batteries 9 
1.3. Electrochemical insertion process 12 
1.4. Transport properties of intercalated compoWlds 26 
1.5. Electrochemical intercalation techniques 31 

2. Quality criteria for thin-film materials 49 
2.1. Performance of thin-film cells 49 
2.2. Relevance of thin-film characteristics to batteries 52 
2.3. limiting parameters 56 
2.4. Thin-fim deposition technology 74 
2.5. Influence of the deposition parameters 79 

References for chapter 1 90 

Chapter 2. Materials for electrolyte: Crystalline compounds 97 

1. Mechanisms of transport ill solid electrolytes 98 
1.1. Phenomenological approach of ionic conduction 99 
1.2. Theoretical models for ionic conduction 102 
1.3. Classification of superionic materials 123 

2. Anionic conductors 124 
2.1. Fluorine ion conductors 124 
2.2. Oxygen ion conductors 134 

3. Cationic conductors 136 
3.1. Three-dimensional compoWlds 136 
3.2. Low-dimensional compoWlds 160 

4. Composite electrolytes 170 
References for chapter 2 175 



vi 

Chapter 3. Materials for electrolyte: 
Fast-ion-conducting glasses 

1. Fast-ion-conducting glasses 
1.1. Structural description of glasses 
1.2. Ionic conductivity in glasses 

2. Conduction mechanisms in glasses 
2.1. The strong-electrolyte model 
2.2. The weak-electrolyte model 
2.3. Defect-based theory 
2.4. The coupling model 

3. Silver-ion-conducting glasses 
4. Sodium-ion-conducting glasses 
5. Lithium-ion-conducting glasses 

5.1. Oxide-based glasses 
5.2. Sulphide-based glasses 

6. Glasses with mobile anions 
7. Structure and optical properties of lithium-borate glasses 

7.1. Structure of the binary glasses B20YllLi20 
7.2. Structure of the doped lithium-borate glasses 

8. ac conductivity oflithium-borate glasses 
8.1. Basic considerations for ac conductivity 
8.2. Ionic conductivity of B2DJ-Li20-Li2S04 glasses 
8.3. Annealing effect on conductivity 
8.4. Frequency dependence of conductivity 
8.5. Dielectric function of glasses 

References for chapter 3 

Chapter 4. Materials for electrolyte: Thin films 

1. Synthesis of thin-films of ionic conductors 
1.1. Evaporation techniques 
1.2. Anionic-conducting thin-films 
1.3. Cationic-conducting thin-films 

2. Growth and properties of lithium-borate thin-films 
2.1. Structural properties of borate glass films 
2.2. Electrical properties of borate glass thin-films 
2.3. Electric modulus analysis of thin-films 

References for chapter 4 

Chapter 5. Polymer electrolytes 

1. Structure and chemistry of polymers 
1.1. Synthesis 
1.2. Structural properties 

183 

186 
187 
193 
203 
203 
206 
208 
210 
212 
219 
227 
227 
237 
241 
242 
244 
250 
254 
255 
261 
265 
270 
271 
277 

285 

289 
289 
298 
301 
315 
315 
322 
330 
340 

347 

347 
348 
349 



vii 

2. Electrochemistry of polymers 356 
2.1. Ionic conductivity 356 
2.2. Redox stability domain 360 
2.3. Highly conductive polymers 362 
2.4. Applications 363 

References for chapter 5 364 

Chapter 6. Materials for electrodes: Crystalline compounds 369 

1. Introduction 370 
1.1. Electrode process 370 
1.2. Intercalation compounds 375 
1.3. Classification of 2D-compounds 377 

2. Carbon-based electrodes 378 
2.1. Structural and elecronic properties of graphite 379 
2.2. Transport properties of graphite 381 
2.3. Properties of graphite intercalation compounds 382 
2.4. Electrodes based on carbon materials 388 

3. Inorganic chalcogenides 398 
3.1. Transition-metal dichalcogenides 398 
3.2. Transition-metal phosphorus trichalcogenides 435 
3.3. Non-transition-metal chalcogenides 447 
3.4. Fiber-like chalcogenides 465 
3.5. Chevrel-phase compounds 469 

