JLab/Cambridge, Exh. 1009, p. 1



HANDBOOK
OF
BATTERIES

David Linden Editor

Thomas B. Reddy -Editor

Third Edition

McGraw-Hill

New York Chicago San Francisco Lisbon London
Madrid Mexico City Milan New Delhi San Juan Seoul
Singapore Sydney Toronto

JLab/Cambridge, Exh. 1009, p. 2



Library of Congress Cataloging-in-Publication Data

Handbook of batteries / David Linden, Thomas B. Reddy.—3d ed.
p. cm.

Rev. ed. of: Handbook of batteries / David Linden, editor in chief. 2nd ¢1995.

Includes bibliographical references and index.

ISBN 0-07-135978-8

1. Electric batteries—Handbooks, manuals, etc. 1. Title: Handbook of
batteries. II.
Linden, David, Ill. Reddy, Thomas B.

TK2901.H36 2001
621 31'242—dc21
2001030790

Copyright © 2002, 1999, 1994, 1972 by The McGraw-Hill Companies, Inc.
All rights reserved. Printed in the United States of America. Except as per-
mitted under the United States Copyright Act of 1976, no part of this pub-
lication may be reproduced or distributed in any form or by any means, or
stored in a data base or retrieval system, without the prior written permission
of the publisher.

1234567890 DOC/DOC 07654321

ISBN 0-07-135978-8

The sponsoring editor for this book was Steve Chapman and the
production supervisor was Sherri Souffrance. It was set in Times Roman
by Pro-Image Corporation.

Printed and bound by R. R. Donnelley & Sons Company.
This book is printed on acid-free paper.

McGraw-Hill books are available at special quantity discounts to use as pre-
miums and sales promotions, or for use in corporate training programs. For
more information, please write to the Director of Special Sales, Professional
Publishing, McGraw-Hill, Two Penn Plaza, New York, NY 10121-2298. Or
contact your local bookstore.

Information contained in this work has been obtained by
McGraw-Hill, Inc. from sources believed to be reliable. However,
neither McGraw-Hill nor its authors guarantees the accuracy or
completeness of any information published herein and neither
McGraw-Hill nor its authors shall be responsible for any errors,
omissions, or damages arising out of use of this information. This
work is published with the understanding that McGraw-Hill and
its authors are supplying information but are not attempting to
render engineering or other professional services. If such services
are required, the assistance of an appropriate professional should
be sought.

JLab/Cambridge, Exh. 1009, p. 3



CONTENTS

Contributors

Preface

PART 1

Chapter 1

Xix

Xv

Principles of Operation

Basic Concepts

13

Chapter 2

11
1.2
13
14
15
1.6

Components of Cells and Batteries / 1.3

Classification of Cells and Batteries / 1.4

Operation of a Cell / 1.7

Theoretical Cell Voltage, Capacity, and Energy / 1.9

Specific Energy and Energy Density of Practical Batteries / 1.14
Upper Limits of Specific Energy and Energy Density / 1.17

Electrochemical Principles and Reactions

2.1

Chapter 3

2.1
2.2
2.3
2.4
2.5
2.6

Introduction / 2.1

Thermodynamic Background / 2.4

Electrode Processes / 2.5

Electrical Double-Layer Capacity and lonic Adsorption / 2.11
Mass Transport to the Electrode Surface / 2.16
Electroanalytical Techniques / 2.20

Factors Affecting Battery Performance

3.1

Chapter 4

3.1
3.2

General Characteristics / 3.1
Factors Affecting Battery Performance / 3.1

Battery Standardization

4.1

4.1
4.2
43
44
45
4.6
4.7
4.8
49
4.10
411

General / 4.1

International Standards / 4.3

Concepts of Standardization / 4.4

IEC and ANSI Nomenclature Systems / 4.5

Terminals / 4.8

Electrical Performance / 4.9

Markings / 4.10

Cross-References of ANSI IEC Battery Standards / 4.11
Listing of IEC Standard Round Primary Batteries / 4.12
Standard SLI and Other Lead-Acid Batteries / 4.13
Regulatory and Safety Standards / 4.21

JLab/Cambridge, Exh. 1009, p. 4



vi

CONTENTS

Chapter 5 Battery Design

5.1

General / 5.1

Designing to Eliminate Potential Safety Problems / 5.1

Battery Safeguards when Using Discrete Batteries / 5.7

Battery Construction / 5.10

Design of Rechargeable Batteries / 5.14

Electronic Energy Management and Display—*‘‘Smart™ Batteries / 5.18
Guidelines / 5.22

Chapter 6 Selection and Application of Batteries

6.1

6.1
6.2
6.3
6.4

General Characteristics / 6.1

Major Considerations in Selecting a Battery / 6.2
Battery Applications / 6.3

Portable Applications / 6.8

PART 2 Primary Batteries

Chapter 7 Primary Batteries—Introduction

7.3

7.4

General Characteristics and Applications of Primary Batteries / 7.3
Types and Characteristics of Primary Batteries / 7.5

Comparison of the Performance Characteristics of Primary Battery
Systems / 7.9

Recharging Primary Batteries / 7.21

Chapter 8 Zinc-Carbon Batteries (Leclanché and Zinc Chloride Cell Systems)

8.1

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8

General Characteristics / 8.1

Chemistry / 8.4

Types of Cells and Batteries / 8.5

Construction / 8.7

Cell Components / 8.11

Performance Characteristics / 8.17

Special Designs / 8.37

Types and Sizes of Available Cells and Batteries / 8.40

Chapter 9 Magnesium and Aluminum Batteries

9.1

9.1
9.2
9.3
9.4
9.5
9.6
9.7

General Characteristics / 9.1

Chemistry / 9.2

Construction of Mg/MnO, Batteries / 9.4

Performance Characteristics of Mg/MnO, Batteries / 9.6
Sizes and Types of Mg/MnO, Batteries / 9.12

Other Types of Magnesium Primary Batteries / 9.13
Aluminum Primary Batteries / 9.13

Chapter 10 Alkaline-Manganese Dioxide Batteries

10.1

10.1
10.2
10.3
10.4
10.5
10.6
10.7

General Characteristics / 10.1

Chemistry / 10.3

Cell Components and Materials / 10.5

Construction / 10.10

Performance Characteristics / 10.13

Battery Types and Sizes / 10.27

Premium Zinc/Alkaline/Manganese Dioxide High-Rate Batteries / 10.29

JLab/Cambridge, Exh. 1009, p. 5



Chapter 11

CONTENTS

Mercuric Oxide Batteries

vii

1.1

Chapter 12

111
11.2
11.3
11.4
115
11.6

Silver

General Characteristics / 11.1

Chemistry / 11.2

Cell Components / 11.3

Construction / 11.5

Performance Characteristics of Zinc/Mercuric Oxide Batteries / 11.8

Performance Characteristics of Cadmium/Mercuric Oxide Batteries / 11.13

Oxide Batteries

121

Chapter 13

12.1
12.2
12.3
12.4
12.5

General Characteristics / 12.1

Battery Chemistry and Components / 12.2
Construction / 12.10

Performance Characteristics / 12.11

Cell Sizes and Types / 12.16

Zinc/ Air Batteries—Button Configuration

131

Chapter 14

13.1
13.2
13.3
13.4

General Characteristics / 13.1
Chemistry / 13.2

Construction / 13.3

Performance Characteristics / 13.6

Lithium Batteries

14.1

Chapter 15

14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9
14.10
14.11

14.12

General Characteristics / 14.1

Chemistry / 14.5

Characteristics of Lithium Primary Batteries / 14.9

Safety and Handling of Lithium Batteries / 14.17
Lithium/Sulfur Dioxide (Li/SO,) Batteries / 14.19
Lithium/Thionyl Chloride (Li/SOCI,) Batteries / 14.31
Lithium/Oxychloride Batteries / 14.49

Lithium/Manganese Dioxide (Li/MnO,) Batteries / 14.55
Lithium/Carbon Monofluoride {Li/(CF),} Batteries / 14.72
Lithium/Iron Disulfide (Li/FeS,) Batteries / 14.84
Lithium/Copper Oxide (Li/CuO) and Lithium/Copper Oxyphosphate
[Li/Cu,0(PO,),] Cells / 14.92

Lithium/Silver Vanadium Oxide Batteries / 14.99

Solid-Electrolyte Batteries

15.1

15.1
15.2
15.3
154

General Characteristics / 15.1
Li/Lil(Al,O;)/ Metal Salt Batteries / 15.3
The Lithium/lodine Battery / 15.9
Ag/RbAg,l./Me,NI,,C Batteries / 15.22

PART 3 Reserve Batteries

Chapter 16 Reserve Batteries—Introduction

16.3

16.1
16.2

Classification of Reserve Batteries / 16.3
Characteristics of Reserve Batteries / 16.4

JLab/Cambridge, Exh. 1009, p. 6



viii

CONTENTS

Chapter 17

Magnesium Water-Activated Batteries

17.1

17.1 General Characteristics / 17.1

17.2 Chemistry / 17.2

17.3 Types of Water-Activated Batteries / 17.3
17.4 Construction / 17.6

17.5 Performance Characteristics / 17.10

17.6 Battery Applications / 17.23

17.7 Battery Types and Sizes / 17.26

Chapter 18

Zinc/ Silver Oxide Reserve Batteries

18.1

18.1 General Characteristics / 18.1
18.2 Chemistry / 18.2

18.3 Construction / 18.2

18.4 Performance Characteristics / 18.7

18.5 Cell and Battery
18.6 Special Features
18.7 Cost / 18.16

Chapter 19

Types and Sizes / 18.12
and Handling / 18.16

Spin-Dependent Reserve Batteries

19.1

19.1 General Characteristics / 19.1
19.2 Chemistry / 19.2

19.3 Design Considerations / 19.3
19.4 Performance Characteristics / 19.6

Chapter 20 Ambient-Temperatu

re Lithium Anode Reserve Batteries

20.1

20.1 General Characteristics / 20.1
20.2 Chemistry / 20.2
20.3 Construction / 20.4

20.4

Chapter 21 Thermal Batteries

Performance Characteristics / 20.15

211

21.1 General Characteristics / 21.1
21.2 Description of Electrochemical Systems / 21.3
21.3 Cell Chemistry / 21.7

214
215 Cell-Stack Desig

Cell Construction / 21.10

ns / 21.14

21.6 Performance Characteristics / 21.16
21.7 Testing and Surveillance / 21.20
21.8 New Developments / 21.20

PART 4 Secondary Batteries

Chapter 22 Secondary Batteries—Introduction

22.3

22.1 General Characteristics and Applications of Secondary Batteries / 22.3

22.2  Types and Characteristics of Secondary Batteries / 22.8
22.3 Comparison of Performance Characteristics for Secondary Battery

Systems / 22.11

JLab/Cambridge, Exh. 1009, p. 7



CONTENTS ix

Chapter 23 Lead-Acid Batteries 23.1

23.1
23.2
23.3
23.4
23.5
23.6
23.7
23.8
23.9

General Characteristics / 23.1

Chemistry / 23.6

Constructional Features, Materials, and Manufacturing Methods / 23.16
SLI (Automotive) Batteries: Construction and Performance / 23.35
Deep-Cycle and Traction Batteries: Construction and Performance / 23.44
Stationary Batteries: Construction and Performance / 23.54

Charging and Charging Equipment / 23.67

Maintenance Safety, and Operational Features / 23.75

Applications and Markets / 23.81

Chapter 24 Valve Regulated Lead-Acid Batteries 241

24.1
24.2
24.3
24.4

General Characteristics / 24.1

Chemistry / 24.3

Cell Construction / 24.4

Performance Characteristics / 24.8

Charging Characteristics / 24.27

Safety and Handling / 24.39

Battery Types and Sizes / 24.40

Applications of VRLA Batteries to Uninterruptible Power Supplies / 24.43

Chapter 25 Iron Electrode Batteries 25.1

General Characteristics / 25.1

Chemistry of Nickel-Iron Batteries / 25.2
Conventional Nickel-Iron Batteries / 25.4
Advanced Nickel-lron Batteries / 25.13
Iron/Air Batteries / 25.16

Silver-Iron Battery / 25.19

Iron Materials as Cathodes / 25.23

Chapter 26 Industrial and Aerospace Nickel-Cadmium Batteries 26.1

26.8

Introduction / 26.1

Chemistry / 26.4

Construction / 26.4

Performance Characteristics / 26.9

Charging Characteristics / 26.14

Fiber Nickel-Cadmium (FNC) Battery Technology / 26.15
Manufacturers and Market Segments / 26.24
Applications / 26.28

Chapter 27 Vented Sintered-Plate Nickel-Cadmium Batteries 271

27.1
27.2
27.3
27.4
275
27.6
21.7
27.8

General Characteristics / 27.1
Chemistry / 27.2

Construction / 27.3

Performance Characteristics / 27.7
Charging Characteristics / 27.16
Maintenance Procedures / 27.20
Reliability / 27.22

Cell and Battery Designs / 27.26

JLab/Cambridge, Exh. 1009, p. 8



X CONTENTS

Chapter 28 Portable Sealed Nickel-Cadmium Batteries

28.1

28.1
28.2
28.3
28.4
28.5
28.6
28.7

General Characteristics / 28.1
Chemistry / 28.2

Construction / 28.3

Performance Characteristics / 28.6
Charging Characteristics / 28.20
Special-Purpose Batteries / 28.26
Battery Types and Sizes / 28.32

Chapter 29 Portable Sealed Nickel-Metal Hydride Batteries

29.1

29.1
29.2
29.3
29.4
29.5
29.6
29.7
29.8
29.9

General Characteristics / 29.1

Chemistry / 29.2

Construction / 29.4

Discharge Characteristics / 29.7

Charging Sealed Nickel-Metal Hydride Batteries / 29.21
Cycle and Battery Life / 29.29

Proper Use and Handling / 29.32

Applications / 29.32

Battery Types and Manufacturers / 29.32

Chapter 30 Propulsion and Industrial Nickel-Metal Hydride Batteries

30.1

30.1
30.2
30.3
30.4
30.5
30.6
30.7
30.8
30.9
30.10
30.11
30.12
30.13

Introduction / 30.1

General Characteristics / 30.2
Chemistry / 30.3

Construction / 30.4

EV Battery Packs / 30.14
HEV Battery Packs / 30.16
Fuel Cell Startup and Power Assist / 30.18
Other Applications / 30.18
Discharge Performance / 30.22
Charge Methods / 30.29
Thermal Management / 30.30
Electrical Isolation / 30.31
Development Targets / 30.32

Chapter 31 Nickel-Zinc Batteries

311
31.2
31.3
31.4
315
31.6
31.7
31.8

General Characteristics / 31.1
Chemistry / 31.2

Cell Components / 31.3
Construction / 31.12

Performance Characteristics / 31.17
Charging Characteristics / 31.25
Applications / 31.29

Handling and Storage / 31.35

Chapter 32 Nickel-Hydrogen Batteries

32.1

321
32.2
32.3
324
325
32.6
32.7
32.8

General Characteristics / 32.1

Chemistry / 32.2

Cell and Electrode-Stack Components / 32.3
Ni-H, Cell Construction / 32.6

Ni-H, Battery Design / 32.11

Applications / 32.16

Performance Characteristics / 32.19
Advanced Designs / 32.26

JLab/Cambridge, Exh. 1009, p. 9



CONTENTS xi

Chapter 33 Silver Oxide Batteries 33.1

33.1
33.2
33.3
334
335
33.6
33.7
33.8
33.9

General Characteristics / 33.1

Chemistry / 33.3

Cell Construction and Components / 33.4
Performance Characteristics / 33.8
Charging Characteristics / 33.20

Cell Types and Sizes / 33.22

Special Features and Handling / 33.25
Applications / 33.25

Recent Developments / 33.28

Chapter 34 Rechargeable Lithium Batteries (Ambient Temperature) 341

34.1
34.2
343
34.4

General Characteristics / 34.1

Chemistry / 34.4

Characteristics of Lithium Rechargeable Batteries / 34.17
Characteristics of Specific Rechargeable Lithium Metal Batteries / 34.25

Chapter 35 Lithium-lon Batteries 35.1

35.1
35.2
353
354
355
35.6
35.7
35.8
35.9

General Characteristics / 35.1

Chemistry / 35.4

Construction of Cylindrical and Prismatic Li-lon Cells and Batteries / 35.31
Li-lon Battery Performance / 35.35

Charge Characteristics of Li-lon Batteries / 35.67

Safety Testing of Cylindrical C/LiCoO, Batteries / 35.70

Polymer Li-lon Batteries / 35.71

Thin-Film, Solid-State Li-lon Batteries / 35.85

Conclusions and Future Trends / 35.90

Chapter 36 Rechargeable Zinc/Alkaline /Manganese Dioxide Batteries 36.1

36.1
36.2
36.3
36.4
36.5
36.6

General Characteristics / 36.1
Chemistry / 36.2

Construction / 36.4

Performance / 36.5

Charge Methods / 36.13

Types of Cells and Batteries / 36.17

PART 5 Advanced Batteries for Electric Vehicles and Emerging

Applications

Chapter 37 Advanced Batteries for Electric Vehicles and Emerging
Applications—Introduction 37.3

37.1
37.2

37.3
37.4
375

Performance Requirements for Advanced Rechargeable Batteries / 37.3
Characteristics and Development of Rechargeable Batteries for Emerging
Applications / 37.9

Near-Term Rechargeable Batteries / 37.17

Advanced Rechargeable Batteries—General Characteristics / 37.18
Refuelable Batteries and Fuel Cells—An Alternative to Advanced
Rechargeable Batteries / 37.23

JLab/Cambridge, Exh. 1009, p. 10



CONTENTS

Chapter 38 Metal/Air Batteries

38.1

38.1 General Characteristics / 38.1
38.2 Chemistry / 38.4

38.3 Zinc/Air Batteries / 38.6

38.4 Aluminum/Air Batteries / 38.30
38.5 Magnesium/Air Batteries / 38.44
38.6 Lithium/Air Batteries / 38.46

Chapter 39 Zinc/Bromine Batteries

39.1

39.1 General Characteristics / 39.1

39.2 Description of the Electrochemical System / 39.2
39.3 Construction / 39.4

39.4 Performance / 39.6

39.5 Tradeoff Considerations / 39.10

39.6 Safety and Hazards / 39.11

39.7 Applications and System Designs / 39.11

39.8 Developments and Projections / 39.20

Chapter 40 Sodium-Beta Batteries

40.1

40.1 General Characteristics / 40.1

40.2 Description of the Electrochemical Systems / 40.3

40.3 Cell Design and Performance Characteristics / 40.7
40.4 Battery Design and Performance Characteristics / 40.17
40.5 Applications / 40.28

Chapter 41 Lithium/Iron Sulfide Batteries

41.1

41.1 General Characteristics / 41.1

41.2 Description of Electrochemical System / 41.3
41.3 Construction / 41.4

41.4 Performance Characteristics / 41.6

415 Applications and Battery Designs / 41.15

PART 6 Portable Fuel Cells

Chapter 42 Portable Fuel Cells—Introduction

42.3

42.1 General Characteristics / 42.3

42.2  Operation of the Fuel Cell / 42.5

42.3 Sub-Kilowatt Fuel Cells / 42.9

42.4 Innovative Designs for Low Wattage Fuel Cells / 42.12

Chapter 43 Small Fuel Cells (Less than 1000 Watts)

43.1

43.1 General / 43.1

43.2  Applicable Fuel Cell Technologies / 43.2

43.3 System Requirements / 43.4

43.4  Fuel Processing and Storage Technologies / 43.7
43.5 Fuel Cell Stack Technology / 43.12

43.6 Hardware and Performance / 43.14

JLab/Cambridge, Exh. 1009, p. 11



CONTENTS xiii

PART 7 Appendices

A. Definitions A1
B. Standard Reduction Potentials B.1
C. Electrochemical Equivalents of Battery Materials C.1
D. Standard Symbols and Constants D.1
E. Conversion Factors E.1
F. Bibliography F1
G. Battery Manufacturers and R&D Organizations G.1

Index follows Appendices

JLab/Cambridge, Exh. 1009, p. 12



CONTRIBUTORS

Vaidevutis Alminauskas U.S Naval Surface Warfare Center, Crane Division
Austin Attewell International Power Sources Symposium, Ltd.
Terrill B. Atwater Power Sources Division, U.S. Army CECOM
William L. Auxer Pennsylvania Crusher Corp.

Christopher A. Baker Acme Electric Corp., Aerospace Division
Gary A. Bayles Consultant (formerly with Northrup-Grumann Corp.)
Stephen F. Bender Rosemount, Inc.

Asaf A. Benderly Harry Diamond Laboratories, U.S. Army (retired)
Jeffrey W. Braithwaite Sandia National Laboratories

John Broadhead U.S Nanocorp and U.S. Microbattery

Ralph Brodd Broddarp of Nevada, Inc.

Jack Brill Eagle-Picher Technologies, LLC

Curtis Brown Eagle-Picher Technologies, LLC

Paul C. Butler Sandia National Laboratories

Anthony G. Cannone Rutgers University and University of Medicine and Dentistry of New Jersey

Joseph A. Carcone Sanyo Energy Corp.

Arthur J. Catotti General Electric Co. (retired)

Allen Charkey Evercel Corp.

David L. Chua Maxpower, Inc.

Frank Ciliberti Duracell, Inc. (retired)

Dwayne Coates Boeing Satellite Systems

John W. Cretzmeyer Medtronic, Inc. (retired)
Jeffrey R. Dahn Dalhousie University, Canada

Josef David-lvad Technische Universitat, Graz, Austria
James M. Dines Eagle-Picher Industries, Inc. (retired)
James D. Dunlop Comsat Laboratories (retired)
Phillip A. Eidler Eaton Corp.

Grant M. Ehrlich International Fuel Cells

Ron J. Ekern Rayovac Corp. (retired))

William J. Eppley Maxpower, Inc.

Rex Erisman Eagle-Picher Technologies, LLC

JLab/Cambridge, Exh. 1009, p. 13

Xv



xvi CONTRIBUTORS

John M. Evjen Consultant (formerly with General Electric Co.)

John Fehling Bren-Tronics, Inc.

Michael Fetcenko Ovonic Battery Co.

H. Frank Gibbard H Power Corp.

Allan B. Goldberg U.S Army Research Laboratory

Patrick G. Grimes Grimes Associates

Robert P. Hamlen Power Sources Division, U.S. Army CECOM

Ronald O. Hammel Consultant (formerly with Hawker Energy Products, Inc.)
Robert J. Horning Valence Technology, Inc.

Gary L. Henriksen Argonne National Laboratory

Sohrab Hossain LiTech, LLC

James C. Hunter Eveready Battery Co., Inc. (deceased)

John F. Jackovitz University of Pittsburgh

Andrew N. Jansen Argonne National Laboratory

Alexander P. Karpinski Yardney Technical Products, Inc.

Peter A. Karpinski PAK Enterprises

Arthur Kaufman H Power Corp.

Sandra E. Klassen Sandia National Laboratories

Visvaldis Klasons Consultant (formerly with Catalyst Research Corp.)
Ralph F. Koontz Magnavox Co. (retired)

Karl Kordesch Technische Universitat, Graz, Austria

Han C. Kuo NEXCell Battery Co., Taiwan

Charles M. Lamb Eagle-Picher Technologies, LLC

Duane M. Larsen Rayovac Corp. (retired)

Peter Lex ZBB Technologies, Inc.

David Linden Consultant (formerly with U.S. Army Electronics Command)
R. David Lucero Eagle-Picher Technologies, LLC

Dennis W. McComsey Eveready Battery Co., Inc.

Doug Magnusen GP Batteries, USA

Sid Megahed Rechargeable Battery Corp. (deceased)

Ronald C. Miles Johnson Controls, Inc.

Elliot M. Morse Eagle-Picher Industries, Inc. (retired)

Denis Naylor Duracell, Inc. (deceased)

Arne O. Nilsson Consultant (formerly with SAFT NIFE and Acme Electric)
James E. Oxley Oxley Research, Inc.

Boone B. Owens Corrosion Research Center, University of Minnesota
Joseph L. Passaniti Rayovac Corp.

Stefano Passerini Dipartimento Energia, Divisione Technologie Energetiche Avanzate, Italy

JLab/Cambridge, Exh. 1009, p. 14



CONTRIBUTORS xvii

David F. Pickett Eagle-Picher Technologies, LLC

Thomas B. Reddy Consultant, Rutgers University and University of Medicine and Dentistry of New
Jersey

Terrence F. Reise Duracell, Inc.

Alvin J. Salkind Rutgers University and University of Medicine and Dentistry of New Jersey

Robert F. Scarr Eveready Battery Co., Inc. (retired)

Stephen F. Schiffer Lockheed Martin Corp.

Paul M. Skarstad Medtronic, Inc.

Phillip J. Slezak Eveready Battery Co., Inc.

John Springstead Rayovac Corp.

Patrick J. Spellman Rayovac Corp. (retired)

Philip C. Symons Electrochemical Engineering Consultants, Inc.

Russell H. Toye Eveready Battery Co., Inc.

Forrest A. Trumbore University of Medicine and Dentistry of New Jersey

Darrel F. Untereker Medtronic, Inc.

Steven P. Wicelinski Duracell, Inc.

JLab/Cambridge, Exh. 1009, p. 15



ABOUT THE EDITORS

David Linden has been active in battery research, development, and engineering
for more than 50 years. He was Director of the Power Sources Division of the U.S.
Army Electronics R&D Command. Many of the batteries and power sources cur-
rently in use, including lithium batteries and fuel cells, resulted from R&D programs
at that Division. Mr. Linden is now a battery consultant working with Duracell, Inc.
and other companies on the development and application of newer primary and
rechargeable batteries. He is a member of national and international groups estab-
lishing standards for these new technologies.

Thomas B. Reddy, Ph.D., is an Adjunct Assistant Professor in the Bio-Engineering
Division of the Robert Wood Johnson Medical School of the University of Medicine
and Dentistry of New Jersey. He is also a Visiting Scientist in the School of En-
gineering of Rutgers University. He was a leader in the development of lithium
primary batteries and served as a Vice President of Power Conversion, Inc, (cur-
rently Hawker Eternacell, Inc.), and Yardney Technical Products, Inc., and continues
to act as a consultant to Yardney and to other organizations.

JLab/Cambridge, Exh. 1009, p. 16



PREFACE

Since the publication of the second edition of the Handbook of Batteries in 1995, the
battery industry has grown remarkedly. This growth has been due to the broad increase in
the use of battery-operated portable electronics and the renewed interest in low- or zero-
emission vehicles and other emerging applications with requirements that can best be met
with batteries. Annual worldwide battery sales currently are about $50 billion, more than
double the sales of a decade ago.

This growth and the demand for batteries meeting increasingly stringent performance
requirements have been a challenge to the battery industry. The theoretical and practical
limits of battery technology can be a barrier to meeting some performance requirements.
Batteries are also cited as the limiting factor for achieving the application’s desired service
life. Nevertheless, substantial advances have been made both with improvement of the per-
formance of the conventional battery systems and the development of new battery systems.
These advances have been covered by significant revisions and updating of each of the
appropriate chapters in this third edition of the Handbook.

Recent emphasis on the performance of the primary alkaline manganese dioxide battery
has been directed toward improving its high-rate performance to meet the requirements of
the new digital cameras and other portable electronics. The new high-rate (Ultra or Premium)
battery was first sold in 2000 and already commands about 25% of the market.

The lithium primary battery continues its steady growth, dominating the camera market
and applications requiring high power and performance over long periods of time. It now
accounts for over $1 billion in annual sales.

Development has been most active in the area of portable rechargeable batteries to meet
the needs of the rapidly growing portable electronics market. The portable nickel-metal
hydride battery, which was becoming the dominant rechargeable battery replacing the nickel-
cadmium battery, is itself being replaced by the newer lithium-ion battery. Recognizing the
significance of this new technology, a new chapter, Chapter 35 “Lithium-ion Batteries,” has
been added to the third edition of the Handbook.

The revived interest in electric vehicles, hybrid electric vehicles, and energy storage sys-
tems for utilities has accelerated the development of larger-sized rechargeable batteries. Be-
cause of the low specific energy of lead-acid batteries and the still unresolved problems with
the high temperature batteries, the nickel-metal hydride battery is currently the battery system
of choice for hybrid electric vehicles. This subject is covered in another new chapter, Chapter
30 “Propulsion and Industrial Nickel-Metal Hydride Batteries.”

The inherent high energy conversion efficiency and the renewed interest in fuel cell tech-
nology for electric vehicles has encouraged the development of small subkilowatt fuel cell
power units and portable fuel cells as potential replacements for batteries. Because of this
new interest, Part 6 “Portable Fuel Cells” has been added that includes two new chapters,
Chapters 42 and 43, covering portable fuel cells and small subkilowatt fuel cells, respectively.
Large fuel cells are beyond the scope of this third edition of the Handbook. Much information
has been published about this subject; see references listed in Appendix F.

Several editorial changes have been instituted in the preparation of this edition of the
Handbook. The term “specific energy” is now used in place of gravimetric energy density

Xix
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(e.g., Wh/kg). The term “energy density’” now refers to volumetric energy density (Wh/L).
Similarly, “specific power” (W/kg) and power density (W/L) refer to power per unit weight
and volume, respectively.

Another point that has been defined more clearly in this edition is the distinction between
a “cell” and a “battery.” Manufacturers most commonly identify the product they offer for
sale as a ““battery” regardless of whether it is a single-cell battery or a multicell one. Ac-
cordingly, we have defined the cell as “the basic electrochemical unit providing a source of
electrical energy by direct conversion of chemical energy. The cell consists of an assembly
of electrodes, separators, electrolyte, container, and terminals.” The battery is defined as “the
complete product and consists of one or more electrochemical cells, electrically connected
in an appropriate series/parallel arrangement to provide the required operating voltage and
current levels, including, if any, monitors, controls and other ancillary components (e.g.,
fuses, diodes, case, terminals, and markings).”

In this edition, the term ““cell” has been used, almost universally by all of the authors,
when describing the cell components of the battery and its chemistry. Constructional features
have been described as either cells, batteries, or configurations depending on the particular
choice of the author. This has not been uniformly edited, as it does not appear to cause any
confusion. The term “battery” has been generally used when presenting the performance
characteristics of the product. Usually the data is presented on the basis of a single-cell
battery, recognizing that the performance of a multicell battery could be different, depending
on its design. In some instances, in order not to mislead the reader relative to the performance
of the final battery product, some data (particularly in Chapter 35 on lithium-ion batteries
and in the chapters in Part 5 on advanced batteries) is presented on a “cell’ basis as hard-
ware, thermal controls, safety devices, etc., that may ultimately be added to the battery (and
have not been included in the cell) would have a significant impact on performance.

This third edition of the Handbook of Batteries has now grown to over 1400 pages,
recognizing the broad scope of battery technology and the wide range of battery applications.
This work would not have been possible without the interest and contributions of more than
eighty battery scientists and engineers who participated in its preparation. Their cooperation
is gratefully acknowledged, as well as the companies and agencies who supported these
contributing authors.

We also acknowledge the efforts of Stephen S. Chapman, Executive Editor, Professional
Book Group, McGraw-Hill Companies for initiating this project and the McGraw-Hill staff,
and Lois Kisch, Tom Reddy’s secretary, for their assistance toward its completion. We further
wish to express out thanks to our wives, Rose Linden and Mary Ellen Scarborough, for their
encouragement and support and to Mary Ellen for the editorial assistance she provided.

David Linden
Thomas B. Reddy
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CHAPTER 1
BASIC CONCEPTS

David Linden

1.1 COMPONENTS OF CELLS AND BATTERIES

A battery is a device that converts the chemical energy contained in its active materials
directly into electric energy by means of an electrochemical oxidation-reduction (redox)
reaction. In the case of a rechargeable system, the battery is recharged by a reversal of the
process. This type of reaction involves the transfer of electrons from one material to another
through an electric circuit. In a nonelectrochemical redox reaction, such as rusting or burning,
the transfer of electrons occurs directly and only heat is involved. As the battery electro-
chemically converts chemical energy into electric energy, it is not subject, as are combustion
or heat engines, to the limitations of the Carnot cycle dictated by the second law of ther-
modynamics. Batteries, therefore, are capable of having higher energy conversion efficien-
cies.

While the term ““battery” is often used, the basic electrochemical unit being referred to
is the “cell.”” A battery consists of one or more of these cells, connected in series or parallel,
or both, depending on the desired output voltage and capacity.*

The cell consists of three major components:

1. The anode or negative electrode—the reducing or fuel electrode—which gives up elec-
trons to the external circuit and is oxidized during the electrochemical reaction.

2. The cathode or positive electrode—the oxidizing electrode—which accepts electrons from
the external circuit and is reduced during the electrochemical reaction.

*Cell vs. Battery: A cell is the basic electrochemical unit providing a source of electrical
energy by direct conversion of chemical energy. The cell consists of an assembly of elec-
trodes, separators, electrolyte, container and terminals. A battery consists of one or more
electrochemical cells, electrically connected in an appropriate series/parallel arrangement to
provide the required operating voltage and current levels, including, if any, monitors, controls
and other ancillary components (e.g. fuses, diodes), case, terminals and markings. (Although
much less popular, in some publications, the term ““battery” is considered to contain two or
more cells.)

Popular usage considers the “battery” and not the “cell” to be the product that is sold
or provided to the “user.” In this 3rd Edition, the term *“cell” will be used when describing
the cell component of the battery and its chemistry. The term “battery” will be used when
presenting performance characteristics, etc. of the product. Most often, the electrical data is
presented on the basis of a single-cell battery. The performance of a multicell battery will
usually be different than the performance of the individual cells or a single-cell battery (see
Section 3.2.13).

1.3
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3. The electrolyte—the ionic conductor—which provides the medium for transfer of charge,
as ions, inside the cell between the anode and cathode. The electrolyte is typically a
liquid, such as water or other solvents, with dissolved salts, acids, or alkalis to impart
ionic conductivity. Some batteries use solid electrolytes, which are ionic conductors at
the operating temperature of the cell.

The most advantageous combinations of anode and cathode materials are those that will
be lightest and give a high cell voltage and capacity (see Sec. 1.4). Such combinations may
not always be practical, however, due to reactivity with other cell components, polarization,
difficulty in handling, high cost, and other deficiencies.

In a practical system, the anode is selected with the following properties in mind: effi-
ciency as a reducing agent, high coulombic output (Ah/g), good conductivity, stability, ease
of fabrication, and low cost. Hydrogen is attractive as an anode material, but obviously, must
be contained by some means, which effectively reduces its electrochemical equivalence.
Practically, metals are mainly used as the anode material. Zinc has been a predominant anode
because it has these favorable properties. Lithium, the lightest metal, with a high value of
electrochemical equivalence, has become a very attractive anode as suitable and compatible
electrolytes and cell designs have been developed to control its activity.

The cathode must be an efficient oxidizing agent, be stable when in contact with the
electrolyte, and have a useful working voltage. Oxygen can be used directly from ambient
air being drawn into the cell, as in the zinc/air battery. However, most of the common
cathode materials are metallic oxides. Other cathode materials, such as the halogens and the
oxyhalides, sulfur and its oxides, are used for special battery systems.

The electrolyte must have good ionic conductivity but not be electronically conductive,
as this would cause internal short-circuiting. Other important characteristics are nonreactivity
with the electrode materials, little change in properties with change in temperature, safety
in handling, and low cost. Most electrolytes are aqueous solutions, but there are important
exceptions as, for example, in thermal and lithium anode batteries, where molten salt and
other nonaqueous electrolytes are used to avoid the reaction of the anode with the electrolyte.

Physically the anode and cathode electrodes are electronically isolated in the cell to
prevent internal short-circuiting, but are surrounded by the electrolyte. In practical cell de-
signs a separator material is used to separate the anode and cathode electrodes mechanically.
The separator, however, is permeable to the electrolyte in order to maintain the desired ionic
conductivity. In some cases the electrolyte is immobilized for a nonspill design. Electrically
conducting grid structures or materials may also be added to the electrodes to reduce internal
resistance.

The cell itself can be built in many shapes and configurations—cylindrical, button, flat,
and prismatic—and the cell components are designed to accommodate the particular cell
shape. The cells are sealed in a variety of ways to prevent leakage and dry-out. Some cells
are provided with venting devices or other means to allow accumulated gases to escape.
Suitable cases or containers, means for terminal connection and labeling are added to com-
plete the fabrication of the cell and battery.

1.2 CLASSIFICATION OF CELLS AND BATTERIES

Electrochemical cells and batteries are identified as primary (nonrechargeable) or secondary
(rechargeable), depending on their capability of being electrically recharged. Within this
classification, other classifications are used to identify particular structures or designs. The
classification used in this handbook for the different types of electrochemical cells and bat-
teries is described in this section.
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1.2.1 Primary Cells or Batteries

These batteries are not capable of being easily or effectively recharged electrically and,
hence, are discharged once and discarded. Many primary cells in which the electrolyte is
contained by an absorbent or separator material (there is no free or liquid electrolyte) are
termed “dry cells.”

The primary battery is a convenient, usually inexpensive, lightweight source of packaged
power for portable electronic and electric devices, lighting, photographic equipment, toys,
memory backup, and a host of other applications, giving freedom from utility power. The
general advantages of primary batteries are good shelf life, high energy density at low to
moderate discharge rates, little, if any, maintenance, and ease of use. Although large high-
capacity primary batteries are used in military applications, signaling, standby power, and
so on, the vast majority of primary batteries are the familiar single cell cylindrical and flat
button batteries or multicell batteries using these component cells.

1.2.2 Secondary or Rechargeable Cells or Batteries

These batteries can be recharged electrically, after discharge, to their original condition by
passing current through them in the opposite direction to that of the discharge current. They
are storage devices for electric energy and are known also as “storage batteries” or “accu-
mulators.”

The applications of secondary batteries fall into two main categories:

1. Those applications in which the secondary battery is used as an energy-storage device,
generally being electrically connected to and charged by a prime energy source and
delivering its energy to the load on demand. Examples are automotive and aircraft sys-
tems, emergency no-fail and standby (UPS) power sources, hybrid electric vehicles and
stationary energy storage (SES) systems for electric utility load leveling.

2. Those applications in which the secondary battery is used or discharged essentially as a
primary battery, but recharged after use rather than being discarded. Secondary batteries
are used in this manner as, for example, in portable consumer electronics, power tools,
electric vehicles, etc., for cost savings (as they can be recharged rather than replaced),
and in applications requiring power drains beyond the capability of primary batteries.

Secondary batteries are characterized (in addition to their ability to be recharged) by high
power density, high discharge rate, flat discharge curves, and good low-temperature perform-
ance. Their energy densities are generally lower than those of primary batteries. Their charge
retention also is poorer than that of most primary batteries, although the capacity of the
secondary battery that is lost on standing can be restored by recharging.

Some batteries, known as “mechanically rechargeable types,” are “recharged” by replace-
ment of the discharged or depleted electrode, usually the metal anode, with a fresh one.
Some of the metal/air batteries (Chap. 38) are representative of this type of battery.

1.2.3 Reserve Batteries

In these primary types, a key component is separated from the rest of the battery prior to
activation. In this condition, chemical deterioration or self-discharge is essentially eliminated,
and the battery is capable of long-term storage. Usually the electrolyte is the component that
is isolated. In other systems, such as the thermal battery, the battery is inactive until it is
heated, melting a solid electrolyte, which then becomes conductive.
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The reserve battery design is used to meet extremely long or environmentally severe
storage requirements that cannot be met with an “active” battery designed for the same
performance characteristics. These batteries are used, for example, to deliver high power for
relatively short periods of time, in missiles, torpedoes, and other weapon systems.

1.2.4 Fuel Cells

Fuel cells, like batteries, are electrochemical galvanic cells that convert chemical energy
directly into electrical energy and are not subject to the Carnot cycle limitations of heat
engines. Fuel cells are similar to batteries except that the active materials are not an integral
part of the device (as in a battery), but are fed into the fuel cell from an external source
when power is desired. The fuel cell differs from a battery in that it has the capability of
producing electrical energy as long as the active materials are fed to the electrodes (assuming
the electrodes do not fail). The battery will cease to produce electrical energy when the
limiting reactant stored within the battery is consumed.

The electrode materials of the fuel cell are inert in that they are not consumed during the
cell reaction, but have catalytic properties which enhance the electroreduction or electro-
oxidation of the reactants (the active materials).

The anode active materials used in fuel cells are generally gaseous or liquid (compared
with the metal anodes generally used in most batteries) and are fed into the anode side of
the fuel cell. As these materials are more like the conventional fuels used in heat engines,
the term “fuel cell” has become popular to describe these devices. Oxygen or air is the
predominant oxidant and is fed into the cathode side of the fuel cell.

Fuel cells have been of interest for over 150 years as a potentially more efficient and less
polluting means for converting hydrogen and carbonaceous or fossil fuels to electricity com-
pared to conventional engines. A well known application of the fuel cell has been the use
of the hydrogen/oxygen fuel cell, using cryogenic fuels, in space vehicles for over 40 years.
Use of the fuel cell in terrestrial applications has been developing slowly, but recent advances
has revitalized interest in air-breathing systems for a variety of applications, including utility
power, load leveling, dispersed or on-site electric generators and electric vehicles.

Fuel cell technology can be classified into two categories

1. Direct systems where fuels, such as hydrogen, methanol and hydrazine, can react directly
in the fuel cell

2. Indirect systems in which the fuel, such as natural gas or other fossil fuel, is first converted
by reforming to a hydrogen-rich gas which is then fed into the fuel cell

Fuel cell systems can take a number of configurations depending on the combinations of
fuel and oxidant, the type of electrolyte, the temperature of operation, and the application,
etc.

More recently, fuel cell technology has moved towards portable applications, historically
the domain of batteries, with power levels from less than 1 to about 100 watts, blurring the
distinction between batteries and fuel cells. Metal/air batteries (see Chap. 38), particularly
those in which the metal is periodically replaced, can be considered a “fuel cell” with the
metal being the fuel. Similarly, small fuel cells, now under development, which are ““refu-
eled” by replacing an ampule of fuel can be considered a “battery.”

Fuel cells were not included in the 2nd Edition of this Handbook as the technical scope
and applications at that time differed from that of the battery. Now that small to medium
size fuel cells may become competitive with batteries for portable electronic and other ap-
plications, these portable devices are covered in Chap. 42. Information on the larger fuel
cells for electric vehicles, utility power, etc can be obtained from the references listed in
Appendix F “Bibliography.”

JLab/Cambridge, Exh. 1009, p. 23



BASIC CONCEPTS 1.7

1.3 OPERATION OF A CELL

1.3.1 Discharge

The operation of a cell during discharge is also shown schematically in Fig. 1.1. When the
cell is connected to an external load, electrons flow from the anode, which is oxidized,
through the external load to the cathode, where the electrons are accepted and the cathode
material is reduced. The electric circuit is completed in the electrolyte by the flow of anions
(negative ions) and cations (positive ions) to the anode and cathode, respectively.

Electron flow
—_—

Load

Fiow of anions
-—

Anode
Cathode

Flow of cations
——io

Electrolyte

FIGURE 1.1 Electrochemical op-
eration of a cell (discharge).

The discharge reaction can be written, assuming a metal as the anode material and a
cathode material such as chlorine (CL,), as follows:

Negative electrode: anodic reaction (oxidation, loss of electrons)
Zn — Zn?* + 2e
Positive electrode: cathodic reaction (reduction, gain of electrons)
Cl, + 2e — 2CI-
Overall reaction (discharge):
Zn + Cl, — Zn?* + 2CIl~(ZnCl,)
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1.3.2 Charge

During the recharge of a rechargeable or storage cell, the current flow is reversed and oxi-
dation takes place at the positive electrode and reduction at the negative electrode, as shown
in Fig. 1.2. As the anode is, by definition, the electrode at which oxidation occurs and the
cathode the one where reduction takes place, the positive electrode is now the anode and
the negative the cathode.

In the example of the Zn/ClI, cell, the reaction on charge can be written as follows:

Negative electrode: cathodic reaction (reduction, gain of electrons)
Zn?* 4+ 2e — Zn
Positive electrode: anodic reaction (oxidation, loss of electrons)
2CI- — Cl, + 2e
Overall reaction (charge):
Zn?* + 2ClI- — Zn + Cl,

- DC +
power supply

Electron flow +
———e

Flow of anions
—_—

Cathode
Anode

Flow of cations
B ———

Electrolyte

FIGURE 1.2 Electrochemical op-
eration of a cell (charge).

1.3.3 Specific Example: Nickel-Cadmium Cell

The processes that produce electricity in a cell are chemical reactions which either release
or consume electrons as the electrode reaction proceeds to completion. This can be illustrated
with the specific example of the reactions of the nickel-cadmium cell. At the anode (negative
electrode), the discharge reaction is the oxidation of cadmium metal to cadmium hydroxide
with the release of two electrons,

Cd + 20H- — Cd(OH), + 2e

At the cathode, nickel oxide (or more accurately nickel oxyhydroxide) is reduced to nickel
hydroxide with the acceptance of an electron,

NiOOH + H,0 + e — OH~ + Ni(OH),
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When these two “half-cell” reactions occur (by connection of the electrodes to an external
discharge circuit), the overall cell reaction converts cadmium to cadmium hydroxide at the
anode and nickel oxyhydroxide to nickel hydroxide at the cathode,

Cd + 2NiOOH + 2H,0 — Cd(OH), + 2Ni(OH),

This is the discharge process. If this were a primary non-rechargeable cell, at the end of
discharge, it would be exhausted and discarded. The nickel-cadmium battery system is, how-
ever, a secondary (rechargeable) system, and on recharge the reactions are reversed. At the
negative electrode the reaction is:

Cd(OH), + 2e — Cd + 20H"
At the positive electrode the reaction is:
Ni(OH), + OH™ — NiOOH + H,0 + ¢

After recharge, the secondary battery reverts to its original chemical state and is ready for
further discharge. These are the fundamental principles involved in the charge-discharge
mechanisms of a typical secondary battery.

1.3.4 Fuel Cell

A typical fuel cell reaction is illustrated by the hydrogen/oxygen fuel cell. In this device,
hydrogen is oxidized at the anode, electrocatalyzed by platinum or platinum alloys, while at
the cathode oxygen is reduced, again with platinum or platinum alloys as electrocatalysts.
The simplified anodic reaction is

2H, — 4H" + 4e
while the cathodic reaction is
O, + 4H* + 4e — 2H,0

The overall reaction is the oxidation of hydrogen by oxygen, with water as the reaction
product.

2H, + 0, — 2H,0

1.4 THEORETICAL CELL VOLTAGE, CAPACITY, AND ENERGY

The theoretical voltage and capacity of a cell are a function of the anode and cathode
materials. (See Chap. 2 for detailed electrochemical theory.)

1.4.1 Free Energy

Whenever a reaction occurs, there is a decrease in the free energy of the system, which is
expressed as

AG® = —nFE?°
where F = constant known as Faraday (=96,500 C or 26.8 Ah)
n = number of electrons involved in stoichiometric reaction
E° = standard potential, V
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1.4.2 Theoretical Voltage

The standard potential of the cell is determined by the type of active materials contained in
the cell. It can be calculated from free-energy data or obtained experimentally. A listing of
electrode potentials (reduction potentials) under standard conditions is given in Table 1.1. A
more complete list is presented in Appendix B.

The standard potential of a cell can be calculated from the standard electrode potentials
as follows (the oxidation potential is the negative value of the reduction potential):

Anode (oxidation potential) + cathode (reduction potential) = standard cell potential.
For example, in the reaction Zn + Cl, — ZnCl,, the standard cell potential is:

Zn— Zn** + 26 —(—0.76 V)
Cl, — 2Cl- — 2 1.36 V

E° = 212V

The cell voltage is also dependent on other factors, including concentration and temper-
ature, as expressed by the Nernst equation (covered in detail in Chap. 2).

1.4.3 Theoretical Capacity (Coulombic)

The theoretical capacity of a cell is determined by the amount of active materials in the cell.
It is expressed as the total quantity of electricity involved in the electrochemical reaction
and is defined in terms of coulombs or ampere-hours. The ‘“ampere-hour capacity” of a
battery is directly associated with the quantity of electricity obtained from the active mate-
rials. Theoretically 1 gram-equivalent weight of material will deliver 96,487 C or 26.8 Ah.
(A gram-equivalent weight is the atomic or molecular weight of the active material in grams
divided by the number of electrons involved in the reaction.)

The electrochemical equivalence of typical materials is listed in Table 1.1 and Appen-
dix C.

The theoretical capacity of an electrochemical cell, based only on the active materials
participating in the electrochemical reaction, is calculated from the equivalent weight of the
reactants. Hence, the theoretical capacity of the Zn/Cl, cell is 0.394 Ah/g, that is,

Zn + Cl, —_— ZnCl,
(0.82 Ah/g) (0.76 Ah/g)
1.22 g/Ah + 1.32 g/Ah = 2.54 g/Ah or 0.394 Ah/g

Similarly, the ampere-hour capacity on a volume basis can be calculated using the ap-
propriate data for ampere-hours per cubic centimeter as listed in Table 1.1.

The theoretical voltages and capacities of a number of the major electrochemical systems
are given in Table 1.2. These theoretical values are based on the active anode and cathode
materials only. Water, electrolyte, or any other materials that may be involved in the cell
reaction are not included in the calculation.
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1.1

TABLE 1.1 Characteristics of Electrode Materials*
Standard
Atomic or reduction Electrochemical equivalents
molecular potential Valence Melting Density,
Material weight, g at 25°C, V change point, °C g/cm? Ah/g g/Ah Ah/cm?t
Anode materials
H, 2.01 0 2 — — 26.59 0.037
—0.83t
Li 6.94 -3.01 1 180 0.54 3.86 0.259 2.06
Na 23.0 -2.71 1 98 0.97 1.16 0.858 1.14
Mg 24.3 —2.38 2 650 1.74 2.20 0.454 3.8
—2.69t
Al 26.9 —1.66 3 659 2.69 2.98 0.335 8.1
Ca 40.1 —2.84 2 851 1.54 1.34 0.748 2.06
—2.35t
Fe 55.8 —0.44 2 1528 7.85 0.96 1.04 75
—0.881
Zn 65.4 —-0.76 2 419 7.14 0.82 1.22 5.8
—1.25t
Cd 1124 —0.40 2 321 8.65 0.48 2.10 4.1
-0.81t
Pb 207.2 —-0.13 2 327 11.34 0.26 3.87 2.9
(Li)Cs® 72.06 ~—2.8 1 — 2.25 0.37 2.68 0.84
MH® 116.2 —0.83t 2 — — 0.45 221 —
CH,OH 32.04 — 6 — — 5.02 0.20 —
Cathode materials
0, 32.0 1.23 4 — — 3.35 0.30
0.40t
Cl, 71.0 1.36 2 — — 0.756 1.32
SO, 64.0 — 1 — — 0.419 2.38
MnO, 86.9 1.28% 1 — 5.0 0.308 3.24 1.54
NiOOH 91.7 0.49t 1 — 7.4 0.292 3.42 2.16
CuCl 99.0 0.14 1 — 35 0.270 3.69 0.95
FeS, 119.9 — 4 — — 0.89 1.12 4.35
AgO 123.8 0.57t 2 — 7.4 0.432 2.31 3.20
Br, 159.8 1.07 2 — — 0.335 2.98
HgO 216.6 0.10t 2 — 11.1 0.247 4.05 2.74
Ag,0 231.7 0.35t 2 — 7.1 0.231 4.33 1.64
PbO, 239.2 1.69 2 — 9.4 0.224 4.45 2.11
Li,Co0,® 98 ~2.7 0.5 — — 0.137 7.29 —
l, 253.8 0.54 2 — 4,94 0.211 4.73 1.04

*See also Appendixes B and C.

T Basic electrolyte: all others, aqueous acid electrolyte.
1 Based on density values shown.

(1) Calculations based only on weight of carbon.

(2) Based on 1.7% H, storage by weight.

(3) Based on x = 0.5; higher valves may be obtained in practice.
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TABLE 1.2 \oltage, Capacity and Specific Energy of Major Battery Systems—Theoretical and Practical Values

Theoretical valuest Practical batteryt

Specific Nominal Specific Energy
energy  voltage  energy  density
Battery type Anode Cathode Reaction mechanism \Y g/Ah  Ah/kg Wh/kg \% Wh/kg Wh/L

Primary batteries

Leclanché Zn MnO, Zn + 2MnO, — ZnO - Mn,0, 16 4.46 224 358 15 85(*) 165
Magnesium Mg MnO, Mg + 2MnO, + H,0 — Mn,0, + Mg(OH), 28 369 271 759 17 100 195@®
Alkaline MnO, Zn MnO, Zn + 2MnO, — ZnO + Mn,0O, 15 4.46 224 358 15 145@ 400
Mercury Zn HgO Zn + HgO — ZnO + Hg 134 527 190 255 1.35 100© 470©
Mercad Cd HgO Cd + HgO + H,0 — Cd(OH), + Hg 091 6.15 163 148 0.9 550 230®
Silver oxide Zn Ag,0 Zn + Ag,0 + H,0 — Zn(OH), + 2Ag 16 555 180 288 16 135 5250
Zinc/0, Zn 0, Zn + %0, — ZnO 165 152 658 1085 — — —

Zinc/air Zn Ambient air Zn + (%:0,) — ZnO 165 122 820 1353 15 370®  1300©
Li/SOCl, Li SOCl, 4Li + 2SOCl, — 4LiCl + S + SO, 365 325 403 1471 3.6 590 1100®
Li/SO, Li SO, 2Li + 280, — Li,S,0, 31 2.64 379 1175 3.0 260® 415
LiMnO, Li MnO, Li + Mn'VO, — Mn'VO,(Li*) 35 3.50 286 1001 3.0 230 5356
Li/FeS, Li FeS, 4Li + FeS, — 2Li,S + Fe 18 138 726 1307 15 2600 5000
Li/(CF), Li (CP), nLi + (CF), — nLiF + nC 31 142 706 2189 3.0 2500 6350
Li/1,® Li 1,(P2VP) Li + %l, — Lil 28 499 200 560 28 245 900

Reserve batteries

Cuprous chloride Mg CucCl Mg + Cu,Cl, — MgCl, + 2Cu 1.6 4.14 241 386 13 60 80"
Zinc/silver oxide Zn AgO Zn + AgO + H,0 — Zn(OH), + Hg 181 353 283 512 15 30® 75®
Thermal Li FeS, See Section 21.3.1 21-16 1.38 726 1307 21-16 40 100
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Secondary batteries

Lead-acid Pb PbO, Pb + PbO, + 2H,S0, — 2PbSO, + 2H,0 2.1 8.32 120 252 2.0 35 7000
Edison Fe Ni oxide Fe + 2NiOOH + 2H,0 — 2Ni(OH), + Fe(OH), 1.4 4.46 224 314 12 30 5500
Nickel-cadmium Cd Ni oxide Cd + 2NiOOH + 2H,0 — 2Ni(OH), + Cd(OH), 1.35 552 181 244 12 35 100®
Nickel-zinc zn Ni oxide Zn + 2NiOOH + 2H,0 — 2Ni(OH), + Zn(OH), 1.73 4.64 215 372 1.6 60 120
Nickel-hydrogen H, Ni oxide H, + 2NiOOH — 2Ni(OH), 15 3.46 289 434 1.2 55 60
Nickel-metal hydride MH®  Ni oxide MH + NiOOH — M + Ni(OH), 1.35 5.63 178 240 1.2 75 240
Silver-zinc Zn Ago Zn + AgO + H,0 — Zn(OH), + Ag 1.85 3.53 283 524 15 105 18010
Silver-cadmium Cd AgO Cd + AgO + H,0 — Cd(OH), + Ag 14 4.41 227 318 11 70 12000
Zinc/chlorine Zn Cl, Zn + Cl, — ZnCl, 212 2.54 394 835 — — —
Zinc/bromine Zn Br, Zn + Br, — ZnBr, 1.85 417 309 572 1.6 70 60
Lithium-ion Li,Cs  Lig,yC0O, Li,Cq + Lig,C00, — LiCaO, + Cs 41 9.98 100 410 41 150 4000
Lithium/manganese dioxide  Li MnO, Li + Mn'VO, — MnVO,(Li") 35 3.50 286 1001 3.0 120 265
Lithium/iron disulfide® Li(Al)  FeS, 2Li(Al) + FeS, — Li,FeS, + 2Al 173 350 285 493 1.7 18040 350D
Lithium/iron monosulfide®  Li(Al)  FeS 2Li(Al) + FeS — Li,S + Fe + 2Al 1.33 2.90 345 459 13 13049 22009
Sodium/sulfur® Na S 2Na + 3S — Na,S, 21 2.65 377 792 2.0 17009 34509
Sodium/nickel chloride® Na NiCl, 2Na + NiCl, — 2NaCl + Ni 2.58 3.28 305 787 2.6 11569 1900
Fuel cells
H,/0, H, o, H, + %0, — H,0 123 0336 2975 3660
H,/air H, Ambient air H, + (%20,) — H,0 123 0037 26587 32702
Methanol /O, CH,0H O, CH,0H + %0, — CO, + 2H,0 124 050 2000 2480 — — —
Methanol / air CH,OH Ambient air CH,0OH + (%0,) — CO, + 2H,0 124 020 5020 6225 — — —

tBased on active anode and cathode materials only, including O, but not air (electrolyte not included).

*These values are for single cell batteries based on identified design and at discharge rates optimized for energy
density, using midpoint voltage. More specific values are given in chapters on each battery system.

(1) MH = metal hydride, data based on 1.7% hydrogen storage (by weight).

(2) High temperature batteries.

(3) Solid electrolyte battery (Li/l, (P2VP)).

(4) Cylindrical bobbin-type batteries.

(5) Cylindrical spiral-wound batteries.

(6) Button type batteries.

(7) Water-activated.

(8) Automatically activated 2- to 10-min rate.

(9) With lithium anodes.

(10) Prismatic batteries.

(11) Value based on cell performance, see appropriate chapter for details.
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1.4.4 Theoretical Energy*

The capacity of a cell can also considered on an energy (watthour) basis by taking both the
voltage and the quantity of electricity into consideration. This theoretical energy value is the
maximum value that can be delivered by a specific electrochemical system:

Watthour (Wh) = voltage (V) x ampere-hour (Ah)

In the Zn/Cl, cell example, if the standard potential is taken as 2.12 V, the theoretical
watthour capacity per gram of active material (theoretical gravimetric specific energy or
theoretical gravimetric energy density) is:

Specific Energy (Watthours/gram) = 2.12 V X 0.394 Ah/g = 0.835 Wh/g or 835 Wh/kg

Table 1.2 also lists the theoretical specific energy of the various electrochemical systems.

1.5 SPECIFIC ENERGY AND ENERGY DENSITY OF PRACTICAL

BATTERIES

The theoretical electrical properties of cells and batteries are discussed in Sec. 1.4. In sum-
mary, the maximum energy that can be delivered by an electrochemical system is based on
the types of active materials that are used (this determines the voltage) and on the amount
of the active materials that are used (this determines ampere-hour capacity). In practice, only
a fraction of the theoretical energy of the battery is realized. This is due to the need for
electrolyte and nonreactive components (containers, separators, electrodes) that add to the
weight and volume of the battery, as illustrated in Fig. 1.3. Another contributing factor is
that the battery does not discharge at the theoretical voltage (thus lowering the average

Container,
terminals,
seals, etc.

Anode
current
collector

Cathode
current
collector

Anode
material

Cathode
material

Separator

FIGURE 1.3 Components of a cell.

*The energy output of a cell or battery is often expressed as a ratio of its weight or size.
The preferred terminology for this ratio on a weight basis, e.g. Watthours/kilogram
(Wh/kg), is “specific energy”; on a volume basis, e.g. Watthours/liter (Wh/L), it is “energy
density.” Quite commonly, however, the term “energy density” is used to refer to either

ratio.
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voltage), nor is it discharged completely to zero volts (thus reducing the delivered ampere-
hours) (also see Sec. 3.2.1). Further, the active materials in a practical battery are usually
not stoichiometrically balanced. This reduces the specific energy because an excess amount
of one of the active materials is used.