4. Inorganic oxides 473 
4.1. Oxides with layered structure 474 
4.2. Oxides with framework structure 483 

5. Composite electrodes 491 
5.1. Introduction 491 
5.2. Performance of composite electrodes 492 

References for chapter 6 500 

Chapter 7. Materials for electrodes: Amorphous and thin-films 513 

1. Amorphous cathodic materials 514 
1.1. Amorphous chalcogenides 515 
1.2. Amorphous oxides 521 
1.3. Semiconducting glasses 524 

2. Thin-film cathodes 533 
2.1. Titanium dichalcogenidefilms 533 
2.2. Molybdenum dichalcogenide films 538 
2.3. Indium selenide films 544 
2.4. Transition-metal oxide films 563 
2.5. Titanium oxysulphide films 571 

References for chapter 7 573 



viii 

Chapter 8. Applications of solid-state ionic materials 

1. Applications of solid-state iooics to batteries 
1.1. Advantages of solid-state battery technology 
1.2. Potential effects on energy conservation 
1.3. Requirements of solid-state battery technology 
1.4. High-temperature cells 
1.5. Polymeric and glass batteries 
1.6. Solid-state primary lithium batteries 
1.7. Solid-state secondary lithium batteries 
1.8. Secondary insertion cathode lithium batteries 
1.9. Liquid electrolyte primary lithium batteries 
1.10. Silver and copper batteries 

2. lithium metal-free rechargeable batteries 
3. Microbatteries 

3.1. Silver and copper microbatteries 
3.2. Lithium microbatteries 

References for chapter 8 

Subject index 

579 

579 
580 
583 
583 
584 
589 
594 
596 
596 
602 
604 
608 
612 
612 
613 
618 

623 



Preface 

The field of solid state ionics is multidisciplinary in nature. Chemists, 
physicists, electrochimists, and engineers all are involved in the research and 
development of materials, techniques, and theoretical approaches. This science is one 
of the great triumphs of the second part of the 20th century. For nearly a century, 
development of materials for solid-state ionic technology has been restricted. During 
the last two decades there have been remarkable advances: more materials were 
discovered, modem technologies were used for characterization and optimization of 
ionic conduction in solids, trial and error approaches were deserted for defined 
predictions. During the same period fundamental theories for ion conduction in solids 
appeared. 

The large explosion of solid-state ionic material science may be considered to be 
due to two other influences. The first aspect is related to economy and connected with 
energy production, storage, and utilization. There are basic problems in industrialized 
countries from the economical, environmental, political, and technological points of 
view. The possibility of storing a large amount of utilizable energy in a 
comparatively small volume would make a number of non-conventional intermittent 
energy sources of practical convenience and cost. The second aspect is related to huge 
increase in international relationships between researchers and exchanges of results 
make considerable progress between scientists; one find many institutes joined in 
common search programs such as the material science networks organized by EEC in 
the European countries. 

Moreover, one of the most intriguing perspectives for application of the recently 
discovered solid-state ionic materials is represented by the development of either 
inexpensive high-power-density secondary batteries or rechargeable microbatteries. 
The former systems would also have a highly positive environmental impact through 
the replacement of gasoline engines with electric motors, which would dramatically 
reduce atmospheric pollution, acid rains, and background noise. Immediate examples 
are given by the USABC project in the USA and the LIBES project in Japan. The 
objectives of microbattery research are to combine the technologies of solid-state 
ionics and electronics. A solid-state microbattery deposited on the same chip carrier 
can provide memory backup power. It can also be used as power supply in sensors 
and biomedical implantable devices. One of the best examples is the lithium-iodide 
battery which has been successfully used during the past decade in cardiac pacemakers. 

Although experimental and theoretical results on solid-state ionic materials have 
appeared extensively in the original scientific literature and in research monographs, 



x 

there does not exist at the present time, to our knowledge, a reference work in which 
a wide variety of chemical, physical, and electrochemical properties of these materials 
are treated in a unified manner emphasizing the ionic conduction aspects in 
electrolytes and electrodes. In this situation, there is a need for a broad introductory 
text for the use of students and research workers. It is this void that we attemped to 
fill by writing this volume. Our objective is to illustrate how detailed information on 
the actual behavior of ionic solids can be extracted for the design of microbatteries, 
taking into consideration the different properties that are involved in such devices. 