In Fig. 1.4, the following values for some major batteries are plotted:

1. The theoretical specific energy (based on the active anode and cathode materials only)
2. The theoretical specific energy of a practical battery (accounting for the electrolyte and
non-reactive components)

3. The actual specific energy of these batteries when discharged at 20°C under optimal
discharge conditions

These data show:

¢ That the weight of the materials of construction reduces the theoretical energy density or
of the battery by almost 50 percent, and

» That the actual energy delivered by a practical battery, even when discharged under con-
ditions close to optimum, may only be 50 to 75 percent of that lowered value

Thus, the actual energy that is available from a battery under practical, but close to optimum,
discharge conditions is only about 25 to 35 percent of the theoretical energy of the active
materials. Chapter 3 covers the performance of batteries when used under more stringent
conditions.

1500
1000 |- ] ]
B —
500~ Theoretical
— — specific energy
300 - (active materials
— only)
E —
© 200
g =
< Theoretical
g 100 — specific energy of
° a practical battery
3
2 5L
Actual specific
energy

30 /

20 - / /

10

Leclanché Magnesium/ Li/MnO2 Magnesium/  Nickel- Nickel-
dry cell MnO2 cuprous cadmium metal
chloride hydride
Alkaline- Zinc/ Lithium/ Lead- Zinc/ Lithium-
MnO2 mercuric SOz acid silver ion
oxide oxide

}4——— Primary ——>| Reserve |<— Secondary—>|

FIGURE 1.4 Theoretical and actual specific energy of battery systems.
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These data are shown again in Table 1.2 which, in addition to the theoretical values, lists
the characteristics of each of these batteries based on the actual performance of a practical
battery. Again, these values are based on discharge conditions close to optimum for that
battery.

The specific energy (Wh/kg) and energy density (Wh/L) delivered by the major battery
systems are also plotted in Fig. 1.5(a) for primary batteries and 1.5(b) for rechargeable
batteries. In these figures, the energy storage capability is shown as a field, rather than as a

1000
o Lithium (Cylindrical)
< 500 ) .
< Zinc/Air
= Lithium (Coin)
5
E Alkaline MnO,
i}
o Zn/Ag0O
)”5
& 100
2 Zn/HgO
50 Carbon-Zinc
| | | |
100 500 1000 5000
Energy Density, Wh/L
(@)
400 Lithium Metal
Li-lon/SPE
= 300
ey
=
= Zn/MnO2
% )
S 200 Ni-MH
=}
> .
g Ni-Cd
& 100 Lead Acid
0
0 50 100 150 200

Specific Energy, Wh/kg
(b)

FIGURE 1.5 Comparison of the energy storage capability of
various battery systems (a) Primary batteries; (b) Rechargeable
batteries. (From Ref 1)
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single optimum value, to illustrate the spread in performance of that battery system under
different conditions of use.

In practice, as discussed in detail in Chap. 3, the electrical output of a battery may be
reduced even further when it is used under more stringent conditions.

1.6 UPPER LIMITS OF SPECIFIC ENERGY AND ENERGY DENSITY

Specific Energy (Wh/kg)

250

200

150

100

50

Many advances have been made in battery technology in recent years as illustrated in Fig.
1.6, both through continued improvement of a specific electrochemical system and through
the development and introduction of new battery chemistries. But batteries are not keeping
pace with developments in electronics technology, where performance doubles every 18
months, a phenomenon known as Moore’s Law. Batteries, unlike electronic devices, consume
materials when delivering electrical energy and, as discussed in Secs. 1.4 and 1.5, there are
theoretical limits to the amount of electrical energy that can be delivered electrochemically
by the available materials. The upper limit is now being reached as most of the materials
that are practical for use as active materials in batteries have already been investigated and
the list of unexplored materials is being depleted.

As shown in Table 1.2, and the other such tables in the Handbook, except for some of
the ambient air-breathing systems and the hydrogen/oxygen fuel cell, where the weight of
the cathode active material is not included in the calculation, the values for the theoretical
energy density do not exceed 1500 Wh/kg. Most of the values are, in fact, lower. Even the
values for the hydrogen/air and the liquid fuel cells have to be lowered to include, at least,
the weight and volume of suitable containers for these fuels.

The data in Table 1.2 also show that the specific energy delivered by these batteries, based
on the actual performance when discharged under optimum conditions, does not exceed 450
Wh/kg, even including the air-breathing systems. Similarly, the energy density values do
not exceed 1000 Wh/L. It is also noteworthy that the values for the rechargeable systems
are lower than those of the primary batteries due, in part, to a more limited selection of
materials that can be recharged practically and the need for designs to facilitate recharging
and cycle life.

Lithium
Lithium-lon
Alkaline-MnO2
Alkaline-MnO2
High
Performanf:e Ni-MH
Leclanché
Lead Acid N| Cd
Leclanché

1946 1955 1965 1985 1995 1940 1955 1985 2000

Primary Batteries Secondary Batteries

FIGURE 1.6 Advances in battery performance for portable applications.
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Recognizing these limitations, while new battery systems will be explored, it will be more
difficult to develop a new battery system which will have a significantly higher energy output
and still meet the requirements of a successful commercial product, including availability of
materials, acceptable cost, safety and environmental acceptability.

Battery research and development will focus on reducing the ratio of inactive to active
components to improve energy density, increasing conversion efficiency and rechargability,
maximizing performance under the more stringent operating and enhancing safety and en-
vironment. The fuel cell is offering opportunities for powering electric vehicles, as a replace-
ment for combustion engines, for use in utility power and possibly for the larger portable
applications (see Chap. 42). However, the development of a fuel cell for a small portable
applications that will be competitive with batteries presents a formidable challenge.

REFERENCES

1. Ralph J. Broad, “Recent Developments in Batteries for Portable Consumer Electronics Applications,”
Interface 8:3, Fall 1999, Electrochemical Society, Pennington, NJ.
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CHAPTER 2

ELECTROCHEMICAL PRINCIPLES
AND REACTIONS

John Broadhead and Han C. Kuo

2.1 INTRODUCTION

Batteries and fuel cells are electrochemical devices which convert chemical energy into
electrical energy by electrochemical oxidation and reduction reactions, which occur at the
electrodes. A cell consists of an anode where oxidation takes place during discharge, a
cathode where reduction takes place, and an electrolyte which conducts the electrons (via
ions) within the cell.

The maximum electric energy that can be delivered by the chemicals that are stored within
or supplied to the electrodes in the cell depends on the change in free energy AG of the
electrochemical couple, as shown in Eq. (2.5) and discussed in Sec. 2.2.

It would be desirable if during the discharge all of this energy could be converted to
useful electric energy. However, losses due to polarization occur when a load current i passes
through the electrodes, accompanying the electrochemical reactions. These losses include:
(1) activation polarization, which drives the electrochemical reaction at the electrode surface,
and (2) concentration polarization, which arises from the concentration differences of the
reactants and products at the electrode surface and in the bulk as a result of mass transfer.

These polarization effects consume part of the energy, which is given off as waste heat,
and thus not all of the theoretically available energy stored in electrodes is fully converted
into useful electrical energy.

In principle, activation polarization and concentration polarization can be calculated from
several theoretical equations, as described in later sections of this chapter, if some electro-
chemical parameters and the mass-transfer condition are available. However, in practice it is
difficult to determine the values for both because of the complicated physical structure of
the electrodes. As covered in Sec. 2.5, most battery and fuel cells electrodes are composite
bodies made of active material, binder, performance enhancing additives and conductive
filler. They usually have a porous structure of finite thickness. It requires complex mathe-
matical modeling with computer calculations to estimate the polarization components.

There is another important factor that strongly affects the performance or rate capability
of a cell, the internal impedance of the cell. It causes a voltage drop during operation, which
also consumes part of the useful energy as waste heat. The voltage drop due to internal
impedance is usually referred to as “ohmic polarization” or IR drop and is proportional to
the current drawn from the system. The total internal impedance of a cell is the sum of the
ionic resistance of the electrolyte (within the separator and the porous electrodes), the elec-
tronic resistances of the active mass, the current collectors and electrical tabs of both elec-

2.1
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trodes, and the contact resistance between the active mass and the current collector. These
resistances are ohmic in nature, and follow Ohm’s law, with a linear relationship between
current and voltage drop.

When connected to an external load R, the cell voltage E can be expressed as

E= EO - [(T)ct)a + (T)c)a] - [(T)cl)c + (nc)c] - IRI =IiR (21)

electromotive force or open-circuit voltage of cell

activation polarization or charge-transfer overvoltage at anode and cathode
concentration polarization at anode and cathode

operating current of cell on load

internal resistance of cell

where E

(M) (10
(Me)ar (10)e
|

R.

As shown in Eq. (2.1), the useful voltage delivered by the cell is reduced by polarization
and the internal IR drop. It is only at very low operating currents, where polarization and
the IR drop are small, that the cell may operate close to the open-circuit voltage and deliver
most of the theoretically available energy. Figure 2.1 shows the relation between cell polar-
ization and discharge current.

Open-circuit voltage

~~~~~~~~~~~~ I IR loss

iy
S~

~~~~~~~~~~ £ (Metda, + (Metle
NN T Activation polarization
Operating (Mc)a, + (ncke
voltage Concentration polarization

Cell voltage increasing ———»

Current increasing ————p»
FIGURE 2.1 Cell polarization as a function of operating current.

Although the available energy of a battery or fuel cell depends on the basic electrochem-
ical reactions at both electrodes, there are many factors which affect the magnitude of the
charge-transfer reaction, diffusion rates, and magnitude of the energy loss. These factors
include electrode formulation and design, electrolyte conductivity, and nature of the sepa-
rators, among others. There exist some essential rules, based on the electrochemical princi-
ples, which are important in the design of batteries and fuel cells to achieve a high operating
efficiency with minimal loss of energy.

1. The conductivity of the electrolyte should be high enough that the IR polarization is not
excessively large for practical operation. Table 2.1 shows the typical ranges of specific
conductivities for various electrolyte systems used in batteries. Batteries are usually de-
signed for specific drain rate applications, ranging from microamperes to several hundred
amperes. For a given electrolyte, a cell may be designed to have improved rate capability,
with a higher electrode interfacial area and thin separator, to reduce the IR drop due to
electrolyte resistance. Cells with a spirally wound electrode design are typical examples.

2. Electrolyte salt and solvents should have chemical stability to avoid direct chemical re-
action with the anode or cathode materials.
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TABLE 2.1 Conductivity Ranges of Various
Electrolytes at Ambient Temperature

Specific conductivity,

Electrolyte system Qtcem?
Aqueous electrolytes 1-5 x 10
Molten salt ~107*
Inorganic electrolytes 2 x 102-10*
Organic electrolytes 1073-102
Polymer electrolytes 107-103
Inorganic solid electrolytes 108-10"%

3. The rate of electrode reaction at both the anode and the cathode should be sufficiently
fast so that the activation or charge-transfer polarization is not too high to make the cell
inoperable. A common method of minimizing the charge-transfer polarization is to use a
porous electrode design. The porous electrode structure provides a high electrode surface
area within a given geometric dimension of the electrode and reduces the local current
density for a given total operating current.

4. In most battery and fuel cell systems, part or all of the reactants are supplied from the
electrode phase and part or all of the reaction products must diffuse or be transported
away from the electrode surface. The cell should have adequate electrolyte transport to
facilitate the mass transfer to avoid building up excessive concentration polarization.
Proper porosity and pore size of the electrode, adequate thickness and structure of the
separator, and sufficient concentration of the reactants in the electrolyte are very important
to ensure functionality of the cell. Mass-transfer limitations should be avoided for normal
operation of the cell.

5. The material of the current collector or substrate should be compatible with the electrode
material and the electrolyte without causing corrosion problems. The design of the current
collector should provide a uniform current distribution and low contact resistance to min-
imize electrode polarization during operation.

6. For rechargeable cells it is preferable to have the reaction products remain at the electrode
surface to facilitate the reversible reactions during charge and discharge. The reaction
products should be stable mechanically as well as chemically with the electrolyte.

In general, the principles and various electrochemical techniques described in this chapter
can be used to study all the important electrochemical aspects of a battery or fuel cell. These
include the rate of electrode reaction, the existence of intermediate reaction steps, the stability
of the electrolyte, the current collector, the electrode materials, the mass-transfer conditions,
the value of the limiting current, the formation of resistive films on the electrode surface,
the impedance characteristics of the electrode or cell, and the existence of the rate-limiting
species.
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2.2 THERMODYNAMIC BACKGROUND

In a cell, reactions essentially take place at two areas or sites in the device. These reaction
sites are the electrode interfaces. In generalized terms, the reaction at one electrode (reduction
in forward direction) can be represented by

aA + ne=cC (2.2)

where a molecules of A take up n electrons e to form ¢ molecules of C. At the other electrode,
the reaction (oxidation in forward direction) can be represented by

bB — ne = dD (2.3)
The overall reaction in the cell is given by addition of these two half-cell reactions
aA + bB=cC + dD (2.9)

The change in the standard free energy AG° of this reaction is expressed as

AG® = —nFE° (2.5)
where F = constant known as the Faraday (96,487 coulombs)
E° = standard electromotive force

TABLE 2.2 Standard Potentials of Electrode Reactions at 25°C

Electrode reaction ES V Electrode reaction EC V
Lit + e=Lj -3.01 TH +e=Tl -0.34
Rb* + e = Rb -2.98 Co?* + 2e = Co -0.27
Cs"+e=Cs -2.92 Ni2* + 2e = Ni -0.23
Kt +e=K —2.92 Sn?" + 2e = Sn -0.14
Ba** + 2e = Ba -2.92 Pb2* + 2e = pp -0.13
Sr2t + 2e = Sr —2.89 D" + e=%D, —0.003
Ca** + 26+ Ca —-2.84 H* + e = %H, 0.000
Na* + e = Na -2.71 Cu®* + 2e = Cu 0.34
Mg?* + 2e = Mg —2.38 %0, + H,0 + 2e = 20H" 0.40
Tit + 26 =Ti -1.75 Cut+e=Cu 0.52
Be?* + 2e = Be -1.70 Hg?* + 2e = 2Hg 0.80
ABRT + 3e = Al —1.66 Ag" + e = Ag 0.80
Mn?* + 2e = Mn —-1.05 Pd** + 2e = pd 0.83
Zn?* + 2e = Zn -0.76 It + 3e=|r 1.00
Ga®* + 3e = Ga -0.52 Br, + 2e = 2Br- 1.07
Fe?™ + 2e = Fe —-0.44 O, + 4H" + 4e = 2H,0 1.23
Cd** +2 =cd —0.40 Cl, + 2e = 2CI- 1.36
In** + 3e = In -0.34 F, + 2e = 2F- 2.87

JLab/Cambridge, Exh. 1009, p. 39



ELECTROCHEMICAL PRINCIPLES AND REACTIONS 25

When conditions are other than in the standard state, the voltage E of a cell is given by the
Nernst equation,

RT , atad
E=E°- oE ﬂ (2.6)
where a; = activity of relevant species
R = gas constant
T = absolute temperature

The change in the standard free energy AGP° of a cell reaction is the driving force which
enables a battery to deliver electrical energy to an external circuit. The measurement of the
electromotive force, incidentally, also makes available data on changes in free energy, entro-
pies and enthalpies together with activity coefficients, equilibrium constants, and solubility
products.

Direct measurement of single (absolute) electrode potentials is considered practically im-
possible.t To establish a scale of half-cell or standard potentials, a reference potential “zero”
must be established against which single electrode potentials can be measured. By conven-
tion, the standard potential of the H,/H"(aq) reaction is taken as zero and all standard
potentials are referred to this potential. Table 2.2 and Appendix B list the standard potentials
of a number of anode and cathode materials.

2.3 ELECTRODE PROCESSES

Reactions at an electrode are characterized by both chemical and electrical changes and are
heterogeneous in type. Electrode reactions may be as simple as the reduction of a metal ion
and incorporation of the resultant atom onto or into the electrode structure. Despite the
apparent simplicity of the reaction, the mechanism of the overall process may be relatively
complex and often involves several steps. Electroactive species must be transported to the
electrode surface by migration or diffusion prior to the electron transfer step. Adsorption of
electroactive material may be involved both prior to and after the electron transfer step.
Chemical reactions may also be involved in the overall electrode reaction. As in any reaction,
the overall rate of the electrochemical process is determined by the rate of the slowest step
in the whole sequence of reactions.

The thermodynamic treatment of electrochemical processes presented in Sec. 2.2 de-
scribes the equilibrium condition of a system but does not present information on nonequi-
librium conditions such as current flow resulting from electrode polarization (overvoltage)
imposed to effect electrochemical reactions. Experimental determination of the current-
voltage characteristics of many electrochemical systems has shown that there is an exponen-
tial relation between current and applied voltage. The generalized expression describing this
relationship is called the Tafel equation,

n=a=hblogi (2.7)
where n = overvoltage
i = current
a, b = constants

Typically, the constant b is referred to as the Tafel slope.

The Tafel relationship holds for a large number of electrochemical systems over a wide
range of overpotentials. At low values of overvoltage, however, the relationship breaks down
and results in curvature in plots of n versus log i. Figure 2.2 is a schematic presentation of
a Tafel plot, showing curvature at low values of overvoltage.
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FIGURE 2.2 Schematic representation of a Tafel FIGURE 2.3 Simplified representation of electro-
plot showing curvature at low overvoltage and indi-  reduction process at an electrode.
cating significance of parameters a and b.

Success of the Tafel equation’s fit to many experimental systems encouraged the quest
for a kinetic theory of electrode processes. Since the range of validity of the Tafel relationship
applies to high overvoltages, it is reasonable to assume that the expression does not apply
to equilibrium situations but represents the current-voltage relationship of a unidirectional
process. In an oxidation process, this means that there is a negligible contribution from
reduction processes. Rearranging Eq. (2.7) into exponential form, we have

i = a uj
i= exp(t b) exp b (2.8)

To consider a general theory, one must consider both forward and backward reactions of the
electroreduction process, shown in simplified form in Fig. 2.3. The reaction is represented
by the equation

O+ne=R (2.9)

where O = oxidized species
R = reduced species
n = number of electrons involved in electrode process

The forward and backward reactions can be described by heterogeneous rate constants k;
and k,, respectively. The rates of the forward and backward reactions are then given by the
products of these rate constants and the relevant concentrations which typically are those at
the electrode surface. As will be shown later, the concentrations of electroactive species at
the electrode surface often are dissimilar from the bulk concentration in solution. The rate
of the forward reaction is k; C,, and that for the backward reaction is k,Cg. For convenience,
these rates are usually expressed in terms of currents i, and i, for the forward and backward
reactions, respectively,

i, = NFAk,C (2.10)

= NFAk,Cq (2.11)

where A is the area of the electrode and F the Faraday.
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Establishing these expressions is merely the result of applying the law of mass action to
the forward and backward electrode processes. The role of electrons in the process is estab-
lished by assuming that the magnitudes of the rate constants depend on the electrode poten-
tial. The dependence is usually described by assuming that a fraction «E of the electrode
potential is involved in driving the reduction process, while the fraction (1 — «)E is effective
in making the reoxidation process more difficult. Mathematically these potential-dependent
rate constants are expressed as

—anFE
k; = k? exp RT (2.12)
1 - a)nFE
kb = kg exp % (213)
where « is the transfer coefficient and E the electrode potential relative to a suitable reference

potential.

A little more explanation regarding what the transfer coefficient « (or the symmetry factor
B, as it is referred to in some texts) means in mechanistic terms is appropriate since this
term is not implicit in the kinetic derivation.? The transfer coefficient determines what frac-
tion of the electric energy resulting from the displacement of the potential from the equilib-
rium value affects the rate of electrochemical transformation. To understand the function of
the transfer coefficient «, it is necessary to describe an energy diagram for the reduction-
oxidation process. Figure 2.4 shows an approximate potential energy curve (Morse curve)
for an oxidized species approaching an electrode surface together with the potential energy
curve for the resultant reduced species. For convenience, consider the hydrogen ion reduction
at a solid electrode as the model for a typical electroreduction. According to Horiuti and
Polanyi,® the potential energy diagram for reduction of the hydrogen ion can be represented
by Fig. 2.5 where the oxidized species O is the hydrated hydrogen ion and the reduced
species R is a hydrogen atom bonded to the metal (electrode) surface. The effect of changing
the electrode potential by a value of E is to raise the potential energy of the Morse curve
of the hydrogen ion. The intersection of the two Morse curves forms an energy barrier, the
height of which is «E. If the slope of the two Morse curves is approximately constant at the
point of intersection, then « is defined by the ratio of the slope of the Morse curves at the
point of intersection

m,

o = —
m; + m,

(2.14)

where m; and m, are the slopes of the potential curves of the hydrated hydrogen ion and
the hydrogen atom, respectively.

Oxidized
species (O)

Reduced
species (R)

Potential energy

Distance

FIGURE 2.4 Potential energy diagram for
reduction-oxidation process taking place at an elec-

trode.
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FIGURE 2.5 Potential energy diagram for reduction
of a hydrated hydrogen ion at an electrode.

There are inadequacies in the theory of transfer coefficients. It assumes that « is constant
and independent of E. At present there are no data to prove or disprove this assumption.
The other main weakness is that the concept is used to describe processes involving a variety
of different species such as (1) redox changes at an inert electrode (Fe?*/Fe®* at Hg); (2)
reactant and product soluble in different phases [Cd?*/Cd(Hg)]; and (3) electrodeposition
(Cu2*/Cu). Despite these inadequacies, the concept and application of the theory are appro-
priate in many cases and represent the best understanding and description of electrode pro-
cesses at the present time. Examples of a few values of « are given in Table 2.3.4

TABLE 2.3 Values of Transfer Coefficient

« at 25°C*

Metal System a
Platinum Fe3* + e — Fe?* 0.58
Platinum Ce*" + e — Ce?* 0.75
Mercury Ti** + e — Ti** 0.42
Mercury 2H* + 2e —» H, 0.50
Nickel 2H" + 2e — H, 0.58
Silver Agt +e— Ag 0.55

From Egs. (2.12) and (2.13) we can derive parameters useful for evaluating and describing
an electrochemical system. Equations (2.12) and (2.13) are compatible both with the Nernst
equation [Eqg. (2.6)] for equilibrium conditions and with the Tafel relationships [Eq. (2.7)]
for unidirectional processes.

Under equilibrium conditions, no net current flows and

i; =1y, =1 (2.15)
where i, is the exchange current. From Egs. (2.10)—(2.13), together with Eq. (2.15), the
following relationship is established:
—anFE,

RT

where E, is the equilibrium potential.
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Rearranging,
E.=—In—+ —1In— (2.17)

From this equation we can establish the definition of formal standard potential E2, where
concentrations are used rather than activities,

RT _K®

B¢ = (2.18)

For convenience, the formal standard potential is often taken as the reference point of the
potential scale in reversible systems.
Combining Egs. (2.17) and (2.18), we can show consistency with the Nernst equation,

=EQ +ﬂl o

E
¢ nFC

(2.19)

except that this expression is written in terms of concentrations rather than activities.
From Eqgs. (2.10) and (2.12), at equilibrium conditions,

—anFE,

- (2.20)

ip = ip = nFAC,k? exp

The exchange current as defined in Eq. (2.15) is a parameter of interest to researchers in
the battery field. This parameter may be conveniently expressed in terms of the rate constant
k by combining Egs. (2.10), (2.12), (2.17), and (2.20),

i, = NFAKCE-9C3 (2.21)

The exchange current i, is a measure of the rate of exchange of charge between oxidized
and reduced species at any equilibrium potential without net overall change. The rate constant
k, however, has been defined for a particular potential, the formal standard potential of the
system. It is not in itself sufficient to characterize the system unless the transfer coefficient
is also known. However, Eq. (2.21) can be used in the elucidation of the electrode reaction
mechanism. The value of the transfer coefficient can be determined by measuring the
exchange current density as a function of the concentration of the reduction or oxidation
species at a constant concentration of the oxidation of reduction species, respectively. A
schematic representation of the forward and backward currents as a function of overvoltage,
n = E — E,, is shown in Fig. 2.6, where the net current is the sum of the two components.

For situations where the net current is not zero, that is, where the potential is sufficiently
different from the equilibrium potential, the net current approaches the net forward current
(or, for anodic overvoltages, the backward current). One can then write

o —anFn
i = NFAKC, exp T (2.22)
Now when n = 0, i = i, then

i = i, exp _‘E”TF" (2.23)
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FIGURE 2.6 Schematic representation of relation-
ship between overvoltage and current.

and

RT . RT .
n—ﬁln Io—ﬁlnl (224)

which is the Tafel equation introduced earlier in a generalized form as Eq. (2.7).
It can now be seen that the kinetic treatment here is self-consistent with both the Nernst
equation (for equilibrium conditions) and the Tafel relationship (for unidirectional processes).
To present the kinetic treatment in its most useful form, a transformation into a net current
flow form is appropriate. Using

=i — i, (2.25)

substitute Egs. (2.10), (2.13), and (2.18),

— 0 _ 0
i = nFAK [co exp % — Cqexp %] (2.26)

When this equation is applied in practice, it is very important to remember that C, and Cy
are concentrations at the surface of the electrode, or are the effective concentrations. These
are not necessarily the same as the bulk concentrations. Concentrations at the interface are
often (almost always) modified by differences in electric potential between the surface and
the bulk solution. The effects of potential differences that are manifest at the electrode-
electrolyte interface are given in the following section.
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2.4 ELECTRICAL DOUBLE-LAYER CAPACITY AND IONIC
ADSORPTION

When an electrode (metal surface) is immersed in an electrolyte, the electronic charge on
the metal attracts ions of opposite charge and orients the solvent dipoles. There exist a layer
of charge in the metal and a layer of charge in the electrolyte. This charge separation estab-
lishes what is commonly known as the “electrical double layer.” >

Experimentally, the electrical double-layer affect is manifest in the phenomenon named
“electrocapillarity.” The phenomenon has been studied for many years, and there exist ther-
modynamic relationships that relate interfacial surface tension between electrode and elec-
trolyte solution to the structure of the double layer. Typically the metal used for these mea-
surements is mercury since it is the only conveniently available metal that is liquid at room
temperature (although some work has been carried out with gallium, Wood’s metal, and lead
at elevated temperature).

Determinations of the interfacial surface tension between mercury and electrolyte solution
can be made with a relatively simple apparatus. All that are needed are (1) a mercury-solution
interface which is polarizable, (2) a nonpolarizable interface as reference potential, (3) an
external source of variable potential, and (4) an arrangement to measure the surface tension
of the mercury-electrolyte interface. An experimental system which will fulfill these require-
ments is shown in Fig. 2.7. The interfacial surface tension is measured by applying pressure
to the mercury-electrolyte interface by raising the mercury *““head.” At the interface, the
forces are balanced, as shown in Fig. 2.8. If the angle of contact at the capillary wall is zero
(typically the case for clean surfaces and clean electrolyte), then it is a relatively simple
arithmetic exercise to show that the interfacial surface tension is given by

hpgr
y=2E (2.27)

where y = interfacial surface tension
p = density of mercury
g = force of gravity
r = radius of capillary
h = height of mercury column in capillary

The characteristic electrocapillary curve that one would obtain from a typical electrolyte
solution is shown in Fig. 2.9. From such measurements and, more accurately, by AC im-
pedance bridge measurements, the structure of the electrical double layer has been deter-
mined.®
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FIGURE 2.7 Experimental arrangement to measure interfacial surface
tension at mercury-electrolyte interface.
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Consider a negatively charged electrode in an aqueous solution of electrolyte. Assume
that at this potential no electrochemical charge transfer takes place. For simplicity and clarity,
the different features of the electrical double layer will be described individually.

Orientation of solvent molecules, water for the sake of this discussion, is shown in Fig.
2.10. The water dipoles are oriented, as shown in the figure, so that the majority of the
dipoles are oriented with their positive ends (arrow heads) toward the surface of the electrode.
This represents a “snapshot” of the structure of the layer of water molecules since the
electrical double layer is a dynamic system which is in equilibrium with water in the bulk
solution. Since the representation is statistical, not all dipoles are oriented the same way.
Some dipoles are more influenced by dipole-dipole interactions than by dipole-electrode
interactions.

Next, consider the approach of a cation to the vicinity of the electrical double layer. The
majority of cations are strongly solvated by water dipoles and maintain a sheath of water
dipoles around them despite the orienting effect of the double layer. With a few exceptions,
cations do not approach right up to the electrode surface but remain outside the primary
layer of solvent molecules and usually retain their solvation sheaths. Figure 2.11 shows a
typical example of a cation in the electrical double layer. The establishment that this is the
most likely approach of a typical cation comes partly from experimental AC impedance
measurements of mixed electrolytes and mainly from calculations of the free energy of
approach of an ion to the electrode surface. In considering water-electrode, ion-electrode,
and ion-water interactions, the free energy of approach of a cation to an electrode surface
is strongly influenced by the hydration of the cation. The general result is that cations of
very large radius (and thus of low hydration) such as Cs* can contact/adsorb on the electrode
surface, but for the majority of cations the change in free energy on contact absorption is
positive and thus is against the mechanism of contact adsorption.® Figure 2.12 gives an
example of the ion Cs* contact-adsorbed on the surface of an electrode.

It would be expected that because anions have a negative charge, contact adsorption of
anions would not occur. In analyzing the free-energy balance of the anion system, it is found
that anion-electrode contact is favored because the net free-energy balance is negative. Both
from these calculations and from experimental measurements, anion contact adsorption is
found to be relatively common. Figure 2.13 shows the generalized case of anion adsorption

Electrolyte Electrode @ Electrolyte

Electrode

OOOOOOOLO®

FIGURE 2.10 Orientation of water molecules in FIGURE 2.11 Typical cation situated in electrical
electrical double layer at a negatively charged elec-  double layer.

trode.
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FIGURE 2.12 Contact adsorption of Cs* on an FIGURE 2.13 Contact adsorption of anion on an
electrode surface. electrode surface.

on an electrode. There are exceptions to this type of adsorption. Calculation of the free
energy of contact adsorption of the fluoride ion is positive and unlikely to occur. This is
supported by experimental measurement. This property is utilized, as NaF, as a supporting
electrolyte* to evaluate adsorption properties of surface-active species devoid of the influence
of adsorbed supporting electrolyte.

Extending out into solution from the electrical double layer (or the compact double layer,
as it is sometimes known) is a continuous repetition of the layering effect, but with dimin-
ishing magnitude. This “extension” of the compact double layer toward the bulk solution is
known as the Gouy-Chapman diffuse double layer.® Its effect on electrode kinetics and the
concentration of electroactive species at the electrode surface is manifest when supporting
electrolyte concentrations are low or zero.

The end result of the establishment of the electrical double-layer effect and the various
types of ion contact adsorption, is directly to influence the real (actual) concentration of
electroactive species at an electrode surface and indirectly to modify the potential gradient
at the site of electron transfer. In this respect it is important to understand the influence of
the electrical double layer and allow for it where and when appropriate.

The potential distribution near an electrode is shown schematically in Fig. 2.14. The inner
Helmbholtz plane corresponds to the plane which contains the contact-adsorbed ions and the
innermost layer of water molecules. Its potential is defined as ¢' with the zero potential
being taken as the potential of the bulk solution. The outer Helmholtz plane is the plane of
closest approach of those ions which do not contact-adsorb but approach the electrode with
a sheath of solvated water molecules surrounding them. The potential at the outer Hemholtz
plane is defined as ¢° and is again referred to the potential of the bulk solution. In some
texts ¢' is defined as ¢* and ¢° as @2

* A supporting electrolyte is a salt used in large excess to minimize internal resistance in
an electrode chemical cells, but which does not enter into electrode reactions.
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FIGURE 2.14 Potential distribution of posi-
tively charged electrode.

As mentioned previously, the bulk concentration of an electroactive species is often not
the value to be used in Kkinetic equations. Species which are in the electrical double layer
are in a different energy state from those in bulk solution. At equilibrium, the concentration
Ce of an ion or species that is about to take part in the charge-transfer process at the electrode
is related to the bulk concentration by

Ce = CBexp _IZQ# (2.28)

where z is the charge on the ion and ¢° the potential of closest approach of the species to
the electrode. It will be remembered that the plane of closest approach of many species is
the outer Hemholtz plane, and so the value of ¢° can often be equated to ¢°. However, as
noted in a few special cases, the plane of closest approach can be the inner Helmholtz plane,
and so the value of ¢° in these cases would be the same as ¢'. A judgment has to be made
as to what value of ¢° should be used.

The potential which is effective in driving the electrode reaction is that between the
species at its closest approach and the potential of the electrode. If E is the potential of the
electrode, then the driving force is E — ¢¢. Using this relationship together with Egs. (2.26)
and (2.28), we have

“2,Ed* _ —anF(E — ¢
rRT P RT

~2F¢* (1 - a)nF(E - ¢9)
RT exp RT (2.29)

— Cr exp

where z, and z; are the charges (with sign) of the oxidized and reduced species, respectively.
Rearranging Eq. (2.28) and using

Zo — N =z, (2.30)
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yields
i (an — z5)Fo® —anFE (1 — a)nFE
TFAK exp RT Co exp RT Cr exp B — (2.31)

In experimental determination, the use of Eq. (2.26) will provide an apparent rate constant
Kapp Which does not take into account the effects of the electrical double layer. Taking into
account the effects appropriate to the approach of a species to the plane of nearest approach,

(an — zo)Fo®

Kapp = K €XP RT (2.32)
For the exchange current the same applies,
. . n—z,)F¢®
iy = I oxp X0 2)FE" (2:33)

RT

Corrections to the rate constant and the exchange current are not insignificant. Several cal-
culated examples are given in Bauer.” The differences between apparent and true rate con-
stants can be as great as two orders of magnitude. The magnitude of the correction also is
related to the magnitude of the difference in potential between the electrocapillary maximum
for the species and the potential at which the electrode reaction occurs; the greater the
potential difference, the greater the correction to the exchange current or rate constant.

2.5 MASS TRANSPORT TO THE ELECTRODE SURFACE

We have considered the thermodynamics of electrochemical processes, studied the kinetics
of electrode processes, and investigated the effects of the electrical double layer on Kinetic
parameters. An understanding of these relationships is an important ingredient in the rep-
ertoire of the researcher of battery technology. Another very important area of study which
has major impact on battery research is the evaluation of mass transport processes to and
from electrode surfaces.

Mass transport to or from an electrode can occur by three processes: (1) convection and
stirring, (2) electrical migration in an electric potential gradient, and (3) diffusion in a con-
centration gradient. The first of these processes can be handled relatively easily both math-
ematically and experimentally. If stirring is required, flow systems can be established, while
if complete stagnation is an experimental necessity, this can also be imposed by careful
design. In most cases, if stirring and convection are present or imposed, they can be handled
mathematically.

The migration component of mass transport can also be handled experimentally (reduced
to close to zero or occasionally increased in special cases) and described mathematically,
provided certain parameters such as transport number or migration current are known. Mi-
gration of electroactive species in an electric potential gradient can be reduced to near zero
by addition of an excess of inert “supporting electrolyte,” which effectively reduces the
potential gradient to zero and thus eliminates the electric field which produces migration.
Enhancement of migration is more difficult. This requires that the electric field be increased
so that movement of charged species is increased. Electrode geometry design can increase
migration slightly by altering electrode curvature. The fields at convex surfaces are greater
than those at flat or concave surfaces, and thus migration is enhanced at convex curved
surfaces.

The third process, diffusion in a concentration gradient, is the most important of the three
processes and is the one which typically is dominant in mass transport in batteries. The
analysis of diffusion uses the basic equation due to Fick® which defines the flux of material
crossing a plane at distance x and time t. The flux is proportional to the concentration gradient
and is represented by the expression:
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_pC

=D (2.34)
where q = flux
D = diffusion coefficient
C = concentration
The rate of change of concentration with time is defined by
5C 82C
i D 5 (2.35)

This expression is referred to as Fick’s second law of diffusion. Solution of Egs. (2.34) and
(2.35) requires that boundary conditions be imposed. These are chosen according to the
electrode’s expected “discharge” regime dictated by battery performance or boundary con-
ditions imposed by relevant electroanalytical technique.® Several of the electroanalytical tech-
niques are discussed in Sec. 2.6.

For application directly to battery technology, the three modes of mass transport have
meaningful significance. Convective and stirring processes can be employed to provide a
flow of electroactive species to reaction sites. Examples of the utilization of stirring and flow
processes in batteries are the circulating zinc/air system, the vibrating zinc electrode, and
the zinc-chlorine hydrate battery. In some types of advanced lead-acid batteries, circulation
of acid is provided to improve utilization of the active materials in the battery plates.

Migration effects are in some cases detrimental to battery performance, in particular those
caused by enhanced electric fields (potential gradients) around sites of convex curvature.
Increased migration at these sites tends to produce dendrite formations which eventually lead
to a short-circuit and battery failure.

2.5.1 Concentration Polarization

Diffusion processes are typically the mass-transfer processes operative in the majority of
battery systems where the transport of species to and from reaction sites is required for
maintenance of current flow. Enhancement and improvement of diffusion processes are an
appropriate direction of research to follow to improve battery performance parameters. Equa-
tion (2.34) may be written in an approximate, yet more practical, form, remembering that
i = nFq, where q is the flux through a plane of unit area. Thus,

DA(CB — CE)

i=nF
1)

(2.36)

where symbols are defined as before, and C; = bulk concentration of electroactive species,
C: = concentration at electrode, A = electrode area, & = boundary-layer thickness, that is,
the layer at the electrode surface in which the majority of the concentration gradient is
concentrated (see Fig. 2.15).

When C. = 0, this expression defines the maximum diffusion current, i , that can be
sustained in solution under a given set of conditions,

(2.37)

where &, is the boundary-layer thickness at the limiting condition. It tells us that to increase
i_, one needs to increase the bulk concentration, the electrode area, or the diffusion coeffi-
cient. In the design of a battery, an understanding of the implication of this expression is
important. Specific cases can be analyzed quickly by applying Eq. (2.36), and parameters
such as discharge rate and likely power densities of new systems may be estimated.
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FIGURE 2.15 Boundary-layer thickness at an
electrode surface.

Assume that the thickness of the diffusion boundary layer does not change much with
concentration. Then § = & and Eq. (2.36) may be rewritten as

i = (1 - g—z> i, (2.38)

The difference in concentration existing between the electrode surface and the bulk of the
electrolyte results in a concentration polarization. According to the Nernst equation, the
concentration polarization or overpotential n,, produced from the change of concentration
across the diffusion layer, may be written as

_RT G
e = F In c. (2.39)
From Eq. (2.38) we have
_RT i
= F In <—iL = i) (2.40)

This gives the relation of concentration polarization and current for mass transfer by diffu-
sion. Equation (2.40) indicates that as i approaches the limiting current i, theoretically the
overpotential should increase to infinity. However, in a real process the potential will increase
only to a point where another electrochemical reaction will occur, as illustrated in Fig. 2.16.
Figure 2.17 shows the magnitude of the concentration over-potential as a function of i/i_
with n = 2 at 25°C, based on Eq. (2.40).

JLab/Cambridge, Exh. 1009, p. 53



ELECTROCHEMICAL PRINCIPLES AND REACTIONS 2.19

|
. |
Lo
\I
I
o |
= |
T |
= I
5 /A
2 New
g | reaction
o |
I
1
I
I
Current
FIGURE 2.16 Plot of overpotential n, vs. cur-
rent i.

70 -

60

50

40

30

Overpotential (mV)

20

10

0
0o 01 02 03 04 05 06 07 08 09 1

iliy
FIGURE 2.17 Magnitude of concentration overpotential as a
function of i/i_, with n = 2 at 25°C, based on Eq. (2.40).

2.5.2 Porous Electrodes

Electrochemical reactions are heterogeneous reactions which occur on the electrolyte-
electrolyte interface. In fuel cell systems, the reactants are supplied from the electrolyte phase
to the catalytic electrode surface. In battery systems, the electrodes are usually composites
made of active reactants, binder and conductive filler. In order to minimize the energy loss
due to both activation and concentration polarizations at the electrode surface and to increase
the electrode efficiency or utilization, it is preferred to have a large electrode surface area.
This is accomplished with the use of a porous electrode design. A porous electrode can
provide an interfacial area per unit volume several decades higher than that of a planar
electrode (such as 10* cm™1).

JLab/Cambridge, Exh. 1009, p. 54



2.20

CHAPTER TWO

A porous electrode consists of porous matrices of solids and void spaces. The electrolyte
penetrates the void spaces of the porous matrix. In such an active porous mass, the mass-
transfer condition in conjunction with the electrochemical reaction occurring at the interface
is very complicated. In a given time during cell operation, the rate of reaction within the
pores may vary significantly depending on the location. The distribution of current density
within the porous electrode depends on the physical structure (such as tortuosity, pore sizes),
the conductivity of the solid matrix and the electrolyte, and the electrochemical kinetic
parameters of the electrochemical processes. A detailed treatment of such complex porous
electrode systems can be found in Newman.®

2.6 ELECTROANALYTICAL TECHNIQUES

Many steady-state and impulse electroanalytical techniques are available to the experimen-
talist to determine electrochemical parameters and assist in both improving existing battery
systems and evaluating couples as candidates for new batteries.** A few of these techniques
are described in this section.

2.6.1 Cyclic Voltammetry

Of the electroanalytical techniques, cyclic voltammetry (or linear sweep voltammetry as it
is sometimes known) is probably one of the more versatile techniques available to the elec-
trochemist. The derivation of the various forms of cyclic voltammetry can be traced to the
initial studies of Matheson and Nicols* and Randles.*® Essentially the technique applies a
linearly changing voltage (ramp voltage) to an electrode. The scan of voltage might be +2
V from an appropriate rest potential such that most electrode reactions would be encom-
passed. Commercially available instrumentation provides voltage scans as wide as +5 V.

To describe the principles behind cyclic voltammetry, for convenience let us restate Eq.
(2.9), which describes the reversible reduction of an oxidized species O,

O+ne=R (2.9)

In cyclic voltammetry, the initial potential sweep is represented by

E=E —ut (2.41)
where E; = initial potential
t = time
v = rate of potential change or sweep rate (V/s)

The reverse sweep of the cycle is defined by
E=E +v't (2.42)

where v’ is often the same value as v. By combining Eq. (2.42) with the appropriate form
of the Nernst equation [Eq. (2.6)] and with Fick’s laws of diffusion [Egs. (2.34) and (2.35)],
an expression can be derived which describes the flux of species to the electrode surface.
This expression is a complex differential equation and can be solved by the summation of
an integral in small successive increments.4-16
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As the applied voltage approaches that of the reversible potential for the electrode process,
a small current flows, the magnitude of which increases rapidly but later becomes limited at
a potential slightly beyond the standard potential by the subsequent depletion of reactants.
This depletion of reactants establishes concentration profiles which spread out into the so-
lution, as shown in Fig. 2.18. As the concentation profiles extend into solution, the rate of
diffusive transport at the electrode surface decreases and with it the observed current. The
current is thus seen to pass through a well-defined maximum, as illustrated in Fig. 2.19. The
peak current of the reversible reduction [Eq. (2.9)] is defined by

B 0.447 E3/2 An3/2 D1/2 Co pli2
I, = R1/2 T1/2

(2.43)

The symbols have the same identity as before while i, is the peak current and A the electrode
area. It may be noted that the value of the constant varies slightly from one text or publication
to another. This is because, as mentioned previously, the derivation of peak current height
is performed numerically.

Cbulk

Concentration

Distance from electrode x

FIGURE 2.18 Concentration profiles for reduction of a species
in cyclic voltammetry, t, > t,.

Current i

Potential E

FIGURE 2.19 Cyclic voltammetry peak current
for reversible reduction of an electroactive species.
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A word of caution is due regarding the interpretation of the value of the peak current. It
will be remembered from the discussion of the effects of the electrical double layer on
electrode kinetics that there is a capacitance effect at an electrode-electrolyte interface. Con-
sequently the ““true” electrode potential is modified by the capacitance effect as it is also by
the ohmic resistance of the solution. Equation (2.41) should really be written in a form which
described these two components. Equation (2.44) shows such a modification,

E=FE —ot+r(;+ip) (2.44)
cell resistance

faradic current
. = capacity current

At small values of voltage sweep rate, typically below 1 mV/s, the capacity effects are small
and in most cases can be ignored. At greater values of sweep rate, a correction needs to be
applied to interpretations of i,, as described by Nicholson and Shain.'” With regard to the
correction for ohmic drop in solution, typically this can be handled adequately by careful
cell design and positive feedback compensation circuitry in the electronic instrumentation.

Cyclic voltammetry provides both qualitative and quantitative information on electrode
processes. A reversible, diffusion-controlled reaction such as presented by Eq. (2.9) exhibits
an approximately symmetrical pair of current peaks, as shown in Fig. 2.20. The voltage
separation AE of these peaks is

2.3RT
AE == 2 (2.45)

and the value is independent of the voltage sweep rate. In the case of the electrodeposition
of an insoluble film, which can be, subsequently, reversibly reoxidized and which is not
governed by diffusion to and from the electrode surface, the value of AE is considerably
less than that given by Eq. (2.45), as shown in Fig. 2.21. In the ideal case, the value of AE
for this system is close to zero. For quasi-reversible processes, the current peaks are more
separated, and the shape of the peak is less sharp at its summit and is generally more rounded,
as shown in Fig. 2.22. The voltage of the current peak is dependent on the voltage sweep
rate, and the voltage separation is much greater than that given by Eq. (2.45). A completely
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FIGURE 2.20 Cyclic voltammogram of a reversible = FIGURE 2.21 Cyclic voltammogram of electro-
diffusion-controlled process. reduction and reoxidation of a deposited, insoluble
film.
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FIGURE 2.22 Cyclic voltammogram of a quasi-
reversible process.

irreversible electrode process produces a single peak, as shown in Fig. 2.23. Again the
voltage of the peak current is sweep-rate dependent, and, in the case of an irreversible charge-
transfer process for which the back reaction is negligible, the rate constant and transfer
coefficient can be determined. With negligible back reaction, the expression for peak current
as a function of peak potential is*”

i, = 0.22nFCy Ky €Xp [—a % (E, — EO)} (2.46)

where the symbols are as before and E,, is the potential of the current peak. A plot of E,
versus In i,, for different values of concentration, gives a slope which yields the transfer
coefficient o and an intercept which yields the apparent rate constant k,,,. Though both «
and k,,, can be obtained by analyzing E,, as a function of voltage sweep rate v by a reiterative
calculation, analysis by Eq. (2.46) (which is independent of v) is much more convenient.

For more complex electrode processes, cyclic voltammetric traces become more compli-
cated to analyze. An example of one such case is the electroreduction of a species controlled
by a preceding chemical reaction. The shape of the trace for this process is shown in Fig.
2.24. The species is formed at a constant rate at the electrode surface and, provided the
diffusion of the inactive component is more rapid than its transformation to the active form,
it cannot be depleted from the electrode surface. The “peak’ current is thus independent of
potential and resembles a plateau.

Current i
Current i

Potential E Potential E

FIGURE 2.23 Cyclic voltammogram of an irre- FIGURE 2.24 Cyclic voltammogram of electro-
versible process. reduction of a species controlled by a preceding
chemical reaction.
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Cyclic voltammograms of electrochemical systems can often be much more complicated
than the traces presented here. It often takes some ingenuity and persistence to determine
which peaks belong to which species or processes. Despite these minor drawbacks, the cyclic
voltammetric technique is a versatile, and relatively sensitive, electroanalytical method ap-
propriate to the analysis of systems of interest to battery development. The technique will
identify reversible couples (desirable for secondary batteries), it provides a method for mea-
suring the rate constant and transfer coefficient of an electrode process (a fast rate constant
indicates a process of possible interest for battery development), and it can provide a tool
to help unravel complex electrochemical systems.

2.6.2 Chronopotentiometry

Chronopotentiometry involves the study of voltage transients at an electrode upon which is
imposed a constant current. It is sometimes alternately known as galvanostatic voltammetry.
In this technique, a constant current is applied to an electrode, and its voltage response
indicates the changes in electrode processes occurring at its interface. Consider, for example,
the reduction of a species O as expressed by Eq. (2.9). As the constant current is passed
through the system, the concentration of O in the vicinity of the electrode surface begins to
decrease. As a result of this depletion, O diffuses from the bulk solution into the depleted
layer, and a concentration gradient grows out from the electrode surface into the solution.
As the electrode process continues, the concentration profile extends further into the bulk
solution as shown in Fig. 2.25. When the surface concentration of O falls to zero (at time
ts in Fig. 2.25), the electrode process can no longer be supported by electroreduction of O.
An additional cathodic reaction must be brought into play and an abrupt change in potential
occurs. The period of time between the commencement of electoreduction and the sudden
change in potential is called the transition time 7. The transition time for electroreduction of
a species in the presence of excess supporting electrolyte was first quantified by Sand,*® who
showed that the transition time = was related into the diffusion coefficient of the electroactive
species,

’7T1/2n FCODllZ
- 2i

where D is the diffusion coefficient of species O and the other symbols have their usual
meanings.

’7'1/2

(2.47)

Cbulk

Concentration

ts

Distance x

FIGURE 2.25 Concentration profiles extending into bulk so-
lution during constant-current depletion of species at an elec-
trode surface, t; > t,.
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Unlike cyclic voltammetry, the solution of Fick’s diffusion equations [Egs. (2.34) and
(2.35)] for chronopotentiometry can be obtained as an exact expression by applying appro-
priate boundary conditions. For a reversible reduction of an electroactive species [Eq. (2.9)],
the potential-time relationship has been derived by Delahay®® for the case where O and R
are free to diffuse to and from the electrode surface, including the case where R diffuses
into a mercury electrode,

RT Tl/Z — t1/2
E=E,+ nE In Tz (2.48)

In this equation E_,, is the potential at the one-quarter transition time (the same as the
polarographic half-wave potential in the case of a mercury electrode) and t is any time from
zero to the transition time. The trace represented by this expression is shown in Fig. 2.26.

The corresponding expression for an irreversible process® with one rate-determining step
is

RT . nFCok,, . RT t\"?
= + — |- .
E an,F In i an,F In1 T (249)

a a

where k, is the apparent rate constant, n, is the number of electrons involved in the rate-
determining step (often the same as n, the overall number of electrons involved in the total
reaction), and the other symbols have their usual meanings. A plot of the logarithmic term
versus potential yields both the transfer coefficient and the apparent rate constant.

In a practical system, the chronopotentiogram is often less than ideal in the shape of the
potential trace. To accommodate variations in chronopotentiometric traces, measurement of
the transition time can be assisted by use of a construction technique, as shown in Fig. 2.27.
The transition time is measured at the potential of E_,,.

/ /
_ =
= =
é é ET/4
] 1)
o a
a
| Transition
} time 7
| S—
{
1
7/4 Time T Time
FIGURE 2.26 Potential curve at constant current FIGURE 2.27 Construction of transition time r for
for reversible reduction of an electroactive species. a chronopotentiogram.
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To analyze two or more independent reactions separated by a potential sufficient to define
individual transition times, the situation is slightly more complicated than with cyclic vol-
tammetry. Analysis of the transition time of the reduction of the nth species has been derived
elsewhere?*?2 and is

7V FDYC,

(71+72+---+Tn)1/2—(7'1+72+~--+Tn,1)1/2: 2

(2.50)

As can be seen, this expression is somewhat cumbersome.

An advantage of the technique is that it can be used conveniently to evaluate systems
with high resistance. The trace conveniently displays segments due to the IR component, the
charging of the double layer, and the onset of the faradaic process. Figure 2.28 shows these
different features of the chronopotentiogram of solutions with significant resistance. If the
solution is also one which does not contain an excess of supporting electrolyte to suppress
the migration current, it is possible to describe the transition time of an electroreduction
process in terms of the transport number of the electroactive species®24

1/2 1/2
12 _ T nFC,D!
T 4%(1 “ ) (2.51)

where Dj is the diffusion coefficient of the salt (not the ion) and t, the transport number of
the electroactive species. This expression can be useful in battery research since many battery
systems do not have supporting electrolyte.

Transition time

Potential

Charging of the electrical double layer

IR component

Time

FIGURE 2.28 Chronopotentiogram of a sys-
tem with significant resistance.

2.6.3 Electrochemical Impedance Spectroscopy (EIS) Methods

The two preceding electroanalytical techniques, one in which the measured value was the
current during imposition of a potential scan and the other a potential response under an
imposed constant current, owe their electrical response to the change in impedance at the
electrode-electrolyte interface. A more direct technique for studying electrode processes is
to measure the change in the electrical impedance of an electrode by electrochemical im-
pedance spectroscopy (EIS). To relate the impedance of the electrode-electrolyte interface to
electrochemical parameters, it is necessary to establish an equivalent circuit to represent the
dynamic characteristics of the interface.
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Establishment of equivalent circuits attempting to describe electrode processes dates to
the turn of the century with the derivation by Warburg® of an equation for the faradaic
impedance of diffusion-controlled processes at a planar electrode. In fact, the impedance of
the diffusion process is often referred to as the “Warburg impedance.” In 1903, Kriiger®
realized that the double-layer capacity had influence on the impedance of the electrode
interface and derived an expression for its effect. Much later the technique was developed
and adapted to the study of electrode kinetics,?-3* with emphasis on the charge-transfer
process. The technique has been found to be extremely useful in evaluating several different
electrode processes at a planar electrode and has been analyzed by several authors. The
charge-transfer step has been considered and analyzed by Randles,?® Grahame,*? Delahay,*
Baticle and Perdu®**® and Sluyters-Rehbach and Sluyters,* while Gerischer®’=8 and Barker3®
considered coupled homogeneous and heterogeneous chemical reactions. Adsorption pro-
cesses can be studied by this technique, and the description of the method used to measure
adsorption has been given by Laitinen and Randles,*® Llopis et al.,** Senda and Delahay,*?
Sluyters-Rehbach et al.,** Timmer et al.,* Barker,*® and Holub et al.*> An excellent EIS
publication has been written by J. R. MacDonald“® that analyses the solid/solution interface
by equivalent circuitry to calculate the interfacial resistance, capacitance, and inductance and
relates these to reaction mechanisms.

The expressions defining the various electrochemical parameters are relatively straight-
forward to derive but are complex in format, in particular when capacity effects are consid-
ered in the presence of strongly adsorbed electroactive species. Derivation of expressions
relevant to the previously mentioned processes will not be given here. Only one of the more
applicable analyses, and the one which is the most straightforward to handle, will be pre-
sented. The problem is that the majority of the processes require a transmission-line analysis
to give a closed-system solution for a nonplanar electrode. We shall consider the system
without adsorption and without complications of homogeneous series reactions where the
impedance can be represented by a circuit diagram as shown in Fig. 2.29. In this analysis,
due to Sluyters and coworkers, the electrode process is evaluated by the analytical technique
of complex plane analysis. Here the capacitive component 1/ »C is plotted versus the resistive
component of the cell. Figure 2.30 shows a typical plot, which displays kinetic control only.
The interdependence of the capacitive and resistive components yields a semicircle, with the
top yielding the charge-transfer resistance r,

(2.52)

Wy =

Cnf

ct

w,
M retCn

| -3

Cnf

fe w0 w=0

—l Te fe *+ Tet

Cs Is [ —

FIGURE 2.29 Equivalent circuit for a cell where FIGURE 2.30 Complex plane analysis of cell im-
the cell impedance is kinetically controlled and is lo-  pedance for a charge-transfer process with kinetic
calized at the working electrode by using a large, un-  control at a planar electrode.

polarized countrelectrode. C —nonfaradic capaci-

tance; C,, r.—faradic components of impedance;

r.—electrolyte resistance.
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where C, is the nonfaradaic capacitance and r,, = RT/nF (io),,- The intercept of the semi-
circle and the abscissa gives the electrolyte resistance r, and again r,. If the electrode process
is governed by both kinetic and diffusion control, a somewhat different plot is observed, as
shown in Fig. 2.31. In this plot, the linear portion of the curve corresponds to the process
where diffusion control is predominant. From this plot, in addition to the previously men-
tioned measurement, the extrapolated linear portion gives a somewhat complex expression
involving the diffusion coefficients of the oxidized and reduced species,

Intercept = r, + 252C,; (2.53)
where
RTL
= 2.54
n2 F2\/2 (254)
and
L ! ! (2.55)

= +
CoVDo  CrVDg

D, being the diffusion coefficient of the oxidized species and Dy that of the reduced species.
Treatment of this system assumes that we can write the equivalent circuit of Kinetic and
diffusion control as shown in Fig. 2.32, where the diffusion component of the impedance is
given by the Warburg impedance W. It should also be noted that the derivation applies to a
planar electrode only. Electrodes with more complex geometries such as porous electrodes
require a transmission-line analysis.

g + 282 Cnf

Te fe ¥ Iot
[ —
FIGURE 2.31 Complex plane analysis of cell im-
pedance for a charge-transfer process with both ki-
netic and diffusion control at a planar electrode.

P— —A A,,A A—o
.__{
Cs

FIGURE 2.32 Equivalent circuit for an electrode
process limited by both charge-transfer kinetics and
diffusion processes. The diffusion portion of the im-
pedance is represented by the Warburg impedance,
the other circuit components are the same as in Fig.

2.29.
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The AC impedance technique coupled to the complex plane method of analysis is a
powerful tool to determine a variety of electrochemical parameters. To make the measure-
ments, instrumentation is somewhat more complex than with other techniques. It requires a
Wheatstone bridge arrangement with series capacitance and resistance in the comparison
arm, a tuned amplifier/detector, and an oscillator with an isolation transformer. A Wagner*
ground is required to maintain bridge sensitivity, and a suitably large inductance should be
incorporated in the electrode polarization circuit to prevent interference from the low im-
pedance of this ancillary circuitry. Sophisticated measurement instruments or frequency re-
sponse analyzers with frequency sweep and computer interface are currently available such
as the Solartron frequency response analyzers. Data obtained can be analyzed or fitted into
proper equivalent circuit using appropriate software.

This technique has found considerable acceptance in measuring fast rate constants, and
it has been extended to include faradaic rectification and second-harmonic generation and
detection. These advanced techniques extend the range of AC impedance measurements to
the evaluation of charge-transfer rate constants with values of 10 cm/s or greater. Unfortu-
nately the description of these techniques is beyond the scope of this chapter, but can be
found in advanced texts on electrochemical methods.™ In addition to applications in electrode
kinetics, the technique has been used to study the corrosion and passivation of metals,*"—4°
to characterize battery electrode reactions, as well as for a simple nondestructive check of
the state of charge of batteries.>°-5® This method is therefore finding increasing utility in the
study of battery systems. EIS is a powerful tool to evaluate battery electrode materials and
has recently been shown to describe metal hydride anodes® and lithium intercalation an-
odes® and provide rate constants for the respective electrode processes.

2.6.4 Polarography

The technique of polarographic analysis is one of the most widely employed and the elec-
troanalytical technique with the longest history of use. Polarography®s-°° utilizes a dropping
mercury electrode (DME) as the sensing electrode to which a slowly changing potential is
applied, usually increasing in the negative direction, such that for each mercury drop, the
potential remains essentially constant. The output current from the DME is typically dis-
played on a chart recorder, and the current magnitude is a measure of the concentration of
electroactive species in solution. Because of the periodic nature of the DME, the current-
measuring circuit includes a damping capacitor with a time constant such that the oscillations
in current due to the charging current of the DME are minimized. Figure 2.33 shows a
typical polarogram of an electroactive species, where i, is the polarographic mean diffusion
current. The expression relating the concentration of electroactive species to the mean dif-
fusion current is given by the Ilkovic equation.5°6!