This volume therefore aims to introduce the reader to the breadth of solid-state 
ionics, i.e., electrolytes and electrodes, which are the electrochemically active 
components in microbatteries, and the newcomer to the various research opportunities 
and challenge available in this branch of the material science. 

The general plan which we have adopted is the following. The fundamental 
concepts in solid-state ionics involving ion and electron motions in a specific 
medium are developed in detail with the main goal to design and optimize materials 
used for microbatteries. We rationalized our choice of subject material in the 
following way. As it is indicated by the foregoing summary, we restricted ourselves 
to those materials which are concerned with lithium-ion conduction because lithium 
is the highest electroactive and the lowest dense metal and lithium contained systems 
are considered as the most promising materials for advanced batteries. Electrolyte and 
electrode materials are considered in the crystalline and amorphous states. Thin-film 
materials are also presented. 

We have not hesitated to include some basic considerations on the 
electrochemical systems; we hope that this part will be useful to graduate scientists 
and those who have newly joined the solid-state ionic field. Some sections will be 
also helpful to technical assistants regularly undertaking measurements of solid-state 
ionic properties, and many parts of the text should be helpful to final-year 
undergraduates following a specialist course or undertaking a project. While prior 
knowledge of the concept of solid-state ionic technology is desirable for the use of 
this book, the mathematical treatment we use is elementary. 

The order of presentation is as follows. In the introductory chapter, we describe 
the theoretical background of the basic processes involved in cell operation, and in 
some detail the electrochemical insertion process of intercalant species in host 
structures is given. Different theoretical models for ion transport are presented. The 
second part of chapter 1 is devoted to quality criteria for thin-film materials; the 
transport limitations are analyzed in both electrode and electrolyte thin-films. This is 
followed by four chapters on solid electrolyte phases, i.e., crystalline, vitreous, or 
amorphous, thin-films and plastic or polymeric materials. In chapter 2, the basic 
definitions and phenomenological analysis of conduction in crystalline phase are 
presented. A simplified overview of the theoretical models normally used in the study 
of transport phenomena in solid electrolytes is given with emphasis to the discrete 
and continuous models. Thus, the different classes of solid electrolytes are treated: 
anionic and cationic fast-ion conductors. Fluorine, oxygen, alkali, silver, and copper 
ion conductors are presented with their theoretical understanding. Composite 
electrolytes are also examined here. Amorphous electrolytes are introduced in chapter 
3, where silver, sodium, and lithium fast-ion conducting glasses are presented. 
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Structure-composition relations are examined and special attention is given to 
cationic-conducting materials that are lithium-ion conducting glasses, which are the 
most promising materials for microbatteries. The different models for conduction in 
glasses, which are the strong-electrolyte, the weak-electrolyte, and the decoupling 
approaches, are briefly presented at the beginning of this chapter. Chapter 4 covers 
the description of various fast-ion conducting materials grown by thin-film 
technologies. The fabrication and electrical properties of thin-films of fast-ionic 
conducting lithium-borate glasses are reviewed. In chapter 5, there is a survey on 
polymeric electrolytes. Our aim is to present a brief informative overview on these 
materials, and provide some keynotes and references that may be useful for further 
bibliographic researches. The final three chapters are devoted to cathode materials and 
applications. Chapter 6, where the crystalline cathode materials are treated is 
organized as follows: after a short introduction describing the different classes of 
cathodes, the structural, physical, and electrochemical properties of inorganic 
chalcogenides and oxides are largely described. Properties of transition metal 
dichalcogenides, non-transition metal chalcogenides, composite electrodes, and 
high-voltage cathodes are widely treated. The aim of chapter 7 is to report the 
properties of amorphous cathode active compounds. The material parameters of 
different classes of cathodes are reviewed and comparison, with crystalline phases are 
indicated as far as possible. The properties of cathodic glasses and a description of 
different mechanisms of conduction involved in them are given. There is an attempt 
to summarize the literature survey on thin-film cathode materials. Much attention is 
given to the transition metal dichalcogenide and non-transition metal chalcogenide 
thin-films. Some applications of solid-state ionic materials are presented in the final 
chapter. Various designs of working devices are outlined with the emphasis on all 
solid-state configurations. Lithium metal-free rechargeable batteries, also called 
rocking-chair batteries, and recently developed microbatteries are treated. 
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