I, = 607nD1/2Cm?2/3t}/6 (2.56)
where i,, = mean diffusion current, uA
n = number of electrons involved in overall electrode process
D = diffusion coefficient of electroactive species
C = concentration of electroactive species, mmol/L
m = mercury flow rate, mg/s
ty = mercury drop time, s

*A Wagner ground maintains a corner of a bridge at ground potential without actually
connecting it directly to ground. This helps to eliminate stray capacitances to ground and
maintains bridge sensitivity over a wide range of frequencies.
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Current i

Potential

FIGURE 2.33 Polarogram of an electroactive species.
i,—polarographic mean diffusion current.

Analysis of the solutions usually is performed by calibrations with known standards rather
than by using Eq. (2.56). Occasionally the polarogram of a solution may show a current
spike at the beginning of the current plateau. This effect is due to a streaming phenomenon
around the DME and can be suppressed by the addition of a small quantity of a surface-
active compound such as gelatin or Triton X-100.

Solutions containing several electroactive species can be conveniently analyzed from one
polarogram, provided the potential separation, the half-wave potential,* is sufficient to dis-
tinguish the current plateaus. Figure 2.34 shows a polarogram of an aqueous solution con-
taining several species in a potassium chloride supporting electrolyte. The polarographic
method is often found as a standard instrumental technique in electrochemical laboratories.

6
K'—K
2H'—=H,
From supporting
electrolyte
4= and water
<
- MnZt—= Mn
=
e
3
Ni2* — Ni
2
Cd?' —=Cd
Pb2' —Pb
| 1
-1.0 -20

E vs. standard calomel electrode (SCE )

FIGURE 2.34 Polarogram of reduction of several electroactive spe-
cies in a solution of 0.1M potassium chloride as supporting electro-
lyte.

*The half-wave potential (E,,,) is the electrode potential of the DME at which the value
of i is one-half of its limiting value (i,).
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2.6.5 Electrodes

Several electroanalytical techniques have been discussed in the preceding sections, but little
was mentioned about electrodes or electrode geometries used in the various measurements.
This section deals with electrodes and electrode systems.

A typical electroanalytical cell has an indicator electrode (sometimes called a working
electrode), a counter electrode, and, in most cases, a reference electrode. The counter elec-
trode is a large, inert, relatively unpolarized electrode situated a suitable distance from the
indicator electrode and sometimes separated from it by a sintered glass disk or some other
porous medium which will allow ionic conduction but prevent gross mixing of solutions
surrounding the counter and working electrodes. The reference electrode provides an un-
polarized reference potential against which the potentials of the indicator electrode can be
measured. Reference electrodes are usually constructed in a separate vessel and are connected
to the cell via a salt bridge composed of an electrolyte with a common anion or cation with
the supporting electrolyte solution in the cell. The concentration of the salt bridge electrolyte
is also chosen to be approximately the same as the supporting electrolyte. This minimizes
liquid junction potentials which are established between solutions of different composition
or concentration. Contamination of the cell solution with material from the salt bridge is
minimized by restricting the orifice of the salt bridge by a Luggin capillary. Typical reference
electrode systems are Ag/AgCl, Hg/Hg,Cl,, and Hg/HgO. For a comprehensive treatise on
the subject of reference electrodes, the reader is referred to an excellent text by Ives and
Janz.®2

Indicator electrodes have been designed and fabricated in many different geometrical
shapes to provide various performance characteristics and to accommodate the special re-
quirements of some of the electroanalytical techniques. The simplest of the indicator elec-
trode types is the planar electrode. This can be simply a “flag” electrode, or it can be shielded
to provide for linear diffusion during long electrolysis times. Figure 2.35 shows a selection
of planar-type indicator electrodes. Included in this selection is a thin-film cell (Fig. 2.35¢)
in which two planar electrodes confine a small quantity of solution within a small gap
between the working and counter electrodes. The counter electrode is adjusted by a microm-
eter drive, and the reference salt bridge is located, as shown, as a radial extension of the
cell. This cell has the advantage that only a small quantity of solution is required, and in
many cases it can be used as a coulometer to determine n, the overall number of electrons
involved in an electrode reaction.

Indicator electrodes not requiring a planar surface can be fabricated in many different
geometries. For simplicity and convenience of construction, a wire electrode can be sealed
into an appropriate glass support and used with little more than a thorough cleaning. For
more symmetrical geometry, a spherical bead electrode can often be formed by fusing a thin
wire of metal and shriveling it into a bead. In some cases, is possible to form a single crystal
of the metal. Figure 2.36 shows various electrodes with nonplanar electrode-electrolyte
interfaces.

Several electroanalytical methods require special electrodes or electrode systems. A clas-
sic example is the DME, first used extensively in polarography (Sec. 2.6.4). The DME is
established by flowing ultrapure mercury through a precision capillary from a mercury res-
ervoir connected to the capillary by a flexible tube. Mercury flow rates and drop times are
adjusted by altering the height of the mercury head so that mercury drops detach every 2 to
7 s, with typical polarographic values being in the range 3 to 5 s. Figure 2.37 shows a
schematic representation of a DME system. In addition to use of the DME in polarography,
the electrode finds application when a fresh, clean mercury surface is necessary for repro-
ducible electroanalytical determinations. In this respect, the DME can be used as a “station-
ary” spherical mercury electrode suitably “frozen” in time by a timing circuit initiated by
the voltage pulse at the birth of the drop and triggered at a time short of the natural drop
time of the DME. With a suitably short transient impulse (voltage, current, and so on) an
output response can be obtained from what is essentially a hanging mercury drop electrode.
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(a) (b) (c)

Counterelectrode
» (adjusted by a
micrometer drive)

Thin film of . Toreference

electrolyte 7 electrode
y \
i

Working electrode

(d) (e}

FIGURE 2.35 Various planar working electrodes, some with
shielding to maintain laminar diffusion of electroactive species
to surface.

Other special types of electrodes are the rotating disk electrode and the rotating ring-disk
electrode. Figure 2.38 shows both rotating disk and ring-disk electrodes. In both cases,
rotation of the electrode establishes a flow pattern which maintains a relatively constant
diffusion layer thickness during reduction or oxidation of an electroactive species and pro-
vides a means of hydrodynamically varying the rate at which electroactive species are
brought to the outer surface of the diffusion layer. In the ring-disk electrode, the ring can
be used either as a ““guard ring” to ensure laminar diffusion to the disk or as an independent
working electrode to monitor species generated from the disk electrode or the generation of
transient intermediate species. Details of the derivation of current-voltage curves as a function
of rotation speed have been given by Riddiford®® for the disk electrode, while more detail
is given by Yeager and Kuta® and Pleskov and Filinovski® on the ring-disk electrode, with
emphasis being given by the latter authors to the detection of transient species. Details of
the current-voltage characteristics are not given here. It is sufficient to say that limiting
currents for a fixed potential can be obtained by varying the rotation speed of the electrode
from which potential-dependent rate constants can be determined. Ring currents may be
determined either at a fixed potential such as to reverse the process leading to the formation
of the species of interest or scanning through a range of potentials to detect a variety of
species electroactive over a range of potentials. Quantitative measurements with the ring of
the ring-disk electrode are difficult to interpret because the capture fraction N of the ring is
difficult to evaluate.%®
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Micrometer-driven

syringe
\ Hanging mercury
{c) drop electrode
FIGURE 2.36 Working electrodes with nonplanar
surfaces.

Polarographic
capillary

Reference and
counterelectrode Test

solution

Agar  Sintered
plug  glass disk

FIGURE 2.37 Dropping mercury electrode complete with polaro-
graphic H cell.
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(a) (b)

FIGURE 2.38 Rotating electrodes. (a)
Disk electrode. (b) Ring-disk electrode.
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CHAPTER 3

FACTORS AFFECTING BATTERY
PERFORMANCE

David Linden

3.1 GENERAL CHARACTERISTICS

The specific energy of a number of battery systems was listed in Table 1.2 These values are
based on optimal designs and discharge conditions. While these values can be helpful to
characterize the energy output of each battery system, the performance of the battery may
be significantly different under actual conditions of use, particularly if the battery is dis-
charged under more stringent conditions than those under which it was characterized. The
performance of the battery under the specific conditions of use should be obtained before
any final comparisons or judgments are made.

3.2 FACTORS AFFECTING BATTERY PERFORMANCE

Many factors influence the operational characteristics, capacity, energy output and perform-
ance of a battery. The effect of these factors on battery performance is discussed in this
section. It should be noted that because of the many possible interactions, these effects can
be presented only as generalizations and that the influence of each factor is usually greater
under the more stringent operating conditions. For example, the effect of storage is more
pronounced not only with high storage temperatures and long storage periods, but also under
more severe conditions of discharge following storage. After a given storage period, the
observed loss of capacity (compared with a fresh battery) will usually be greater under heavy
discharge loads than under light discharge loads. Similarly, the observed loss of capacity at
low temperatures (compared with normal temperature discharges) will be greater at heavy
than at light or moderate discharge loads. Specifications and standards for batteries usually
list the specific test or operational conditions on which the standards are based because of
the influence of these conditions on battery performance.

Furthermore it should be noted that even within a given cell or battery design, there will
be performance differences from manufacturer to manufacturer and between different ver-
sions of the same battery (such as standard, heavy-duty, or premium). There are also per-
formance variables within a production lot, and from production lot to production lot, that
are inherent in any manufacturing process. The extent of the variability depends on the
process controls as well as on the application and use of the battery. Manufacturers’ data
should be consulted to obtain specific performance characteristics.

3.1
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3.2.1 Voltage Level

Different references are made to the voltage of a cell or battery:

1. The theoretical voltage is a function of the anode and cathode materials, the composition
of the electrolyte and the temperature (usually stated at 25°C).

2. The open-circuit voltage is the voltage under a no-load condition and is usually a close
approximation of the theoretical voltage.

3. The closed-circuit voltage is the voltage under a load condition.

4. The nominal voltage is one that is generally accepted as typical of the operating voltage
of the battery as, for example, 1.5 V for a zinc-manganese dioxide battery.

5. The working voltage is more representative of the actual operating voltage of the battery
under load and will be lower than the open-circuit voltage.

6. The average voltage is the voltage averaged during the discharge.
The midpoint voltage is the central voltage during the discharge of the cell or battery.

8. The end or cut-off voltage is designated as the end of the discharge. Usually it is the
voltage above which most of the capacity of the cell or battery has been delivered. The
end voltage may also be dependent on the application requirements.

~

Using the lead-acid battery as an example, the theoretical and open-circuit voltages are
2.1V, the nominal voltage is 2.0 V, the working voltage is between 1.8 and 2.0 V, and the
end voltage is typically 1.75 V on moderate and low-drain discharges and 1.5 V for engine-
cranking loads. On charge, the voltage may range from 2.3 to 2.8 V.

When a cell or battery is discharged its voltage is lower than the theoretical voltage. The
difference is caused by IR losses due to cell (and battery) resistance and polarization of the
active materials during discharge. This is illustrated in Fig. 3.1. In the idealized case, the
discharge of the battery proceeds at the theoretical voltage until the active materials are
consumed and the capacity is fully utilized. The voltage then drops to zero. Under actual
conditions, the discharge curve is similar to the other curves in Fig. 3.1. The initial voltage
of the cell under a discharge load is lower than the theoretical value due to the internal cell
resistance and the resultant IR drop as well as polarization effects at both electrodes. The
voltage also drops during discharge as the cell resistance increases due to the accumulation
of discharge products, activation and concentration, polarization, and related factors. Curve
2 is similar to curve 1, but represents a cell with a higher internal resistance or a higher
discharge rate, or both, compared to the cell represented by curve 1. As the cell resistance
or the discharge current is increased, the discharge voltage decreases and the discharge shows
a more sloping profile.

_~ |deal curve

Curve 1

Curve 2

Voltage ——

Time ——
FIGURE 3.1 Characteristic discharge curves.
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The specific energy that is delivered by a battery in practice is, therefore, lower than the
theoretical specific energy of its active materials, due to:

1. The average voltage during the discharge is lower than the theoretical voltage.

2. The battery is not discharged to zero volts and all of the available ampere-hour capacity
is not utilized.

As specific energy equals
Watthours/gram = Voltage X Ampere hours/gram

the delivered specific energy is lower than the theoretical energy as both of the components
of the equation are lower.

The shape of the discharge curve can vary depending on the electrochemical system,
constructional features, and other discharge conditions. Typical discharge curves are shown
in Fig. 3.2. The flat discharge (curve 1) is representative of a discharge where the effect of
change in reactants and reaction products is minimal until the active materials are nearly
exhausted. The plateau profile (curve 2) is representative of two-step discharge indicating a
change in the reaction mechanism and potential of the active material(s). The sloping dis-
charge (curve 3) is typical when the composition of the active materials, reactants, internal
resistance, and so on, change during the discharge, affecting the shape of the discharge curve
similarly.

Specific examples of these curves and many others are presented in the individual chapters
covering each battery system.

Voltage

0 Elapsed time of discharge ==t

FIGURE 3.2 Battery discharge characteris-
tics—voltage profiles.

3.2.2 Current Drain of Discharge

As the current drain of the battery is increased, the IR losses and polarization effects increase,
the discharge is at a lower voltage, and the service life of the battery is reduced. Figure 3.3a
shows typical discharge curves as the current drain is changed. At extremely low current
drains (curve 2) the discharge can approach the theoretical voltage and theoretical capacity.
[However, with very long discharge periods chemical deterioration during the discharge can
become a factor and cause a reduction in capacity (Sec. 3.2.12).] With increasing current
drain (curves 3-5) the discharge voltage decreases, the slope of the discharge curve becomes
more pronounced, and the service life, as well as the delivered ampere-hour or coulombic
capacity, are reduced.

If a battery that has reached a particular voltage (such as the cutoff voltage) under a given
discharge current is used at a lower discharge rate, its voltage will rise and additional capacity
or service life can be obtained until the cutoff voltage is reached at the lighter load. Thus,
for example, a battery that has been used to its end-of-life in a flash camera (a high drain
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Voltage
0 Elapsed time of discharge ——=—— 0 Elaspsed time of discharge >

FIGURE 3.3 (a) Battery discharge characteristics—voltage levels. (b) Discharge characteristics of a battery
discharged sequentially from high to lower discharge rates.

application) can subsequently be used successfully in a quartz clock application which op-
erates at a much lower discharge rate. This procedure can also be used for determining the
life of a battery under different discharge loads using a single test battery. As shown in Fig.
3.3b, the discharge is first run at the highest discharge rate to the specified end voltage. The
discharge rate is then reduced to the next lower rate. The voltage increases and the discharge
is continued again to the specified end voltage, and so on. The service life can be determined
for each discharge rate, but the complete discharge curve for the lower discharge rates, as
shown by the dashed portion of the each curve, obviously is lost. In some instances a time
interval is allowed between each discharge for the battery to equilibrate prior to discharge
at the progressively lower rates.

“C” Rate.* A common method for indicating the discharge, as well as the charge current
of a battery, is the C rate, expressed as

I=MxC,

*Traditionally, the manufacturers and users of secondary alkaline cells and batteries have
expressed the value of the current used to charge and discharge cells and batteries as a
multiple of the capacity. For example, a current of 200 mA used to charge a cell with a
rated capacity of 1000 mAh would be expressed as C/5 or 0.2 C (or, in the European
convention as C/5 A or 0, 2 CA). This method for designation of current has been criticized
as being dimensionally incorrect in that a multiple of the capacity (e.g. ampere-hours) will
be in ampere-hours and not, as required for current, in amperes. As a result of these com-
ments, the International Electrotechnical commission (IEC) Sub-committee SC-21A has
published a “Guide to the Designation of Current in Alkaline Secondary Cell and Battery
Standards (IEC 61434) which described a new method for so designating this current. In
brief, the method states that the current (1) shall be expressed as

I,(A) = C,(Ah)/1(h)

where | = is expressed in amperes
C, = is the rated capacity declared by the manufacturer in ampere-hours, and
n = is the time base in hours for which the rated capacity is declared.

For example, a battery rated at 5 Ah at the 5 hour discharge rate (C5 (Ah)) and discharged
at 0.11,(A) will be discharged at 0.5 A or 500 mA.
For this Handbook, the method discussed in the text, and not in this footnote, will be used.
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where | = discharge current, A
C = numerical value of rated capacity of the battery, in ampere-hours (Ah)
n = time, in hours, for which rated capacity is declared
M = multiple or fraction of C

For example, the 0.1C or C/10 discharge rate for a battery rated at 5 Ah is 0.5 A. Conversely,
a 250-mAh battery, discharged at 50 mA, is discharged at the 0.2C or C/5 rate, which is
calculated as follows:

| 0.050
M= =020 22

To further clarify this nomenclature system the designation for a C/10 discharge rate for a
battery rated at 5 Ah at the 5 hour rate is:

0.1Cs

In this example, the C/10 rate is equal to 0.5 A, or 500 mA.

It is to be noted that the capacity of a battery generally decreases with increasing discharge
current. Thus the battery rated at 5 Ah at the C/5 rate (or 1 A) will operate for 5 h when
discharged at 1 A. If the battery is discharged at a lower rate, for example the C/10 rate (or
0.5 A), it will run for more than 10 h and deliver more than 5 Ah of capacity. Conversely,
when discharged at its C rate (or 5 A), the battery will run for less than 1 h and deliver less
than 5 Ah of capacity.

Hourly Rate. Another method for specifying the current is the hourly rate. This is the
current at which the battery will discharge for a specified number of hours.

“E” Rate. The constant power discharge mode is becoming more popular for battery-
powered applications. A method, analogous to the “C rate,” can be used to express the
discharge or charge rate in terms of power:

P=MXE,

where P = power (W),

E = numerical value of the rated energy of the battery in watthours (Wh),
time, in hours, at which the battery was rated
multiple or fraction of E.

n
M

For example, the power level at the 0.5E. or E./2 rate for a battery rated at 1200 mWh, at
the 0.2E or E/5 rate, is 600 mW.

3.2.3 Mode of Discharge (Constant Current, Constant Load,
Constant Power)

The mode of discharge of a battery, among other factors, can have a significant effect on
the performance of the battery. For this reason, it is advisable that the mode of discharge
used in a test or evaluation program be the same as the one used in the application for which
it is being tested.

A battery, when discharged to a specific point (same closed-circuit voltage, at the same
discharge current, at the same temperature, etc.) will have delivered the same ampere-hours
to a load regardless of the mode of discharge. However, as during the discharge, the discharge
current will be different depending on the mode of discharge, the service time or “hours of
discharge™ delivered to that point (which is the usual measure of battery performance) will,
likewise, be different.
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Three of the basic modes under which the battery may be discharged are:

1. Constant Resistance: The resistance of the load remains constant throughout the discharge
(The current decreases during the discharge proportional to the decrease in the battery
voltage)

2. Constant Current: The current remains constant during the discharge.

3. Constant Power: The current increases during the discharge as the battery voltage de-
creases, thus discharging the battery at constant power level (power = current X voltage).

The effect of the mode of discharge on the performance of the battery is illustrated under
three different conditions in Figs. 3.4, 3.5 and 3.6.

Case 1: Discharge loads are the same for each mode of discharge at the start of discharge

In Fig. 3.4, the discharge loads are selected so that at the start of the discharge the
discharge current and, hence, the power are the same for all three modes. Figure 3.4b is a
plot of the voltage during discharge. As the cell voltage drops during the discharge, the
current in the case of the constant resistance discharge, reflects the drop in the cell voltage
according to Ohm’s law:

I =V/R

This is shown in Fig. 3.4a.

In the case of a constant current discharge, the current remains the same throughout the
discharge. However, the discharge time or service life is lower than for the constant resistance
case because the average current is higher. Finally, in the constant power mode, the current
increases with decreasing voltage according to the relationship:

| =P/V

The average current is now even higher and the discharge time still lower.
Figure 3.4c is a plot of the power level for each mode of discharge.

Case 2: “Hours of discharge” is the same for each mode of discharge

Figure 3.5 shows the same relationships but with the respective discharge loads selected
so that the discharge time or ““hours of service” (to a given end voltage) is the same for all
three modes of discharge. As expected, the discharge curves vary depending on the mode
of discharge.

Case 3: Power level is the same for each mode of discharge at the end of the discharge

From an application point of view the most realistic case is the assumption that the power
under all three modes of operation is the same at the end of the discharge (Fig. 3.6). Electric
and electronic devices require a minimum input power to operate at a specified performance
level. In each case, the discharge loads are selected so that at the end of the discharge (when
the cell reaches the cutoff voltage) the power output is the same for all of the discharge
modes and at the level required for acceptable equipment performance. During the discharge,
depending on the mode of discharge, the power output equals or exceeds the power required
by the equipment until the battery reaches the cutoff voltage.

In the constant-resistance discharge mode, the current during the discharge (Fig. 3.6b)
follows the drop in the battery voltage (Fig. 3.6a). The power, | X V or V2/R, drops even
more rapidly, following the square of the battery voltage (Fig. 3.6¢c). Under this mode of
discharge, to assure that the required power is available at the cutoff voltage, the levels of
current and power during the earlier part of the discharge are in excess of the minimum
required. The battery discharges at a higher current than needed, draining its capacity rapidly,
which will result in a shorter service life.
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FIGURE 3.4 Discharge profiles under different dis-
charge modes; same current and power at start of dis-
charge. (a) Current profile during discharge. (b) Volt-
age profile during discharge. (c) Power profile during
discharge.

FIGURE 3.5 Discharge profiles under different dis-
charge modes; same discharge time (a) Current profile
during discharge. (b) Voltage profile during discharge.
(c) Power profile during discharge.

FIGURE 3.6 Discharge profiles under different dis-
charge modes: same power at end of discharge. (a)
current profile during discharge. (b) Voltage profile
during discharge. (c) Power profile during discharge.
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In the constant-current mode, the current is maintained at a level such that the power
output at the cutoff voltage is equal to the level required for acceptable equipment perform-
ance. Thus both current and power throughout the discharge are lower than for the constant-
resistance mode. The average current drain on the battery is lower and the discharge time
or service life to the end of the battery life is longer.

In the constant-power mode, the current is lowest at the beginning of the discharge and
increases as the battery voltage drops in order to maintain a constant-power output at the
level required by the equipment. The average current is lowest under this mode of discharge,
and hence, the longest service time is obtained.

It should be noted that the extent of the advantage of the constant-power discharge mode
over the other modes of discharge is dependent on the discharge characteristics of the battery.
The advantage is higher with battery systems that require a wide voltage range to deliver
their full capacity.

3.2.4 Example of Evaluation of Battery Performance Under Different

Modes of Discharge

Thus, in evaluating or comparing the performance of batteries, because of the potential
difference in performance (service hours) due to the mode of discharge, the mode of dis-
charge used in the evaluation or test should be the same as that in the application. This is
illustrated further in Fig. 3.7.

Figure 3.7a shows the discharge characteristics of a typical “AA”-size primary battery
with the values for the discharge loads for the three modes of discharge selected so that the
hours of discharge to a given end voltage (in this case, 1.0 volt) are the same. This is the
same condition shown in Fig. 3.5b. (This example illustrates the condition when a resistive
load, equivalent to the average current, is used, albeit incorrectly, as a “simpler” less-costly
test to evaluate a constant current or constant power application.) Although the hours of
service to the given end voltage is obviously the same because the loads were pre-selected,
the discharge current vs. discharge time and power vs. discharge time curves (see Figs. 3.5a
and c respectively), show significantly different characteristics for the different modes of
discharge.

Figure 3.7b shows the same three types of discharge as Fig. 3.7a, but on a battery that
has about the same ampere-hour capacity (to a 1.0 volt end voltage) as the battery illustrated
in Fig. 3.7a. The battery illustrated in Fig. 3.7b, however, has a lower internal resistance
and a higher operating voltage. Note, by comparing the voltage vs. discharge time curves in
Fig. 3.7b, that, although the voltage level is higher, the “hours of discharge” obtained on
the constant resistance discharge to the 1.0 volt cutoff in Fig. 3.7b is about the same as
obtained on Fig. 3.7a. However, the hours of service obtained on the constant current dis-
charge and, particularly, the constant power discharge are significantly higher.

In Fig. 3.7a, the discharge loads were deliberately selected to give the same ““hours of
service” to 1.0 volt at the three modes of discharge. Using these same discharge loads, but
with a battery having different characteristics, Fig. 3.7b shows that different ““hours of ser-
vice” and performance are obtained with the different modes of discharge. To the specified
1.0 volt end voltage, the longest ““hours of service” are obtained with the constant power
discharge mode. The shortest service time is obtained with the constant resistance discharge
mode and the constant current mode is in the middle position. This clearly illustrates that,
on application tests, where performance is measured in “hours of service,” erroneous results
will be obtained if the mode of discharge used in the test is different from that used in the
application.

It is recognized that the performance differences obtained when comparing batteries are
directly dependent on the differences in battery design and performance characteristics. With
batteries that are significantly different in design and characteristics, the performance ob-
tained on test will be quite different as shown in the comparisons between Figs. 3.7a and
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FIGURE 3.7 Characteristics of a “AA” size primary battery discharged
under constant resistance, constant current and constant power conditions at
5.9 ohms, —e—; 200 milliamperes, ——; and 235 milliwatts, —#—. See
Sec. 3.2.4 for detailed description.
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3.7b. When the batteries are similar, the performance differences obtained on any of the
modes of discharge may not be large and may not appear to be significantly different.
However, just because the difference in this case are small, it should not lead to the false
assumption that testing under a discharge mode different from the application would give
accurate results.

This is illustrated in Fig. 3.7c, which shows the discharge characteristics of another battery
which has a slightly higher capacity and higher internal resistance than the one shown in
Fig. 3.7a. Although the differences are small, a careful comparison of the Fig. 3.7a with
Fig. 3.7c at the different modes of discharge does show a different behavior in the “hours
of discharge” obtained to the specified 1.0 volt end voltage. Under the constant power mode,
the “hours of discharge” show a slight decrease comparing Fig. 3.7¢c with Fig. 3.7a. While
there is a slight increase under the constant current and constant resistance discharge modes.

(Note: The influence of end voltage should be noted. As 1.0 volt was used as the end-
voltage in determining the load values for these examples, this end voltage should be used
in making comparisons. If discharged to lower end voltages, the service life for the constant
resistance mode increases compared to the other modes because of the lower current and
power levels. However, these lower values may be inadequate for the specified application).

3.25 Temperature of Battery During Discharge

The temperature at which the battery is discharged has a pronounced effect on its service
life (capacity) and voltage characteristics. This is due to the reduction in chemical activity
and the increase in the internal resistance of the battery at lower temperatures. This is illus-
trated in Fig. 3.8, which shows discharges at the same current drain but at progressively
increasing temperatures of the battery (T, to T,), with T, representing a discharge at normal
room temperature. Lowering of the discharge temperature will result in a reduction of ca-
pacity as well as an increase in the slope of the discharge curve. Both the specific charac-
teristics and the discharge profile vary for each battery system, design, and discharge rate,
but generally best performance is obtained between 20 and 40°C. At higher temperatures,
the internal resistance decreases, the discharge voltage increases and, as a result, the ampere-
hour capacity and energy output usually increase as well. On the other hand, chemical
activity also increases at the higher temperatures and may be rapid enough during the dis-
charge (a phenomenon known as self-discharge) to cause a net loss of capacity. Again, the
extent is dependent on the battery system, design and temperature.

Te> T,

Elapsed time of discharge mw—e

FIGURE 3.8 Effect of temperature on battery capacity. T, to
T,—increasing temperatures.
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Figures 3.9 and 3.10 summarize the effects of temperature and discharge rate on the
battery’s discharge voltage and capacity. As the discharge rate is increased, the battery volt-
age (for example, the midpoint voltage) decreases; the rate of decrease is usually more rapid
at the lower temperatures. Similarly, the battery’s capacity falls off most rapidly with in-
creasing discharge load and decreasing temperature. Again, as noted previously, the more
stringent the discharge conditions, the greater the loss of capacity. However, discharging at
high rates could cause apparent anomalous effects as the battery may heat up to temperatures
much above ambient, showing the effects of the higher temperatures. Curve T, in Fig. 3.10
shows the loss of capacity at high temperatures at low discharge rates or long discharge
times due to self-discharge or chemical deterioration. It also shows the higher capacity that
may be obtained as a result of the battery heating at the high rate discharge.
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FIGURE 3.9 Effect of discharge load on battery midpoint voltage at
various temperatures, T, to T,—increasing temperatures; T,—normal
room temperature

120
H=SsSESRN
— s
§ 80 \\:Q\ BaNANN
é 60 \\E\\\; \ :\
e T,
kS \
2 w A e
4 Ty
8 s> T, K& .
20 N

Discharge current e

FIGURE 3.10 Effect of discharge load on battery capacity
at various temperatures. T, to Tq—increasing temperatures;
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3.2.6 Service Life

A useful graph employed in this Handbook summarizing the performance of each battery
system, presents the service life at various discharge loads and temperatures, normalized for
unit weight (amperes per kilogram) and unit volume (amperes per liter). Typical curves are
shown in Fig. 3.11. In this type of presentation of data, curves with the sharpest slope
represent a better response to increasing discharge loads than those which are flatter or flatten
out at the high current drain discharges.

]

Y

N

Discharge current, A/L

N

Discharge current, A/kg

T,> T,

A\

1.0 10 100 1000 10,000
Hours of service

FIGURE 3.11 Battery service life at various discharge loads and
temperatures (log-log scale). T, to T,—increasing temperature.

Data of this type can be used to approximate the service life of a given cell or battery
under a particular discharge condition or to estimate the weight or size of a battery required
to meet a given service requirement. In view of the linearity of these curves on a log-log
plot, mathematical relationships have been developed to estimate the performance of batteries
under conditions that are not specifically stated. Peukert’s equation,

I"t=C
or nlogl +logt=logC

where | is the discharge rate and t the corresponding discharge time, has been used in this
manner to describe the performance of a battery. The value n is the slope of the straight
line. The curves are linear on a log-log plot of discharge load versus discharge time but taper
off at both ends because of the battery’s inability to handle very high rates and the effect of
self-discharge at the lower discharge rates. A more detailed explanation of the use of these
graphs in a specific example is presented in Fig. 14.13. Other mathematical relationships
have been developed to describe battery performance and account for the non-linearity of
the curves.

Other types of graphs are used to show similar data. A Ragone plot, such as the one
illustrated in Fig. 6.3, plots the specific energy or energy density of a battery system against
the specific power or power density on a log-log scale. This type of graph effectively shows
the influence of the discharge load (in this case, power) on the energy that can be delivered
by a battery.
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3.2.7 Type of Discharge (Continuous, Intermittent, etc.)

When a battery stands idle after a discharge, certain chemical and physical changes take
place which can result in a recovery of the battery voltage. Thus the voltage of a battery,
which has dropped during a heavy discharge, will rise after a rest period, giving a sawtooth-
shaped discharge, as illustrated in Fig. 3.12. This can result in an increase in service life.
However, on lengthy discharges, capacity losses may occur due to self-discharge (see Sec.
3.2.12). This improvement, resulting from the intermittent discharge, is generally greater
after the higher current drains (as the battery has the opportunity to recover from polarization
effects that are more pronounced at the heavier loads). In addition to current drain, the extent
of recovery is dependent on many other factors such as the particular battery system and
constructional features, discharge temperature, end voltage, and length of recovery period.

The interactive effect on capacity due to the discharge load and the extent of intermittency
is shown in Fig. 8.11. It can be seen that the performance of a battery as a function of duty
cycle can be significantly different at low and high discharge rates. Similarly, the performance
as a function of discharge rate can be different depending on the duty cycle.

Voltage

Intermittent
discharge

Continuous
discharge

Elapsed time of discharge e

FIGURE 3.12 Effect of intermittent discharge on battery
capacity.

3.2.8 Duty Cycles (Intermittent and Pulse Discharges)

Another consideration is the response of the battery voltage when the discharge current is
changed during the discharge, such as changing loads from receive to transmit in the oper-
ation of a radio transceiver. Figure 3.13 illustrates a typical discharge of a radio-transceiver,
discharging at a lower current during the receive mode and at a higher current during the
transmit mode. Note that the service life of the battery is determined when the cut-off or
end voltage is reached under the higher discharge load. The average current cannot be used
to determine the service life. Operating at two or more discharge loads is typical of most
electronic equipment because of the different functions they must perform during use.
Another example is a higher rate periodic pulse requirement against a lower background
current, such as backlighting for an LCD watch application, the audible trouble signal pulse
in the operation of a smoke detector, or a high rate pulse during the use of a cell phone or
computer. A typical pulse discharge is plotted in Fig. 3.14. The extent of the drop in voltage
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FIGURE 3.13 Typical discharge characteristics of a battery cycling between transmit
and receive loads.
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FIGURE 3.14 Typical discharge characteristics of a battery subjected to a
periodic high rate pulse.

depends on the battery design. The drop in voltage for a battery with lower internal resistance
and better response to changes in load current will be less than one with higher internal
resistance. In Fig. 3.14, note that the voltage spread widens as the battery is discharged due
to the increase in internal resistance as the battery is discharged.

The shape of the pulse can vary significantly depending on the characteristics of the pulse
and the battery. Figure 3.15 shows the characteristics of 9-volt primary batteries subjected
to the 100 millisecond audible trouble signal pulse in a smoke detector. Curve A shows the
response of a zinc-carbon battery, the voltage dropping sharply initially and then recovering.
Curves B and C are typical of the response of a zinc/alkaline/manganese dioxide battery,
the voltage initially falling and either maintaining the lower voltage or dropping slowly as
the pulse discharge continues.

The type of response shown in Fig. 3.15a is also typical of batteries that have developed
a protective or passivating film on an electrode, the voltage recovering as the film is broken
during the discharge (see Sec. 3.2.12 on \oltage Delay). The specific characteristics, how-
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FIGURE 3.15 Discharge characteristics of a 9-volt battery subjected to a 100 ms
pulse (smoke detector pulse tests): (a) zinc-carbon battery; (b) and (c) zinc/alkaline/

manganese dioxide battery.
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ever, are dependent on the battery chemistry, design, state of discharge, and other factors,
related to the battery’s internal resistance at the time of the pulse and during the pulse (also
see Chap. 2 on internal resistance and polarization).

The performance of a battery under pulse conditions can be characterized by plotting the
output power of the pulse against the load voltage, measuring the power delivered to the
load by the short term pulse over the range of open circuit to short circuit.?2 Peak power is
delivered to the load when the resistance of the external is equal to the internal resistance
of the battery. Figure 3.16 is a power vs. load voltage plot of the pulse characteristics of an
undischarged zinc/alkaline/manganese dioxide battery (“AA”-size) at the end of constant
voltage pulses of 0.1 and 1 second. The lower values of power for the longer pulse is
indicative of the drop in voltage as the pulse length increases. Figure 10.15 shows a similar
plot, with the 1-second pulse taken at different depths of battery discharge.

4.5
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; / AN
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— |_—1" pulse

/
25 /’/ 1 d
J L/ i ima\
/

ol N
\

L////
7
A
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0
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Load voltage (Volts)

FIGURE 3.16 Power vs. Load voltage at the end of a constant voltage pulses (undischarged zinc/alkaline/
manganese dioxide “AA” size battery. (From Ref 2.)

3.2.9 Voltage Regulation

The voltage regulation required by the equipment is most important in influencing the ca-
pacity or service life obtainable from a battery. As is apparent from the various discharge
curves, design of the equipment to operate to the lowest possible end voltage and widest
voltage range result in the highest capacity and longest service life. Similarly, the upper
voltage limit of the equipment should be established to take full advantage of the battery
characteristics.

Figure 3.17 compares two typical battery discharge curves: curve 1 depicts a battery
having a flat discharge curve; curve 2 depicts a battery having a sloping discharge curve. In
applications where the equipment cannot tolerate the wide voltage spread and is restricted,
for example, to the —15% level, the battery with the flat discharge profile gives the longer
service. On the other hand, if the batteries can be discharged, to lower cutoff voltages, the
service life of the battery with the sloping discharge is extended and could exceed that of
the battery with the flat discharge profile.
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Voltage ———

Hours of discharge ——»

FIGURE 3.17 Comparison of flat ©® and sloping @ dis-
charge curves.

Discharging multicell series-connected batteries to too low an end voltage, however, may
result in safety problems. It is possible, in this situation, for the poorest cell to be driven
into voltage reversal. With some batteries this could result in venting or rupture.

In applications where only a narrow voltage range can be tolerated, the selection of the
battery may be limited to those having a flat discharge profile. An alternative is to use a
voltage regulator to convert the varying output voltage of the battery into a constant output
voltage consistent with the equipment requirements. In this way, the full capacity of the
battery can be used with inefficiency of the voltage regulator the only energy penalty. Figure
3.18 illustrates the voltage and current profiles of the battery and regulator outputs. The input
from the battery to the regulator is at a constant power of 1 W, with the current increasing
as the battery voltage drops. With an 84% conversion efficiency, the output from the regulator
is constant at a predetermined 6 V and 140 mA (constant power = 840 mW).

400
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6.00 = 350
5.6
5.2 P - =300
- W
& a8 - T / E
s, ] - 250
4.0 — = 200 a3
—__.___._—I"
3.6
3.2y I i Y P ——e—s e, i IO R - ._.‘§ =150
2.8 +
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0 1 2 3 4 5 6 7 8 9 10 o

Service, h
Battery output: —a— Current profile —+— Voltage profile

Regulator output:  —-.=-. Current =- = = Voltage

FIGURE 3.18 Characteristics of a voltage regulator. Battery output—21 W; regular output—

840 mW.
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3.2.10 Charging Voltage

If a rechargeable battery is used (for example, as a standby power source) in conjunction
with another energy source which is permanently connected in the operating circuit, allow-
ance must be made for the battery and equipment to tolerate the voltage of the battery on
charge. Figure 3.19 shows the charge and discharge characteristics of such a battery. The
specific voltage and the voltage profile on charge depend on such factors such as the battery
system, charge rate, temperature, and so on.

//—
_\

Voltage —

Discharge

Time ——

FIGURE 3.19 Typical voltage pro-
file on charge and discharge.

If a primary battery is used in a similar circuit (for example, as memory backup battery),
it is usually advisable to protect the primary battery from being charged by including an
isolating or protective diode in the circuit, as shown in Fig. 3.20. Two diodes provide re-
dundancy in case one fails. The resistor in Fig. 3.20b serves to limit the charging current in
case the diode fails.

The charging source must also be designed so that its output current is regulated during
the charge to provide the needed charge control for the battery.

Vee> »} RAM Vee »i
Diode Diode
Diode Resistor
Lithium battery

RAM

|

Lithium battery

(@) (b)
FIGURE 3.20 Protective circuits for memory backup applications. (a) Using two diodes. (b)

Using diode and resistor.
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3.2.11 Effect of Cell and Battery Design

The constructional features of the cell and battery strongly influence its performance char-
acteristics.

Electrode Design. Cells that are designed, for example, for optimum service life or capacity
at relatively low or moderate discharge loads contain maximum quantities of active material.
On the other extreme, cells capable of high-rate performance are designed with large elec-
trode or reaction surfaces and features to minimize internal resistance and enhance current
density (amperes per area of electrode surface), often at the expense of capacity or service
life.

For example, two designs are used in cylindrical cells. One design known as the bobbin
construction, is typical for zinc-carbon and alkaline-manganese dioxide cells. Here the elec-
trodes are shaped into two concentric cylinders (Fig. 3.21a). This design maximizes the
amount of active material that can be placed into the cylindrical can, but at the expense of
surface area for the electrochemical reaction.

The second design is the “spirally wound™ electrode construction, typically used in sealed
portable rechargeable batteries and high-rate primary and rechargeable lithium batteries (Fig.
3.21b). In this design, the electrodes are prepared as thin strips and then rolled, with a
separator in between, into a “jelly roll” and placed into the cylindrical can. This design
emphasizes surface area to enhance high-rate performance, but at the expense of active
material and capacity.

Another popular electrode design in the flat-plate construction, typically used in the lead-
acid SLI and most larger storage batteries (Fig. 3.21c). This construction also provides a
large surface area for the electrochemical reaction. As with the other designs, the manufac-
turer can control the relationship between surface area and active material (for example, by
controlling the plate thickness) to obtain the desired performance characteristics.

A maodification of this design is the bipolar plate illustrated in Fig. 3.21d. Here the anode
and cathode are fabricated as layers on opposite sides of an electronically conductive but
ion-impermeable material which serves as the intercell connector.

Most battery chemistries can be adapted to the different electrode designs, and some in
fact, are manufactured in different configurations. Manufacturers choose chemistries and
designs to optimize the performance for the particular applications and markets in which
they are interested.

In Fig. 3.22 the performance of a battery designed for high-rate performance is compared
with one using the same electrochemical system, but optimized for capacity. The high-rate
batteries have a lower capacity but deliver a more constant performance as the discharge
rate increases.

Hybrid Designs. “Hybrid” designs, which combine a high energy power source with a
high-rate power source, are now becoming popular. These hybrid systems fulfill applications
more effectively (e.g. higher total specific energy or energy density), than using a single
power source. The high energy power source is the basic source of energy, but also charges
a high-rate battery which handles any peak power requirement that cannot be handled effi-
ciently by the main power source. Hybrid designs are being considered in many applications,
ranging from combining a high energy, low rate metal/air battery or fuel cell with a high
rate rechargeable battery to electric vehicles, using an efficient combustion engine with a
rechargeable battery to handle starting, acceleration and other peak power demands (also see
Fig. 6.13).
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FIGURE 3.21 Cell design; typical internal configurations. (a) bobbin construction. (b) Spiral wound construction. (c)
Flat-plate construction. (d) Bipolar-plate construction.
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Low-rate (high-capacity) battery

High-rate battery

Capacity —»

Discharge current ===

FIGURE 3.22 Comparison of performance of
batteries designed for high- and low-rate ser-
vice.

Shape and Configuration. The shape or configuration of the cell will also influence the
battery capacity as it affects such factors as internal resistance and heat dissipation. For
example, a tall, narrow-shaped cylindrical cell in a bobbin design will generally have a lower
internal resistance than a wide, squat-shaped one of the same design and may outperform it,
in proportion to its volume, particularly at the higher discharge rates. For example, a thin
“AA” size bobbin type cell will have proportionally better high rate performance than a
wider diameter “D” size cell. Heat dissipation also will be better from cells with a high
surface-to-volume ratio or with internal components that can conduct heat to the outside of
the battery.

Volumetric Efficiency versus Energy Density. The size and shape of the cell or battery
and the ability to effectively use its internal volume influence the energy output of the cell.
The volumetric energy density (watthours per liter) decreases with decreasing battery volume
as the percentage of “dead volume” for containers, seals, and so on, increases for the smaller
batteries. This relationship is illustrated for several button-type cells in Fig. 3.23. The shape
of the cell (such as wide or narrow diameter) may also influence the volumetric efficiency
as it relates to the amount of space lost for the seal and other cell construction materials.

07% .
Li/MnO,
L

Whi/cm?

0 1 ! . L |
0 0.2 0.4 0.6 08 1.0 1.2

Volume , cm?®

FIGURE 3.23 Energy density, in watthours per cubic centi-
meter, of button batteries as a function of cell volume. (From
Paul Ruetschi, “Alkaline Electrolyte-Lithium Miniature Primary
Batteries,” J. Power Sources, vol. 7, 1982.)
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Effect of Size on Capacity. The size of the battery influences the voltage characteristics
by its effect on current density. A given current drain may be a severe load on a small
battery, giving a discharge profile similar to curve 4 or 5 of Fig. 3.3, but it may be a mild
load on a larger battery with a discharge curve similar to curve 2 or 3. Often it is possible
to obtain more than a proportional increase in the service life by increasing the size of the
battery (for paralleling cells) as the current density is lowered. The absolute value of the
discharge current, therefore, is not the key influence, although its relation to the size of
the battery, that is, the current density, is significant.

In this connection, the alternative of using a series-connected multicell battery versus a
lower voltage battery, with fewer but larger cells and a voltage converter to obtain the
required high voltage, should be considered. An important factor is the relative advantage
of the potentially more efficient larger battery versus the energy losses of the voltage con-
verter. In addition, the reliability of the system is enhanced by the use of a smaller number
of cells. However, all pertinent factors must be considered in this decision because of the
influences of cell and battery design, configuration, and so on, as well as the equipment
power requirements.

3.2.12 Battery Age and Storage Condition

Batteries are a perishable product and deteriorate as a result of the chemical action that
proceeds during storage. The design, electrochemical system, temperature, and length of
storage period are factors which affect the shelf life or charge retention of the battery. The
type of discharge following the storage period will also influence the shelf life of the battery.
Usually the percentage charge retention following storage (comparing performance after and
before storage) will be lower the more stringent the discharge condition. The self-discharge
characteristics of several battery systems at various temperatures are shown in Fig. 6.7 as
well as in the chapters on specific battery chemistries. As self-discharge proceeds at a lower
rate at reduced temperatures, refrigerated or low-temperature storage extends the shelf life
and is recommended for some battery systems. Refrigerated batteries should be warmed
before discharge to obtain maximum capacity.

Self-discharge can also become a factor during discharge, particularly on long-term dis-
charges, and can cause a reduction in capacity. This effect is illustrated in Fig. 3.10 and
3.24. More capacity will be delivered on a discharge at a light load than on a heavy load.
However, on an extremely light load over a long discharge period, capacity may be reduced
due to self-discharge.

Light load

Voltage ——p

Heavy
load
Very light load

i
% Capacity discharged ———» 100

FIGURE 3.24 Effect of self-discharge on battery
capacity.
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Some battery systems will develop protective or passivating films on one or both electrode
surfaces during storage. These films can improve the shelf life of the battery substantially.
However, when the battery is placed on discharge after storage, the initial voltage may be
low due to the impedance characteristics of the film until it is broken down or depassivated
by the electrochemical reaction. This phenomenon is known as ‘““voltage delay” and is il-
lustrated in Fig. 3.25. The extent of the voltage delay is dependent on an increases with
increasing storage time and storage temperature. The delay also increases with increasing
discharge current and decreasing discharge temperature.

The self-discharge characteristics of a battery that has been or is being discharged can be
different from one that has been stored without having been discharged. This is due to a
number of factors, such as the discharge rate and temperature, the accumulation of discharge
products, the depth of discharge, or the partial destruction or reformation of the protective
film. Some batteries, such as the magnesium primary battery (Chapter 9), may lose their
good shelf-life qualities after being discharged because of the destruction of the protective
film during discharge. Knowledge of the battery’s storage and discharge history is needed
to predict the battery’s performance under these conditions.

No apparent delay

__ Specified end
voltage

Voltage —=

0 Time of discharge —

FIGURE 3.25 \oltage delay

3.2.13 Effect of Battery Design

The performance of the cells in a multicell battery will usually be different than the per-
formance of the individual cells. The cells cannot be manufactured identically and, although
cells are selected to be “balanced,” they each encounter a somewhat different environment
in the battery pack.

The specific design of the multicell battery and the hardware that is used (such as pack-
aging techniques, spacing between the cells, container material, insulation, potting com-
pound, fuses and other electronic controls, etc.) will influence the performance as they effect
the environment and temperature of the individual cells. Obviously, the battery materials add
to its size and weight and the specific energy or energy density if the battery will be lower
than that of the component cells. Accordingly, when comparing values such as specific
energy, in addition to being aware of the conditions (discharge rate, temperature, etc.) under
which these values were determined, it should be ascertained whether the values given are
for cells, single cell batteries or multicell batteries. Usually, as is the case in this Handbook,
they are on the basis of a single-cell battery unless specified otherwise.
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A comparison of the performance of single-cell and multicell batteries can be made by
reviewing the data in Table 1.2 on single-cell batteries with the data in Table 6.5 on 24-volt
multicell batteries.

Battery designs that retain the heat dissipated by the cells can improve the performance
at low temperatures. On the other hand, excessive buildup of heat can be injurious to the
battery’s performance, life and safety. As much as possible, batteries should be designed
thermally to maintain a uniform internal temperature and avoid ““hot spots.”

In the case of rechargeable batteries, cycling could cause the individual cells in a battery
peak to become unbalanced and their voltage, capacity or other characteristics could become
significantly different. This could result in poor performance or safety problems, and end-
of-charge or discharge control may be necessary to prevent this.

The influence of battery design and recommendations for effective battery design are
covered in Chap. 5.
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CHAPTER 4
BATTERY STANDARDIZATION

Frank Ciliberti and Steven Wicelinski

4.1 GENERAL

The standardization of batteries started in 1912, when a committee of the American Elec-
trochemical Society recommended standard methods of testing dry cells. This eventually led
to the first national publication in 1919 issued as an appendix to a circular from the National
Bureau of Standards. It further evolved into the present American National Standards Institute
(ANSI) Accredited Standards Committee C18 on Portable Cells and Batteries. Since then,
other professional societies have developed battery related standards. Many battery standards
were also issued by international, national, military, and federal organizations. Manufacturers’
associations, trade associations, and individual manufacturers have published standards as
well. Related application standards, published by the Underwriters Laboratories, the Inter-
national Electrotechnical Commission, and other organizations that cover battery-operated
equipment may also be of interest.

Table 4.1a to d lists some of the widely known standards for batteries. Standards covering
the safety and regulation of batteries are listed in Table 4.11.

4.1
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TABLE 4.1a International Standards (IEC—International Electrotechnical Commission)

Publication Title Electrochemical systems

IEC 60086-1, Primary Batteries; Part 1 General, and Part 2, Specification Zinc-carbon

IEC 60086-2 Sheets Zinc/air
Alkaline-manganese dioxide
Mercuric oxide
Silver oxide
Lithium/carbon monofluoride
Lithium/manganese dioxide
Lithium/copper oxide
Lithium/chromium oxide
Lithium/thionyl chloride

IEC 60086-3 Watch Batteries

IEC 60095 Lead-Acid Starter Batteries Lead-acid

IEC 60254 Lead-Acid Traction Batteries Lead-acid

IEC 60285 Sealed Nickel-Cadmium Cylindrical Rechargeable Single Cells Nickel cadmium

IEC 60509 Sealed Nickel-Cadmium Button Rechargeable Single Cells Nickel-cadmium

IEC 60622 Sealed Nickel-Cadmium Prismatic Rechargeable Single Cells Nickel-cadmium

IEC 60623 Vented Nickel-Cadmium Prismatic Rechargeable Cells Nickel-cadmium

IEC 60952 Aircraft Batteries Nickel-cadmium

Lead-acid

IEC 60986 Stationary Lead-Acid Batteries Lead-acid

IEC 61056 Portable Lead-Acid Cells and Batteries Lead-acid

IEC 61150 Sealed Nickel-Cadmium Rechargeable Monobloc Batteries in Nickel-cadmium

Button Cell Design
IEC 61436 Sealed Nickel-Metal Hydride Rechargeable Cells Nickel-metal hydride
IEC 61440 Sealed Nickel-Cadmium Small Prismatic Rechargeable Single Nickel-cadmium

Cells

Note: See Table 4.11a for IEC Safety Standards.

TABLE 4.1b National Standards (ANSI—American National Standards Institute)

Publication Title

Electrochemical systems

ANSI C18.1M, Part 1 Standard for Portable Primary Cells and Batteries

with Aqueous Electrolyte

ANSI C18.2M, Part 1 Standard for Portable Rechargeable Cells and

Batteries

ANSI C18.3M, Part 1 Standard for Portable Lithium Primary Cells and

Batteries

Zinc-carbon
Alkaline-manganese dioxide
Silver oxide

Zinc/air

Nickel-cadmium
Nickel-metal hydride
Lithium-ion

Lithium/carbon monofluoride
Lithium/manganese dioxide

Note: see Table 4.11a for ANSI Safety Standards.
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TABLE 4.1¢ U.S. Military Standards (MIL)

Publication

Title

Electrochemical systems

MIL-B-18
MIL-B-8565
MIL-B-11188
MIL-B-49030
MIL-B-55252
MIL-B-49430
MIL-B-49436
MIL-B-49450
MIL-B-49458
MIL-B-49461
MIL-B-55130
MIL-B-81757
MIL-PRF-49471

Batteries Non-Rechargeable

Aircraft Batteries

Vehicle Batteries

Batteries, Dry, Alkaline (Non-Rechargeable)
Batteries, Magnesium

Batteries, Non-Rechargeable

Batteries, Rechargeable, Sealed Nickel-Cadium
Vented Aircraft Batteries

Batteries, Non-Rechargeable

Batteries, Non-Rechargeable

Batteries, Rechargeable, Sealed Nickel-Cadmium
Aircraft Batteries

Batteries, Non-Rechargeable, High Performance

Zinc-carbon, mercury
Various

Lead-acid
Alkaline-manganese dioxide
Magnesium

Lithium/sulfur dioxide
Nickel-cadmium
Nickel-cadmium
Lithium/manganese dioxide
Lithium/thiony! chloride
Nickel-cadmium
Nickel-cadmium

Various

TABLE 4.1d Manufacturers’ and Professional Associations

Publication Title Battery type covered

Society of Automotive Engineers

SAE AS 8033 Aircraft Batteries Nickel-cadmium
SAE J 537 Storage Batteries Lead-acid
Battery Council International Battery Replacement Lead-acid

Data Book

4.2 INTERNATIONAL STANDARDS

International standards are rapidly gaining in importance. This has been further accelerated
by the creation of the European Common Market and the 1979 Agreement on Technical
Barriers to Trade. The latter requires the use of international standards for world trade pur-
poses.

The International Electrotechnical Commission (IEC) is the designated organization re-
sponsible for standardization in the fields of electricity, electronics, and related technologies.
Promoting international cooperation on all questions of electrotechnical standardization and
related matters is its basic mission. This organization was founded in 1906 and consists of
50 national committees that represent more than 80% of the world’s population and 95% of
the world’s production and consumption of electricity. The International Standards Organi-
zation (ISO) is responsible for international standards in fields other than electrical. IEC and
ISO are gradually adopting equivalent development and documentation procedures while ever
closer ties are being established between these two international organizations.

The American National Standards Institute (ANSI) is the sole U.S. representative of the
IEC through the United States National Committee (USNC). This committee coordinates all
IEC activities in the United States. It also serves as the U.S. interface with emerging regional
standards-developing bodies such as CENELEC, PASC, CANENA, COPANT, ARSO, and
other foreign and national groups. ANSI does not itself develop standards; rather it facilitates
development by establishing consensus among accredited, qualified groups. These standards
are published as U.S. National Standards (see Table 4.1(b)).
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To further its overall mission, the objectives of the IEC are to:

. Efficiently meet the requirements of the global marketplace

. Ensure maximum use of its standards and conformity assessment schemes

. Assess and improve the quality of products and services covered by its standards
. Establish conditions for interchangeability

. Increase the efficiency of electrotechnical industrial processes

. Contribute to the improvement of human health and safety

. Work towards protection of the environment

~N O OB~ W NP

The objectives of the international battery standards are:

1. To define a standard of quality and provide guidance for its assessment

2. To ensure the electrical and physical interchangeability of products from different man-
ufacturers

3. To limit the number of battery types
4. To provide guidance on matters of safety

The IEC sponsors the development and publication of standard documents. This devel-
opment is carried out by working groups of experts from participating countries. These
experts represent consumer, user, producer, academia, government, and trade and professional
interests in the consensus development of these standards. The Groups of Experts in IEC
working on battery standards are:

TC 21: Rechargeable Batteries
TC 35: Primary Batteries

The designation for the ANSI Committee on Portable Cells and Batteries is C18.

Table 4.1a lists the IEC standards that pertain to primary and secondary batteries. Many
countries utilize these standards either by simply adopting them in toto as their national
standards or by harmonizing their national standards to the IEC standards.

Table 4.1b lists the ANSI battery standards. When feasible, the two groups harmonize
the requirements in their standards.

4.3 CONCEPTS OF STANDARDIZATION

The objective of battery interchangeability is achieved by specifying the preferred values for
the physical aspects of the battery, such as dimensions, polarity, terminals, nomenclature and
marketing. In addition, performance characteristics, such as service life or capacity, may be
described and specified with test conditions for verification.

It is the inherent nature of batteries, in particular primary batteries, that replacements will
at some time be required. A third-party end-user of the equipment typically replaces the
battery. It is therefore essential that certain characteristics of the battery be specified by
standard values—size, shape, voltage and terminals. Without a reasonable match of at least
these parameters there can be no interchangeability. These characteristics are absolute re-
quirements in order to fit the appliance receptacle, to make proper contact, and to provide
the proper voltage. In addition to the end-user’s need for replacement information, the orig-
inal equipment manufacturer (OEM) appliance designer must have a reliable source of in-
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formation about these parameters in order to design a battery compartment and circuits that
will accommodate the tolerances on battery products available for purchase by the end-user.

4.4 IEC AND ANSI NOMENCLATURE SYSTEMS

It is unfortunate that the various standards identified in Table 4.1 do not share the same
nomenclature system. The independent nomenclature systems of the various battery manu-
facturers even worsen this situation. Cross-references, however, are generally available from
battery manufacturers.

4.4.1 Primary Batteries

The IEC nomenclature system for primary batteries, which became effective in 1992, is
based on the electrochemical system and the shape and size of the battery. The letter des-
ignations for the electrochemical system and the type of cell remain the same as in the
previous IEC system for primary batteries. The new numerical designations are based on a
diameter/height number instead of the arbitrary size classification used previously. The first
digits specify the diameter of the cell in millimeters and the second the height of the cell
(millimeters times 10). An example is shown in Table 4.2a. The codes for the shape and
electrochemical system are given in Tables 4.2b and 4.2c, respectively. For reference, the
ANSI letter codes for the electrochemical systems are also listed in Table 4.2c. The ANSI
nomenclature system does not use a code to designate shape.

Nomenclature for existing batteries was grandfathered. Examples of the nomenclature for
some of these primary cells and batteries are shown in Table 4.3a. Examples of the IEC
nomenclature system for primary batteries are shown in Table 4.3b.

TABLE 4.2a |EC Nomenclature System for Primary Batteries, Example
System
Number letter Shape Diameter, Height,
Nomenclature of cells (Table 4.2c) (Table 4.2b) mm mm Example
CR2025 1 C R 20 25 A unit round battery having

dimensions shown and
electro-chemical system
letter C of Table 4.2c
(Li/MnO,)

TABLE 4.2b 1EC Nomenclature for Shape,
Primary Batteries

Letter
designation Shape
R Round-Cylindrical
P Non-Round
F Flat (layer built)
S Square (or Rectangular)
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TABLE 4.2¢ Letter Codes Denoting Electrochemical System of Primary Batteries

Negative Nominal
ANSI IEC electrode Electrolyte Positive electrode voltage (V)
@ — Zinc Ammonium chloride, Manganese dioxide 15
Zinc chloride
A Zinc Ammonium chloride, Oxygen (air) 1.4
Zinc chloride
LB B Lithium Organic Carbon monofluoride 3
LC C Lithium Organic Manganese dioxide 3
E Lithium Non-aqueous inorganic Thionyl chloride 3.6
LF F Lithium Organic Iron sulfide 15
G Lithium Organic Copper dioxide 15
A® L Zinc Alkali metal hydroxide Manganese dioxide 15
yAS p Zinc Alkali metal hydroxide Oxygen (air) 1.4
SO® S Zinc Alkali metal hydroxide Silver oxide 1.55
Notes:
1) No suffix Carbon-zinc
C Carbon-zinc industrial
CD Carbon-zinc industrial, heavy duty
D Carbon-zinc, heavy duty
F Carbon-zinc, general purpose
(2) A Alkaline
AC Alkaline industrial
AP Alkaline photographic
®3) z Zinc/air
ZD Zinc/air, heavy duty
(4) SO Silver oxide
SOP Silver oxide photographic
TABLE 4.3a 1EC Nomenclature for Typical Primary Round, Flat, and Square Cells or Batteries*
Nominal battery dimensions, mm
IEC ANSI Common
designation Diameter Height Length Width Thickness designation designation
Round batteries
RO3 10.5 445 24 AAA
R1 12.0 30.2 — N
R6 145 50.5 15 AA
R14 26.2 50.0 14 C
R20 34.2 61.5 13 D
R25 32.0 91.0 — F
Flat cells
F22 24 135 6.0
F80 43 43 6.4
Square batteries
S4 125.0 57.0 57.0
S8 200.0 85.0 85.0

*Chart is not complete—only a sampling of sizes is shown. Dimensions are used for identification only. Complete dimensions can be
found in the relevant specification sheets listed in IEC 60086-2 and in Table 4.9a.
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TABLE 4.3b Examples of IEC Nomenclature for Primary Batteries

IEC

System C, P, Groups
Number letter Shape Cell S, X, in

Nomenclature of cells (Table 4.2c) (Table 4.2b) (Table 4.3a) Y Parallel parallel Example

R20

LR20

6F22

4LR25-2

CR17345

1 None R 20 * A unit round battery using
basic R20 type cell and
electrochemical system letter
(none) of Table 4.2c

1 L R 20 * Same as above, except using
electrochemical system letter
L of Table 4.2c

6 None F 22 * A 6-series multicell battery
using flat F22 cells and
electrochemical system letter
(none) of Table 4.2¢c

4 L R 25 * 2 A multicell battery consist-
ing of two parallel groups,
each group having four cells
in series of the R25 type
and electrochemical system,
letter L, of Table 4.2¢c

1 C R see Section A unit round battery, with a
44.1 diam. of 17 mm and height
of 34.5 mm, and
electrochemical system,
letter C, of Table 4.2¢c

*1f required, letters C, P, or S will indicate different performance characteristics and letters X and Y different terminal arrangements.

4.4.2 Rechargeable Batteries

The documentation for standardization of rechargeable batteries is not as complete as the
documentation for primary batteries. Most of the primary batteries are used in a variety of
portable applications, using user-replaceable batteries. Hence, the need for primary battery
standards to insure interchangeability. Developing such standards have been active projects
by both IEC and ANSI for many years.

The early use of rechargeable batteries was mainly with larger batteries, however, usually
application specific and multicell. The large majority of rechargeable batteries were lead-
acid manufactured for automotive SLI (starting, lighting, ignition) use. Standards for these
batteries were developed by the Society for Automotive Engineers (SAE), the Battery Coun-
cil International (BCI) and the Storage Battery Association of Japan. More recently, re-
chargeable batteries have been developed for portable applications, in many cases in the
same cell and battery sizes as the primary batteries. Starting with the portable-sized nickel-
cadmium batteries, IEC and ANSI are developing standards for the nickel-metal hydride and
lithium-ion batteries. The currently available standards are listed in Tables 4.1a and 4.1b.

The IEC has been considering a new nomenclature system, possibly covering both pri-
mary and rechargeable batteries but none have yet been published. Table 4.4a lists the letter
codes that are being considered by IEC and those adopted by ANSI for secondary or re-
chargeable batteries. The IEC nomenclature system for nickel-cadmium batteries is shown
in Table. 4.4b. In this system, the first letter designates the electrochemical system, a second
letter the shape, the first number of the diameter, and a second number the height. In addition,
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the letters L, M, and H may be used to classify arbitrarily the rate capability as low, medium,
or high. The last part of the designation is reserved for two letters which indicate various
tab terminal arrangements, such as CF—none, HH—terminal at positive end and positive
sidewall, or HB—terminals at positive and negative ends, as shown in Table 4.4b.

TABLE 4.4a Letter(s) Denoting Electrochemical System of Secondary Batteries

Nominal
ANSI IEC® Negative electrode Electrolyte Positive electrode voltage (V)
H H Hydrogen absorbing alloy Alkali metal Nickel oxide 1.2
hydroxide
K K Cadmium Alkali metal Nickel oxide 1.2
hydroxide
P PB Lead Sulfuric acid Lead dioxide 2
| IC Carbon Organic Lithium cobalt oxide 3.6
| IN Carbon Organic Lithium nickel oxide 3.6
| IM Carbon Organic Lithium manganese 3.6
oxide
@ Proposed for portable batteries.
TABLE 4.4b |EC Nomenclature System for Rechargeable Nickel-Cadmium Cells and Batteries
System letter Shape Diameter, Height,
Nomenclature® (Table 4.4a) (Table 4.2b) mm mm Terminals Example
KR 15/51 (R6) K R 14.5 50.5 CF A unit round battery

of the K system
having dimensions
shown, with no
connecting tabs

@ Nomenclature dimensions are shown rounded off. ( ) indicates interchangeable with a primary battery.

Source:

IEC 60285.

4.5 TERMINALS

Terminals are another aspect of the shape characteristics for cells and batteries. It is obvious
that without standardization of terminals, and the other shape variables, a battery may not
be available to match the receptacle facilities provided in the appliance. Some of the variety
of terminal arrangements for batteries are listed in Table 4.5.

When applicable, the terminal arrangement is specified in the standard within the same
nomenclature designators used for shape and size. The designators thus determine all inter-
changeable physical aspects of the cells and batteries in addition to the voltage.
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TABLE 4.5 Terminal Arrangements for Batteries

Cap and base
Cap and case
Screw types
Flat contacts
Springs
Plug-in
sockets
Wire
Spring clips
Tabs

Terminals that have the cylindrical side of the battery insulated from the terminal ends
Terminals in which the cylindrical side forms part of the positive end terminal
Terminals that have a threaded rod and accept either an insulated or a metal nut

Flat metal surfaces used for electrical contact

Terminals that are flat metal strips or spirally wound wire

Terminals consisting of a stud (nonresilient) and a socket (resilient)

Single or multistranded wire leads
Metal clips that will accept a wire lead
Metal flat tabs attached to battery terminals

4.6 ELECTRICAL PERFORMANCE

In terms of the requirement to provide fit and function in the end product the actual appliance
does not require specific values of electrical performance. The correct battery voltage, needed
to protect the appliance from overvoltage, is assured by the battery designation. Batteries of
the same voltage but having differences in capacity can be used interchangeably, but will
operate for different service times. The minimum electrical performance of the battery is
therefore cited and specified in the standards either by application or by capacity testing.

1. Application tests: This is the preferred method of testing the performance specified for
primary batteries. Application tests are intended to simulate the actual use of a battery in
a specific application. Table 4.6a illustrates typical application tests.

TABLE 4.6a Example of Application Tests for R20 Type Batteries

Nomenclature R20C R20P R20S LR20
Zinc-carbon Zinc-carbon  Zinc-carbon  Zinc/manganese

Electrochemical system (high capacity)  (high power) (standard) dioxide

Nominal voltage 1.5 15 15 15
Load, Daily End

Application Q period  point Minimum average durationt

Portable lighting (1) 2.2 * 0.9 300 min 320 min 100 min 810 min

Tape recorders 3.9 1h 0.9 9h 13 h 4h 25h

Radios 10 4h 0.9 30h 35h 18 h 8lh

Toys 2.2 1h 0.8 40h 6h 2h 15h

Portable lighting (2) 15 ** 0.9 130 min 137 min 32 min 450 min

*4 min beginning at hourly intervals for 8 h/day; **4 min/15 min, 8 h/day.

T Proposed IEC values.
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2. Capacity (service output) tests: A capacity test is generally used to determine the quan-

tity of electric charge which a battery can deliver under specified discharge conditions.
This method is the one that has been generally used for rechargeable batteries. It is also
used for primary batteries when an application test would be too complex to simulate
realistically or too lengthy to be practical for routine testing. Table 4.6b lists some ex-
amples of capacity tests.

Test conditions in the standard must consider and therefore specify the following:

Cell (battery) temperature

Discharge rate (or load resistance)

Discharge termination criteria (typically loaded voltage)
Discharge duty cycle

If rechargeable, charge rate, termination criteria (either time or feedback of cell response)
and other conditions of charge

Humidity and other conditions of storage may also be required.

TABLE 4.6b Example of Capacity Tests

Nomenclature (Refer to Table 4.3b) SR54
Electrochemical system (Refer to Table 4.2c) S
Nominal voltage (Refer to Table 4.2c) 1.55

Load, Daily End Minimum average
Application* kQ period point durationt
Capacity (rating) test 15 24 h 1.2 580 h

* Application for this battery is watches. As an application test could take up to 2 years to test,
a capacity test is specified.
tValue under IEC consideration.

4.7 MARKINGS

Markings on both primary and secondary (rechargeable) batteries may consist of some or
all of the printed information given in Table 4.7 in addition to the form and dimension
nomenclature discussed.

TABLE 4.7 Marking Information for Batteries

Primary Rechargeable

Primary small round
Marking information batteries batteries batteries
Nomenclature X* X X
Date of manufacture or code X XXt X
Polarity X X X
Nominal voltage X XX X
Name of manufacturer/supplier X XX X
Sealed, rechargeable— X
nickel-cadmium
Charge rate/time X
Rated capacity X

*X—on battery.
T X x—on battery or package.
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4.8 CROSS-REFERENCES OF ANSI IEC BATTERY STANDARDS

Table 4.8 lists some of the more popular ANSI battery standards and cross-references to the
international standard publications for primary and secondary batteries.

TABLE 4.8a ANSI/IEC Cross-Reference for Primary

Batteries

ANSI IEC ANSI IEC
13A LR20 1137S0O SR48
13AC LR20 1138S0O SR54
13C R20S 1139S0O SR42
13CD R20C 1158S0O SR58
13D R20C 1160SO SR55
13F R20S 1162S0O SR57
14A LR14 1163SO SR59
14AC LR14 1164S0O SR59
14C R14S 1165S0 SR57
14CD R14C 1166A LR44
14D R14C 1170SO SR55
14F R14S 1175S0 SR60
15A LR6 1179S0O SR41
15AC LR6 1181S0O SR48
15C R6S 1184S0O SR44
15CD R6C 1406SOP 4SR44
15D R6C 1412AP 4L R61
15F R6S 1414A 4LR44
24A LRO3 1604 6F22
24AC LRO3 1604A 6LR61
24D R0O3 1604AC 6LR61
905 R40 1604C 6F22
908 4R25X 1604CD 6F22
910A LR1 1604D 6F22
918 4R25-2 5018LC CR17345
918D 4R25-2 5024LC CR-P2
1107SOP SR44 5032LC 2CR5
1131S0O SR44 7000ZD PR48
1132S0O SR43 7001ZD PR43
1133S0O SR43 7002ZD PR41
1134S0O SR41 7003ZD PR44
1135S0 SR41 7005ZD PR70
1136SO SR48

TABLE 4.8b ANSI/IEC Select Cross-
References for Rechargeable Batteries

ANSI IEC
1.2K1 KRO3
1.2K2 KR6
1.2K3 KR14
1.2K4 KR20
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4.9 LISTING OF IEC STANDARD ROUND PRIMARY BATTERIES

The tenth edition of IEC 60086-2 for primary batteries lists over one hundred types with
dimensional, polarity, voltage, and electrochemical requirements. The third edition of IEC
60285 for rechargeable nickel-cadmium cells (batteries) lists 18 sizes with diameter and
height specified in chart form. Several rechargeable nickel-cadmium and nickel-metal hydride
batteries are also packaged to be interchangeable with the popular sizes in the primary
replacement market. These have physical shapes and sizes that are identical to primary
batteries and have equivalent voltage outputs under load. These batteries carry, in addition
to the rechargeable nomenclature, the equivalent primary cell or battery size designations
and therefore must comply with the dimensional requirements set forth for primary batteries.
Table 4.9a lists the dimensions of round primary batteries and Table 4.9b lists some nickel-
cadmium rechargeable batteries that are interchangeable with the primary batteries.

In addition to the many designations in national and international standards, of which
there may typically be both old and new versions, there are trade association designations.
Cross-reference to many of these may be found in sales literature and point-of-purchase
information.

TABLE 4.9a Dimensions of Round Primary Batteries

Diameter, mm Height, mm
IEC
designation Maximum Minimum Maximum Minimum
R03 10.5 9.5 445 43.3
R1 12.0 10.9 30.2 29.1
R6 14.5 135 50.5 49.2
R14 26.2 24.9 50.0 48.6
R20 34.2 322 61.5 59.5
R41 7.9 7.55 3.6 3.3
R42 11.6 11.25 3.6 3.3
R43 11.6 11.25 4.2 3.8
R44 11.6 11.25 5.4 5.0
R48 7.9 7.55 5.4 5.0
R54 11.6 11.25 3.05 2.75
R55 11.6 11.25 2.1 1.85
R56 11.6 11.25 2.6 2.3
R57 95 9.15 2.7 2.4
R58 7.9 7.55 2.1 1.85
R59 7.9 7.55 2.6 2.3
R60 6.8 6.5 2.15 1.9
R62 5.8 5.55 1.65 1.45
R63 5.8 5.55 2.15 1.9
R64 5.8 5.55 2.7 24
R65 6.8 6.6 1.65 1.45
R66 6.8 6.6 2.6 24
R67 7.9 7.65 1.65 1.45
R68 9.5 9.25 1.65 1.45
R69 9.5 9.25 2.1 1.85
R1220 125 12.2 2.0 1.8
R1620 16 15.7 2.0 1.8
R2016 20 19.7 1.6 1.4
R2025 20 19.7 25 2.2
R2032 20 19.7 3.2 2.9
R2320 23 22.6 2.0 1.8
R2430 245 24.2 3.0 2.7
R11108 11.6 11. 10.8 10.4
R12600 12.0 10.7 60.4 58
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TABLE 4.9b Dimensions of Some Popular Nickel-Cadmium Rechargeable Batteries That Are Interchangeable with
Primary Batteries*

Diameter, mm Height, mm
IEC Consumer ANSI
designationt designation designation Maximum Minimum Maximum Minimum
KR03 AAA 1.2K1 10.5 9.5 445 43.3
KR6 AA 1.2K2 145 135 50.5 49.2
KR14 C 1.2K3 26.2 24.9 50.0 48.5
KR20 D 1.2K4 34.3 32.2 61.5 59.5

*|EC plans to add the following to IEC Standard 61436 on Nickel-Metal Hydride batteries: HRO3(AAA), HR6 (AA), HR14(C),
HR20(D). These will be interchangeable with the respective primary batteries.

See IEC and ANSI standards referenced in Tables 4.1a and 4.1b for a more complete listing of rechargeable batteries.

tFrom IEC Standard 60285.

4.10 STANDARD SLI AND OTHER LEAD-ACID BATTERIES

SLI battery sizes have been standardized by both the automotive industry through the Society
of Automotive Engineers (SAE), Warrendale, PA and the battery industry through the Battery
Council International (BCI), Chicago, IL.%? The BCI nomenclature follows the standards
adopted by its predecessor, the American Association of Battery Manufacturers (AABM).
The latest standards are published annually by the Battery Council International. Table 4.10
is a listing of the Standard SLI and other lead-acid batteries abstracted from the BCI pub-
lication.®
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries

CHAPTER FOUR

BCI group numbers, dimensional specifications and ratings

Performance ranges

Maximum overall dimensions CO"_j
cranking Reserve
- performance capacity
BIC Millimeters Inches Assembly amps. min @
group figure @ O0°F 80°F
number L w H L w H no. (—18°C) (27°C)
Passenger car and light commercial batteries 12-volt (6 cells)
21 208 173 222 8%16 6'%16 8% 10 310-400 50-70
21R 208 173 222 8%16 6'%16 8% 11 310-500 50-70
22F 241 175 211 9% 6% 8% 11F 220-425 45-90
22HF 241 175 229 9% 678 9 11F 400 69
22NF 240 140 227 9% 5% 8%16 11F 210-325 50-60
22R 229 175 211 9 67 8% 11 290-350 45-90
24 260 173 225 10 6'%16 8% 10 165-625 50-95
24F 273 173 229 10% 6'%16 9 11F 250-585 50-95
24H 260 173 238 10% 6'%16 9% 10 305-365 70-95
24R 260 173 229 10% 6'%16 9 11 440-475 70-95
24T 260 173 248 10% 6'%16 9¥a 10 370-385 110
25 230 175 225 9Vie 678 8% 10 310-490 50-90
26 208 173 197 6%16 6'%16 7% 10 310-440 50-80
26R 208 173 197 6%16 6'%16 7% 11 405-525 60-80
27 306 173 225 12%6 6'%16 8% 10 270-700 102-140
27F 318 173 227 12% 6'%16 8%16 11F 360-660 95-140
27TH 298 173 235 11% 6'%16 9Ya 10 440 125
29NF 330 140 227 13 5% 8% 11F 330-350 95
27R 306 173 225 12%6 6'%16 8% 11 270-700 102-140
33 338 173 238 13%s6 6'%16 9% 11F 1050 165
34 260 173 200 10% 6'%16 778 10 375-650 100-110
34R 260 173 200 10% 6'%16 778 11 675 110
35 230 175 225 9Vie 678 8% 11 310-500 80-110
36R 263 183 206 10% 7Y 8% 19 650 130
40R 278 175 175 10'%16 67 6%s 15 600-650 110-120
41 293 175 175 11%s 6% 6%s 15 235-650 65-95
42 242 175 175 9% 6'%16 6'%16 15 260-495 65-95
43 334 175 205 13% 678 8%16 15 375 115
45 240 140 227 9% 5% 8%16 10F 250-470 60-80
46 273 173 229 10% 6'%16 9 10F 350-450 75-95
47 242 175 190 9% 678 7% 24(AF) e 370-550 75-85
48 278 175 190 12%6 678 7%6 24 450-895 85-95
49 353 175 190 13% 67 7%6 24 600-810 140-150
50 343 127 254 13% 5 10 10 400-600 85-100
51 238 129 223 9% 5Y16 8%16 10 405-435 70
51R 238 129 223 9% 5Y16 8%16 11 405-435 70
52 186 147 210 7%s6 5316 8Y4 10 405 70
53 330 119 210 13 416 8%a 14 280 40
54 186 154 212 7% 6Y16 8% 19 305-330 60
55 216 154 212 8% 6Y16 8% 19 370-450 75
56 254 154 212 10 6Y16 8% 19 450-505 90
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BCI group numbers, dimensional specifications and ratings

Performance ranges

Maximum overall dimensions CO'_d
cranking Reserve
- erformance capacit
BIC Millimeters Inches Assembly P amps. mFi)n @y
group figure @ O°F 80°F
number L W H L W H no. (—18°C) (27°C)
Passenger car and light commercial batteries 12-volt (6 cells) (Continued)
57 205 183 177 8%16 %6 6'%16 22 310 60
58 255 183 177 10% %6 6 %6 26 380-540 75
58R 255 183 177 10% %6 6'%16 19 540-580 75
59 255 193 196 10%6 7% TYa 21 540 100
60 332 160 225 13%s 6%6 8% 12 305-385 65-115
61 192 162 225 %6 6% 8% 20 310 60
62 225 162 225 8% 6% 8% 20 380 75
63 258 162 225 10%s 6% 8% 20 450 90
64 296 162 225 11%6 6% 8% 20 475-535 105-120
65 306 192 192 12%16 72 %6 21 650-850 130-165
66 306 192 194 12%6 7%e % 13 650-750 130-140
70 208 179  196® 8%16 %6 7Y16® 17 260-525 60-80
71 208 179 216 8%16 %16 8%2 17 275-430 75-90
72 230 179 210 9%e %6 8Y4 17 275-350 60-90
73 230 179 216 916 %6 8% 17 430-475 80-115
74 260 184 222 10% s 8% 17 350-550 75-140
75 230 179  196® 9%1e %6 7%16® 17 430-690 90
76 334 179 216®  13% Y16 8Y2® 17 750-1075 150-175
78 260 179 196@ 10% %6 7Y16® 17 515-770 105-115
79 307 179 188 12%6 Y16 7% 35 880 140
85 230 173 203 9%e 6'%16 8 11 550-630 90
86 230 173 203 9%e 61%16 8 10 430-525 90
90 242 175 175 9% 67 6% 24 520 80
91 278 175 175 11 6% 6% 24 600 100
92 315 175 175 12% 6% 6%s 24 650 130
93 353 175 175 13% 6% 6% 24 800 150
94R 315 175 190 12% 67 %2 24 640 135
95R 394 175 190 15%s 6% %2 24 900 190
96R 242 173 175 9%s 6'%16 6% 15 590 95
97R 252 175 190 9% 6% %2 15 550 90
98R 283 175 190 11%s 6% 72 15 620 120
99 207 175 175 8%16 6% 67 34 360 50
100 260 179 188 10%4 7 7%6 35 770 115
101 260 179 170 10% 7 6'%16 17 690 115
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries (Continued)

CHAPTER FOUR

BCI group numbers, dimensional specifications and ratings

Performance ranges

Maximum overall dimensions CO'@
cranking Reserve
- performance capacity
BIC Millimeters Inches Assembly amps. min @
group figure @ O°F 80°F
number L wW H L w H no. (—18°C) (27°C)
Passenger car and light commercial batteries 6-volt (3 cells)
1 232 181 238 9% T8 9% 2 475-650 135-230
2 264 181 238 10%s ¥ 9% 2 475-650 136-230
2E 492 105 232 19%s 4% 9% 5 485 140
2N 254 141 227 10 5% 8'%6 1 450 135
17HF- 187 175 229 s 6% 9 2B — —
*®
Heavy-duty commercial batteries 12-volt (6 cells)
4D 527 222 250 20 8% 9% 8 490-950 225-325
6D 527 254 260 20% 10 10Y4 8 750 310
8D 527 283 250 20 11% 9% 8 850-1250 235-465
28 261 173 240 10%s 6'%16 9% 18 400-535 80-135
29H 334 171 232 13% 6% 9% 10 525-840 145
30H 343 173 235 13% 6'%16 9% 10 380-685 120-150
31 330 173 240 13 6'%16 9%s 18(AT) ¢ 455-950 100-200
Heavy-duty commercial batteries 6-volt (3 cells)
3 298 181 238 11% IEZ: 9% 2 525-660 210-230
4 334 181 238 13% ¥ 9% 2 550-975 240-420
5D 349 181 238 13% IEZ 9% 2 720-820 310-380
7D 413 181 238 16Y4 Y8 9% 2 680-875 370-426
Special tractor batteries 6-volt (3 cells)
3EH 491 111 249 19%6 4% 9% 5 740-850 220-340
4EH 491 127 249 19%6 5 9'%16 5 850 340-420
Special tractor batteries 12-volt (6 cells)
3EE 491 111 225 19%e 4% 8% 9 260-360 80-105
3ET 491 111 249 19%s6 4% 9% 9 355-425 130-135
4DLT 508 208 202 20 8% 7% 16L 650-820 200-290
12T 177 177 202 716 6'%16 7% 10 460 160
16TF 421 181 283 16%s6 T8 11% 10F 600 240
17TF 433 177 202 17%6 6% 7% 111 510 145
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries (Continued)

BCI group numbers, dimensional specifications and ratings

Performance ranges

Maximum overall dimensions CO'q
cranking
- performance Reserve
BIC Millimeters Inches Assembly amps. capacity min
group figure @ O°F @ 80°F
number L w H L W H no. (—18°C) (27°C)
General-utility batteries 12-volt (6 cells)
Ul 197 132 186 ez 5% %6 10(X) ¢ 120-295 23-40
U1R 197 132 186 I§Z 5% %6 11(X) ¢ 220-235 25-37
U2 160 132 181 6%16 5% ¥ 10(X) ¢ 120 17
Electric golf car/utility batteries 6-volt (3 cells)
GC2 264 183 290 10%s %16 11%s 2 ® ®
GC2H® 264 183 295 10% %16 11% 2 ® ®
Electric golf car/utility batteries 8-volt (4 cells)
GC8 264 183 290 10%s %16 11%s6 31 — —
Electric vehicle batteries 8-volt (4 cells)
202 388 116 175 15Y4 4% 6% 30 — —
Electric vehicle batteries 12-volt (6 cells)
201 388 116 175 15% 4%s 6% 29 — —
Electric vehicle batteries 12-volt (10 cells)
203 388 116 175 15%4 4% 678 32 — —
203R 388 116 175 15Y4 4%s 678 33 — —
Ordnance batteries 12-volt (6 cells)
2H 260 135 230 10Y4 5% Y16 28 — 75
6T 286 267 230 11Ya 10%2 Y16 27 600 200

# Letter in parentheses indicates terminal type.

*Rod end types—Extend top ledge with holes for holddown bolts.

tRatings for batteries recommended for motor coach and bus service are for double insulation. When double insulation is used in other
types, deduct 15% from the rating values for cold cranking performance.

@ Not in application section but still manufactured.

@ Special-use battery not shown in application section.

® Capacity test in minutes at 75 amperes to 5.25 volts at 80°F (27°C); cold cranking performance test not normally required for this

battery.

@ Maximum height dimension shown includes batteries with raised-quarter cover design. Flat-top design model height (minus quarter

covers) reduced by approximately ¥s inch (10 mm).
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries (Continued)

BCI ASSEMBLY NUMBERS, CELL LAYOUTS, HOLDDOWNS AND POLARITY
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries (Continued)

BCI ASSEMBLY NUMBERS, CELL LAYOUTS, HOLDDOWNS AND POLARITY
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries (Continued)

BCI ASSEMBLY NUMBERS, CELL LAYOUTS, HOLDDOWNS AND TERMINALS

Designs and d
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4.11 REGULATORY AND SAFETY STANDARDS

With the increasing complexity and energy of batteries and the concern about safety, greater
attention is being given to developing regulations and standards with the goal to promote
the safe operation in use and transport. Stand-alone safety documents on primary and re-
chargeable batteries have been published by IEC and ANSI. In addition, the Underwriters
Laboratories (UL) has published several battery safety standards aimed at the safe operation
of UL-approved equipment.*

Table 4.11a is a list of organizations working on safety standards and the safety standards
they prepared that cover various primary and secondary battery systems.

While the various groups involved in developing safety standards are dedicated to the
principle of harmonization, there are still differences in the procedures, tests, and criteria
between the various standards. It is recommended that users of these standards follow them
on a judicious basis, and place their battery or application in the proper context.

Table 4.11b is a list of organizations that have focused on the safe transport of various
goods and the regulations they have published. These regulations include procedures for the

transport of batteries, including lithium batteries.

TABLE 4.11a Safety Standards

Publication

Title

American Standards Institute
ANSI C18.1M, Part 2

ANSI C18.2M, Part 2

ANSI C18.3M, Part 2

International Electrotechnical Commission
IEC 60086-4
IEC 60086-5
IEC 61809

Underwriters Laboratories
UL1642
UL2054

American National Standard for Portable Primary Cells and Batteries
with Aqueous Electrolyte—Safety Standard

American National Standard for Portable Rechargeable Cells and
Batteries—Safety Standard

American National Standard for Portable Lithium Primary Cells and
Batteries—Safety Standard

Primary Batteries—Part 4: Safety for Lithium Batteries
Primary Batteries—Part 5: Safety of Batteries with Aqueous Electrolyte
Safety for Portable Sealed Alkaline Secondary Cells and Batteries

Standard for Lithium Batteries
Standard for Household and Commercial Batteries

TABLE 4.11b Transportation Recommendations and Regulations

Organization

Title

Department of Transportation (DOT)
Federal Aviation Administration (FAA)

International Air Transport
Association (IATA)

International Civil Aviation
Association (ICAO)

United Nations (UN)

Code of Federal Regulations—Title 49 Transportation

TSO C042, Lithium Batteries (referencing RTCA Document DO-227
“Minimum Operational Performance Standards for Lithium Batteries™)

Dangerous Goods Regulations

Technical Instructions for the Safe Transport of Dangerous Goods

Recommendations on the Transportation of Dangerous Goods Manual
of Tests and Criteria
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In the United States, this responsibility for regulating the transport of goods rests with
the Department of Transportation (DOT) through its Research and Special Programs Ad-
ministration (RSPA).5 These regulations are published in the Code of Federal Regulations
(CFR49), which include the requirements for the shipment and transport of batteries under
all modes of transportation. Under the DOT, the Federal Aviation Administration (FAA) is
responsible for the safe operation of aircraft and has also issued regulations covering the use
of batteries in aircraft.>” Similar organizations are part of the governments of most countries
throughout the world.

Internationally, transport is regulated by such organizations as the International Civil Avi-
ation Association (ICAQ),® the International Air Transport Association (IATA)® and the In-
ternational Maritime Organization. Their regulations are guided by the United Nations (UN)
through their Committee of Experts on the Transport of Dangerous Goods, which has de-
veloped recommendations for the transportation of dangerous goods. These recommenda-
tions, which also include tests and criteria,®* are addressed to governments and international
organizations concerned with regulating the transport of various products. Currently, the UN
Committee of Experts is developing new guidelines covering the transport of lithium primary
and secondary batteries. The quantity of lithium or lithium equivalent content in each cell
and battery will determine which specific rules and regulations are applied concerning the
packaging, mode of shipment, marking, and other special provisions.

As these standards, regulations, and guidelines can be changed on an annual or periodic
basis, the current edition of each document should be used.

NOTE
It is imperative that only the latest version of each standard be used. Due to the periodic
revision of these standards, only the latest version can be relied upon to provide reliable
enforceable specifications of battery dimensions, terminals, marking, general design features,
conditions of electrical testing for performance verification, mechanical tests, test sequences,
safety, shipment, storage, use, and disposal.

REFERENCES

. Society of Automotive Engineers, 400 Commonwealth Drive, Warrendale, PA 15096. www.sae.org
. Battery Council International, 401 North Michigan Ave., Chicago, IL 60611. www.batterycouncil.org
. Battery Council International, Battery Replacement Data Book, 2000.

. Underwriters Laboratories, Inc., 333 Pfingsten Road, Northbrook, IL 60062.

. Department of Transportation, Office of Hazardous Materials Safety, Research and Special Programs
Administration, 400 Seventh St., SW, Washington, DC 20590.

6. Department of Transportation, Federal Aviation Administration, 800 Independence Ave., SW, Wash-
ington, DC 20591.

7. RTCA, 1140 Connecticut Ave., NE, Washington, DC 20036.
8. International Civil Aviation Organization, 1000 Sherbrooke St., W., Montreal, Quebec, Canada.
9. International Air Transport Association, 2000 Peel St., Monteal, Quebec, Canada.

10. United Nations, Recommendation on the Transport of Dangerous Goods, New York, NY and Geneva,
Switzerland.

11. United Nations, Manual of Tests and Criteria, New York, NY and Geneva, Switzerland.
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CHAPTER 5
BATTERY DESIGN

John Fehling

5.1 GENERAL

Proper design of the battery or the battery compartment is important to assure optimum,
reliable, and safe operation. Many problems attributed to the battery may have been prevented
had proper precautions been taken with both the design of the battery itself and how it is
designed into the battery-operated equipment.

It is important to note that the performance of a cell in a battery can be significantly
different from that of an individual cell depending on the particular environment of that cell
in the battery. Specifications and data sheets provided by the manufacturers should only be
used as a guide as it is not always possible to extrapolate the data to determine the perform-
ance of multicell batteries. Such factors as the cell uniformity, number of cells, series or
parallel connections, battery case material and design, conditions of discharge and charge,
temperature, to name a few, influence the performance of the battery. The problem is usually
exacerbated under the more stringent conditions of use, such as high-rate charging and dis-
charging, operation, and extreme temperatures and other conditions which tend to increase
the variability of the cells within the battery.

Further, specific energy and energy density data based on cell or single-cell battery per-
formance have to be derated when the weight and volume of the battery case, battery as-
sembly materials, and any ancillary equipment in the battery have to be considered in the
calculation.

Another factor that must be considered, particularly with newly developing battery tech-
nologies, is the difficulty of scaling up laboratory data based on smaller individual batteries
to multicell batteries using larger cells manufactured on a production line.

This chapter will address the issues that the product designer should consider. Cell and
battery manufacturers should also be consulted to obtain specific details on their recommen-
dations for the batteries they market.

5.2 DESIGNING TO ELIMINATE POTENTIAL SAFETY PROBLEMS

Batteries are sources of energy and when used properly will deliver their energy in a safe
manner. There are instances, however, when a battery may vent, rupture, or even explode if
it is abused. The design of the battery should include protective devices and other features
which can prevent, or at least minimize, the problem.

5.1
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5.2 CHAPTER FIVE

Some of the most common causes for battery failure are:

. Short-circuiting of battery terminals

. Excessive high rate discharge or charge

. Voltage reversal, that is, discharging the cells of the battery below 0 V
. Charging of primary batteries

Improper charge control when charging secondary batteries

gA wN e

These conditions may cause an internal pressure increase within the cells, resulting in an
activation of the vent device or a rupture or explosion of the battery. There are a number of
means to minimize the possibilities of these occurrences.

5.2.1 Charging Primary Batteries

All major manufacturers of primary batteries warn that the batteries may leak or explode if
they are charged. As discussed in Sec. 7.4, some primary batteries can be recharged if done
under controlled conditions. Nevertheless, charging primary batteries is not usually recom-
mended because of the potential hazards.

Protection from External Charge. The simplest means of preventing a battery from being
charged from an external power source is to incorporate a blocking diode in the battery pack,
as shown in Fig. 5.1. The diode chosen must have a current rating in excess of the operating
current of the device. It should be rated, at a minimum, at twice the operating current. The
forward voltage drop of the diode should be as low as possible. Schottky diodes are com-
monly used because of their typical 0-5-V drop in the forward direction. Another consider-
ation in selecting the diode is the reverse voltage rating. The peak inverse voltage (PIV)
rating should be at least twice the voltage of the battery.

Blocking diode

U R
-  @-
FIGURE 5.1 Battery circuit incorporating a block- FIGURE 5.2 Series/parallel battery. (a) Without
ing diode to prevent charge. diode protection. (b) With diode protection.
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Protection from Charging within Battery. When multiple series stacks are paralleled
within a battery pack, charging may occur when a detective or a low-capacity cell is present
in one of the stacks (Fig. 5.2a). The remaining stacks of cells will charge the stack with the
defective cell. At best this situation will discharge the good stack, but it could result in
rupture of the cells in the weak stack. To avoid this, diodes should be placed in each series
string to block charging currents from stack to stack (Fig. 5.2b).

When diode protection is used in each series stack, the diode will prevent the stack
containing the defective cell from being charged. The diode should have the following char-
acteristics:

1. Forward voltage drop should be as low as possible, Schottky type preferable.

2. Peak inverse voltage should be rated at twice the voltage of the individual series stack.
3. Forward current rating of the diodes should be a minimum of

where |,, = device operating current

number of parallel stacks

5.2.2 Preventing Battery Short-Circuit Conditions

When a battery is short-circuited through the external terminals, the chemical energy is
converted into heat within the battery. In order to prevent short-circuiting, the positive and
negative terminals of the battery should be physically isolated. Effective battery design will
incorporate the following:

1. The battery terminals should be recessed within the external case (Fig. 5.3a).

2. If connectors are used, the battery should incorporate the female connection. The con-
nector should also be polarized to only permit for correct insertion (Fig. 5.3b).

Battery contacts
7 < recessed in case

/—- Connector

V

Female contacts of different diameters
1o ensure proper connection

(b)
FIGURE 5.3 Design of battery terminals.
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Additional Short-Circuit Protection. In addition it may be also necessary to include some
means of circuit interruption. There are a number of devices which can perform this function,
including:

1. Fuses or circuit breakers

2. Thermostats designed to open the battery circuit when the temperature or current reaches
a predetermined upper limit

3. Positive-temperature-coefficient (PTC) devices that, at normal currents and temperatures,
have a very low value of resistance. When excessive currents pass through these devices
or the battery temperature increases, the resistance increases orders of magnitude, limiting
the current. These devices are incorporated internally in some cells by the cell manufac-
turer. When using cells with internal protection, it is advisable to use an external PTC
selected to accommodate both the current and the voltage levels of the battery application
(see Sec. 5.5.1).

5.2.3 Voltage Reversal

Due to variability in manufacturing, capacities will vary from battery to battery. When dis-
charged in a series configuration, the capacity of the weakest cell in the series string of a
multicell battery will be depleted before the others. If the discharge is continued, the voltage
of the low-capacity cell will reach 0 V and then reverse. The heat generated may eventually
cause pressure buildup in the cell and subsequent venting or rupture. This process is some-
times referred to as “forced discharge.”

A common test to determine the ability of cells to withstand voltage reversal is the forced-
discharge test. The cells are deliberately discharged, at specified currents, to below 0 V by
other cells in a series string or by an external power supply to determine whether a venting,
rupture, or other undesired safety problem arises.

Some cells are designed to withstand a forced discharge to specified discharge currents.
The cells may also be designed with internal protection, such as fuses or thermal cutoff
devices, to interrupt the discharge if an unsafe condition develops.

This condition of cell unbalance could be exacerbated with rechargeable cells as the
individual cell capacities could change during cycling. To minimize this effect, rechargeable
batteries should at least be constructed with “matched” cells, that is, cells having nearly
identical capacities. Cells are sorted, within grades, by at least one cycle of charge and
discharge. Typically cells are considered matched when the capacity range is within 3%.
Recent advances in manufacturing control have reduced the number of cell grades. Some
manufacturers have reached the optimal goal of one grade, which negates the need of match-
ing. This information is readily available from the battery companies.

Battery Design to Prevent Voltage Reversal. Even though matched cells are used, other
battery designs or applications can cause an imbalance in cell capacity. One example is the
use of voltage taps on cells of a multicell battery in a series string. In this design, the cells
are not discharged equally. Figure 5.4 illustrates a battery incorporating voltage taps that
could result in voltage reversal.

For illustration assume I, = 3 A, I, = 2 A, and the cell capacity is 15 Ah. Cells 3 and
4 are being discharged at the 5-h rate, while cells 1 and 2 are being discharged at the
combination of 1, + 1,, or 5 A, a 3-h rate. After 3 h, cells 1 and 2 will be almost depleted
of capacity and will go into voltage reversal if the discharge is continued. Many early battery
designs using Leclanché-type cells incorporated the use of voltage taps. Batteries with as
many as 30 cells in series (45 V) were common with taps typically at 3, 9, 13.5 V, and so
on. When the cells with the lower voltage taps were discharged, they could leak. This leakage
could cause corrosion, but usually these cells would not be prone to rupture. With the advent
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lb=3A
4
3 I Load
2
1

Load

H}j
|

|1+|2=5A
FIGURE 5.4 Battery circuit using voltage taps.

of the high-energy, tightly sealed cells, this is no longer the case. Cells driven into voltage
reversal may rupture or explode. In order to avoid problems, the battery should be designed
with electrically independent sections for each voltage output. If possible, the device should
be designed to be powered by a single input voltage source. DC to DC converters can be
used to safely provide for multiple voltage outputs. Converters are now available with effi-
ciencies greater than 90%.

Parallel Diodes to Prevent Voltage Reversal. Some battery designers, particularly for mul-
ticell lithium primary batteries, add diodes in parallel to each cell to limit voltage reversal.
As the cell voltage drops below zero volts and into reversal, the diode becomes conducting
and diverts most of the current from flowing through the cell. This limits the extent of the
voltage reversal to that of the characteristic of the diode. This use of diodes is shown in Fig.
5.6.

5.2.4 Protection of Cells and Batteries from External Charge

Many battery-powered devices are also operated from rectified alternating-current (AC)
sources. These could include devices which offer both AC and battery operation or devices
which use the battery for backup when the AC power supply fails or is not available.

In the case where the battery is a backup for the main power supply as, for example, in
memory backup, the primary battery must be protected from being charged by the main
power supply. Typical circuits are shown in Fig. 5.5. In Fig. 5.5a two blocking diodes are
used redundantly to provide protection in case of the failure of one. A resistor is used in
Fig. 5.5b to limit the charge current if the diode fails in a closed position. This blocking
diode should have the features of a low voltage drop in the forward direction to minimize
the loss of battery backup voltage, and a low leakage current in the reverse direction to
minimize the charging current.
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RAM RAM

Vee »l Vee >
Diode Diode
Diode Resistor

Lithium battery Lithium batt
ithium battery

(a) (b)

FIGURE 5.5 Protective circuitry for memory backup batteries. (a) Using two diodes.
(b) Using diode and resistor, V., = power supply voltage.

5.25 Special Considerations When Designing Lithium Primary Batteries

Lithium primary batteries contain an anode of elemental lithium (see Chap. 14) and, because
of the activity of this metal, special precautions may be required in the design and use of
the batteries, particularly when multiple cells are used in the battery pack. Some of the
special precautions that should be taken in the design of these batteries, include the following:

1.

When multiple cells are required, due to voltage and/or the capacity requirement of the
application, they should be welded into battery packs, thus preventing the user mixing
cells of different chemistries or capacities if replaceable cells were used.

A thermal disconnect device should be included to prevent the build-up of excessive heat.
Many of the batteries now manufactured include a PTC or a mechanical disconnect, or
both, within the cell. Additional protective thermal devices should be included, external
to the cells, in the design of a multicell battery pack.

The following protective devices should be included:

a. Series diode protection to prevent charging must be included

b. Cell bypass diode protection to prevent excessive voltage reversal of individual cells
in a multicell series and/or series parallel configuration

c. Short circuit protection by means of a PTC, permanent fuse or electronic means, or a
combination of all three

In order to make the used battery safe for disposal, for some lithium batteries the re-
maining lithium within the battery must be depleted. This is accomplished by placing a
resistive load across the cell pack to completely discharge the battery after use. The
resistive load should be chosen to ensure a low current discharge, typically at a five (5)
day rate of the original capacity of the battery. This feature has been used mainly in
military primary lithium batteries.

Figure 5.6 illustrates a typical schematic showing the use of the safety features discussed.
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FIGURE 5.6 Lithium primary battery schematic with series and bypass protection.

5.3 BATTERY SAFEGUARDS WHEN USING DISCRETE BATTERIES

5.3.1 Design to Prevent Improper Insertion of Batteries

When designing products using individual single-cell batteries, special care must be taken
in the layout of the battery compartment. If provisions are not made to ensure the proper
placement of the batteries, a situation may result in which some of the batteries that are
improperly inserted could be exposed to being charged. This could lead to leakage, venting,
rupture, or even explosion. Figure 5.7 illustrates simple battery-holder concepts for cylin-
drical and button batteries, which will prevent the batteries from being inserted incorrectly.
Figure 5.8 shows several other design options for preventing improper installation.

Two commonly used battery circuits that are potentially dangerous without proper battery
orientation are:

1. Series/parallel with one battery reversed (Fig. 5.9). In this circuit, battery 3 has been
reversed. As a result, batteries 1-3 are now in series and are charging battery 4. This
condition can be avoided, if possible, by using a single series string of larger batteries.
Further, as discussed in Sec. 5.2.1, the use of diodes in each series section will at least
prevent one parallel stack from charging the other.

2. Multicell series stack with one battery reversed in position (Fig. 5.10). The fourth battery
is reversed and will be charged when the circuit is closed to operate the device. Depending
on the magnitude of the current, the battery may vent or rupture. The magnitude of the
current is dependent on the device load, the battery voltage, the condition of the reversed
battery, and other conditions of the discharge.

To minimize the possibility of physically reversing a battery, the proper battery orientation
should be clearly marked on the device, with simple and clear instructions. Blind battery
compartments, where the individual batteries are not visible, should be avoided. The best
practice is to use oriented or polarized battery holders, as discussed previously.
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Negative spring
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— contact

Cylindrical battery holder Button or flat cell holder
FIGURE 5.7 Battery holders. (Left) Cylindrical. (Right) Button or flat.
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FIGURE 5.8 Battery contact designs that prevent reverse installation of cells.
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charged.
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5.3.2 Battery Dimensions

At times equipment manufacturers may design the battery cavity of their device around the
battery of a single manufacturer. Unfortunately the batteries made by the various manufac-
turers are not exactly the same size. While the differences may not be great, this could result
in a cavity design that will not accept batteries of all manufacturers.

Along with variations in size, the battery cavity design must also be able to accommodate
unusual battery configurations that fall within IEC standards. For example, several battery
manufacturers offer batteries with negative recessed terminals that are designed to prevent
contact when they are installed backward. Unfortunately negative recessed terminals will
mate only with contacts whose width is less than the diameter of the battery’s terminal.
Figure 5.11a illustrates the dimensional differences between cells with standard and recessed
terminals.

The battery cavity should not be designed around the battery of a single manufacturer
whose battery may be a unique size or configuration. Instead, cavity designs should be based
on International Electrotechnical Commission (IEC) standards and built to accommodate
maximum and minimum sizes. IEC and ANSI standards (see Chap. 4) provide key battery
dimensions, including overall height, overall diameter, pip diameter, pip height, and diameter
of negative cap. Maximum and minimum values are usually specified, as shown in Fig.
5.11b. As these standards are revised periodically, the latest edition should be used.

— F [-—

Optional
N pip
i@ B
[ ? ( : ) ? 4
I
G I T G ) . ,
| Dimensions Max. Min.
I A 50.5
" max.
B . A B 49.0
|
Protruding : c 7.0
negative terminal | D 4.0
I
E 0.5
£ : ¢ F 55
! + : - * J G ' 1.0
\Q */‘/':I: o * N 4.2
S o 0 14.5 13.5
Recessed T C I Dimensions in mm.
negative terminal .

(a) (b)

FIGURE 5.11 (a) Types of battery terminals falling within IEC standards. (b) Illustration of typical standard
IEC dimensions.
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5.4 BATTERY CONSTRUCTION

The following constructional features also should be considered in the design and fabrication
of batteries:

1. Intercell connections

2. Encapsulation of cells

3. Case configuration and materials
4. Terminals and contact materials

5.4.1 Intercell Connections

Soldering is the method of connection for batteries using Leclanché-type cells. Wires are
soldered between the negative zinc can and the adjoining positive cap. This effective method
of construction for these cells is still widely used.

Welding of conductive tabs between cells is the preferred method of intercell connection
for most of the other battery systems. The tab materials for most applications are either pure
nickel or nickel-plated steel. The corrosion resistance of the nickel and its ease of welding
result in reliable permanent connections. The resistance of the tab material must be matched
to the application to minimize voltage loss. The resistance can be calculated from the resis-
tivity of the material, which is normally expressed in ohm-centimeters,

resistivity X length (cm)
cross-sectional area (cm?)

Resistance =

The resistivity values of nickel and nickel-plated steel are

Nickel 6.84 X 107 Q-cm
Nickel-plated steel 10 X 107 Q-cm

For example, the resistance of a tab with dimensions of 0.635-cm width, 0.0127-cm thick-
ness, and 2.54-cm length is

for nickel,
6.84 X 107® x 2.54 s
0635 x 00127 >0 x1070
for nickel-plated steel,
-6
10 X 107® x 2.54 _ 315 % 10-3 O

0.635 x 0.0127

As is evident, the resistance of the nickel-plated steel material is 50% higher than that of
nickel for an equivalent-size tab. Normally this difference is of no significance in the circuit,
and nickel-plated steel is chosen due to its lower cost.
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Resistance spot welding is the welding method of choice. Care must be taken to ensure
a proper weld without burning through the cell container. Excessive welding temperatures
could also result in damage to the internal cell components and venting may occur. Typically
AC or capacitance discharge welders are used.

Both types of welders incorporate two electrodes, typically made of a copper alloy. A
current path is established between the electrodes, melting and fusion of the materials will
occur at the interface of the tab and the cell due to resistance heating. Figure 5.12 illustrates
the commonly used welding techniques. The method shown in Fig. 5.12a is used in more
than 90% of the joints where a tab is welded to a cell surface. Two weld nuggets are formed
for each weld action. When welding circular leads to a cell or tab surface, the procedure
shown in Fig. 5.12b will result in one weld spot per weld action. The procedure in Fig.
5.12c is commonly used when a tab-to-tab weld or similar joints are needed. This latter
method is not recommended for welding to a cell.

] Q
Circular(

lead
L] L]
(a) (b)
Upper Tabs
electrode /]
[ ]
Lower
electrode
(c}

FIGURE 5.12 Various welding configura-
tions used in battery construction.

In all instances the weld should have a clean appearance, with discoloration of the base
materials kept to a minimum. At least two weld spots should be made at each connection
joint. When the weld is tested by pulling the two pieces apart, the weld must hold while the
base metal tears. For tabs the weld diameter, as a rule of thumb, should be three to four
times the tab thickness. For example, a 0.125-mm-thick tab should have a tear diameter of
0.375-0.5 mm. Statistical techniques of weld pull strength for process control are helpful,
but a visual inspection of the weld diameter must accompany the inspection process.

The least preferred method of battery connection is the use of pressure contacts. Although
this technique is used with some inexpensive consumer batteries, it can be the cause of
battery failure where high reliability is desired. This type of connection is prone to corrosion
at the contact points. In addition, under shock and vibration intermittent loss of contact may
result.
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5.4.2 Cell Encapsulation

Most applications require that the cells within the battery be rigidly fixed in position. In
many instances this involves the encapsulation of the cells with epoxy, foams, tar, or other
suitable potting materials.

Care must be taken to prevent the potting material from blocking the vent mechanisms

of the cells. A common technique is to orient the cell vents in the same direction and
encapsulate the battery to a level below the vent, as shown in Fig. 5.13. If possible the
preferred method to keep the cells immobile, within the battery, is through careful case design
without the use of potting materials. Although this method may increase initial tooling costs,
future labor savings could be realized.

Cell vent ~\ /—Tab
i O i

+ +

2 Potting co_n;)ound (

(a) Vertical cell orientation

Cell vent

Potting compound —7

LN N

(b) Horizontal! cell orientation

FIGURE 5.13 Battery encapsulation tech-
niques. (a) Vertical cell orientation. (b) Hori-
zontal cell orientation.

5.4.3 Case Design

Careful design of the case should include the following:

1

2.

Materials must be compatible with the cell chemistry chosen. For example, aluminum
reacts with alkaline electrolytes and must be protected where cell venting may occur.

Flame-retardant materials may be required to comply with end-use requirements. Under-
writers Laboratories, the Canadian Standards Association, and other agencies may require
testing to ensure safety compliance.

Adequate battery venting must allow for the release of vented cell gases. In sealed bat-
teries this requires the use of a pressure relief valve or breather mechanisms.

The design must provide for effective dissipation of heat to limit the temperature rise
during use and especially during charge. High temperatures should be avoided as they
reduce charge efficiency, increase self-discharge, could cause cell venting, and generally
are detrimental to battery life. The temperature increase is greater for a battery pack than
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for an individual or separated cells as the pack tends to limit the dissipation of heat. The
problem is exacerbated when the pack is enclosed in a plastic case. This is illustrated in
Fig. 5.14, which compares the temperature rise of groups of cells with and without a
battery case.

Charge

Rest| Discharge
h i

; ok
0.2C x 150% |

Voltage

Temperature

@ ®
% ® ® _Plastic case
% % i~ Thermistor
q:‘ |

© ©

FIGURE 5.14 Temperature increase characteristics during charge of battery
pack.

5.4.4 Terminal and Contact Materials

Terminal material selection must be compatible with the environments of the battery contents
as well as the surroundings. Noncorrosive materials should be selected. Nickel-cadmium and
Nickel-metal hydride batteries typically use solid nickel contacts to minimize corrosion at
the terminal contacts.

A number of factors must be considered when specifying contact materials. Several prin-
ciples apply to the substrate. The normal force provided by the contact must be great enough
to hold the battery in place (even when the device is dropped) and to prevent electrical
degradation and any resulting instability. Contacts must be able to resist permanent set. This
refers to the ability of the contact to resist permanent deformation with a set number of
battery insertions. Temperature rise at high current drains due to the resistance of the contact
material must be limited. Excessive temperature increase could lead to stress relaxation and
loss in contact pressure as well as to the growth of oxide films which raise contact resistance.
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A common way to minimize contact resistance is to provide a wiping action of the device
contact to the battery contact when the battery is inserted in place. Most camcorder batteries
incorporate this feature.

Coatings should be selected to satisfy requirements not met by the substrate material,
such as conductivity, wear, and corrosion resistance. Gold is an optimal coating due to its
ability to meet most of the requirements. However, other materials may be used. Table 5.1
lists the characteristics of various materials used as contacts.

TABLE 5.1 Contact Materials

Gold plating Provides the most reliable metal-to-metal contact under all environmental
conditions
Nickel (solid) Provides excellent resistance to environmental corrosion and is second only to
gold plating as a contact material; material can be drawn or formed.
Nickel-clad Performs almost as well as solid nickel, with excellent resistance to
stainless steel environmental corrosion
Nickel-plated Very good material; unplated stainless steel is not recommended due to the
stainless steel adverse impact of passive films which develop on stainless steel resulting in
poor electrical contact
Inconel alloy Provides good electrical conductivity and good corrosion resistance; if

manufacturers prefer to solder the contact piece in the circuit, soldering may
be difficult unless an active flux is used
Nickel-plated The most economical contact material; continuous, nonporous nickel plating of
cold-rolled steel 200 um is preferred

5.5 DESIGN OF RECHARGEABLE BATTERIES

All of the criteria addressed for the design of primary batteries should be considered for the
design of rechargeable batteries.

In addition, multicell rechargeable batteries should be built using cells having matched
capacities. In a series-connected multicell battery, the cell with the lowest capacity will
determine the duration of the discharge, while the one with the highest capacity will control
the capacity returned during the charge. If the cells are not balanced, the battery will not be
charged to its designed capacity. To minimize the mismatch, the cells within a multicell
battery should be selected from one production lot, and the cells selected for a given battery
should have as close to identical capacities as possible. This is especially important with
lithium-ion batteries, because due to the need for limiting current during charge, it is not
possible to balance the capacity of the individual cells with a top-off or trickle charge.

Furthermore, safeguards must be included to control charging to prevent damage to the
battery due to abusive charging. Proper control of the charge process is critical to the ultimate
life and safety of the battery. The two (2) major considerations to be addressed include:

1. Voltage and current control to prevent overcharge

2. Temperature sensing and response to maintain the battery temperature within the range
specified by the battery manufacturers.
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5.5.1 Charge Control

The controls for voltage and current during charge for most batteries are contained in the
charger. Nickel-cadmium and nickel-metal hydride batteries may be charged over a fairly
broad range of input current, ranging from less than a 0.05C rate to greater than 1.0C. As
the charge rate increases, the degree of charger control increases. While a simple, constant
current control circuit may be adequate for a battery being charged at a 0.05C rate, it would
not suffice at a rate of 0.5C or greater. Protective devices are installed within the battery to
stop the charge in the event of an unacceptable temperature rise. The thermal devices that
can be used include the following:

1. Thermistor: This device is a calibrated resistor whose value varies inversely with tem-
perature. The nominal resistance is its value at 25°C. The nominal value is in the Kohm
range with 10K being the most common. By proper placement within the battery pack,
a measurement of the temperature of the battery is available and T, ., T, and AT/At or
other such parameters can be established for charge control. In addition, the battery tem-
perature can be sensed during discharge to control the discharge, e.g., turn off loads to
lower the battery temperature, in the event that excessively high temperatures are reached
during the discharge.

2. Thermostat (Temperature Cutoff, TCO): This device operates at a fixed temperature and
is used to cut off the charge (or discharge) when a preestablished internal battery tem-
perature is reached. TCOs are usually resettable. They are connected in series within the
cell stack.

3. Thermal Fuse: This device is wired in series with the cell stack and will open the circuit
when a predetermined temperature is reached. Thermal fuses are included as a protection
against thermal runaway and are normally set to open at approximately 30-50°C above
the maximum battery operating temperature. They do not reset.

4. Positive Temperature Coefficient (PTC) Device: This is a resettable device, connected in
series with the cells, whose resistance increases rapidly when a preestablished temperature
is reached, thereby reducing the current in the battery to a low and acceptable current
level. The characteristics of the PTC device are shown in Fig. 5.15. It will respond to
high circuit current beyond design limits (such as a short circuit) and acts like a resettable
fuse. It will also respond to high temperatures surrounding the PTC device, in which case
it operates like a temperature cutoff (TCO) device.

Figure 5.16 shows a schematic of a battery circuit, indicating the electrical location of
these protective devices. The location of the thermal devices in the battery assembly is critical
to ensure that they will respond properly as the temperature may not be uniform throughout
the battery pack. Examples of recommended locations in a battery pack are shown in Fig.
5.17. Other arrangements are possible, depending on the particular battery design and ap-
plication.

Details of the specific procedures for charging and charge control are covered in the
various chapters on rechargeable batteries.
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FIGURE 5.15 Characteristics of a typical positive
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FIGURE 5.17 Location of protective devices in battery.
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5.5.2 Example of Discharge/Charge Control

Electronic circuitry can be used to maximize battery service life by cutting off the discharge
as close to the specified end or cut-off voltage as possible.! Ending the discharge at too high
a voltage will result in a loss of a significant amount of battery capacity; ending it at too
low an end voltage and, thus, discharging the battery beyond its safe cut-off could cause
permanent damage to the battery.2 Similarly, on charge, accurate control, as discussed above,
will enable a maximum charge under safe conditions without damage to the battery.

This is especially important for the lithium-ion battery for which the preferred charge
protocol for a high rate charge is to start the charge at a relatively high, usually constant
current to a given voltage and then taper charging at a constant voltage to a given current
cutoff. Exceeding the maximum voltage is a potential safety hazard and could cause irre-
versible damage to the battery. Charging to a lower voltage will reduce the capacity of the
battery.®

Another interesting example is the control of charge for hybrid electric vehicles (HEV).
In this application, it is advantageous to obtain close to 100% charge efficiency or charge
acceptance rather than maximum battery capacity. The charge acceptance for a battery at the
low state-of-charge (SOC) is close to 100%. As the battery is charged, charge acceptance
becomes progressively poorer, particularly above 80% SOC.* (At full charge, the charge
acceptance is zero). In the HEV application using nickel-metal hydride batteries, the charge
control keeps the stage-of-charge, under normal driving and regenerative braking conditions,
as close to 50% SOC as possible, and preferably within 30 to 70%. At these states-of-charge,
the coulombic charge efficiency is very high.®

Other useful information also can be included in the chip, such as manufacturing infor-
mation, chemistry, design data serial number, and cycle count.

5.5.3 Lithium-lon Batteries

Special controls should be used with Lithium-ion batteries for management of charge and
discharge. Typically, the control circuit will address the following items that affect battery
life and safety.

Cell Voltage: The voltage of each individual cell in the battery pack is monitored on a
continuous basis. Depending on the specific lithium-ion battery chemistry that is used, the
upper voltage limit on charge, as specified by the manufacturer, is usually limited between
4.1 to 4.3 volts. On discharge, the cell voltage should not fall below 2.5 to 2.7 volts.

Temperature Control: As with any battery system, high temperature will cause irrevers-
ible damage. Internal battery temperature, for most applications, should be kept below 75°C.
Temperature cutoff, with a trip of 70°C and reset temperature in the range of 45°C, is
routinely used. Temperatures in excess of 100°C could result in permanent cell damage. For
this, permanent type fuses are used; typically set for 104°C with a tolerance of +/— 5°C.

Short Circuit Protection: Normally, current limits are incorporated into the protection
circuits. As a backup, a PTC device or fuse is placed in series with the battery pack. It is
advisable to place the PTC between the pack assembly and the output of the battery. By
placing it at this point, the PTC will not interfere with the operation of the upper or lower
voltage detection of the electronic control circuit.
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5.6 ELECTRONIC ENERGY MANAGEMENT AND DISPLAY—

“SMART” BATTERIES

During the past decade, an important development in rechargeable battery technology has
been the introduction of the use of electronic microprocessors to optimize the performance
of the battery, control charge and discharge, enhance safety and provide the user with in-
formation on the condition of the battery. The microprocessor can be incorporated into the
battery (the so-called smart battery), into the battery charger, or into the host battery-using
equipment.

Some of the features include:

. Charge control. The microprocessor can monitor the battery during charge controlling

charge rate and charge termination, such as t, V.., —AV, AT, and AT/At, to cut off the
charge or to switch to a lower charge rate or another charge method. Constant current to
constant voltage charge can be controlled and options can be incorporated into the chip
for pulse charging, “reflex’” charging (a brief periodic discharge pulse during charge), or
other appropriate control features.

. Discharge control. Discharge control is also provided to control such conditions as dis-

charge rate, end-of-life cutoff voltage (to prevent overdischarge), cell equalization and
temperature management. Individual cells, as well as the entire battery pack, can be
monitored to maintain cell balance during cycling.

. State-of-charge indicator. These devices, commonly known as ““gas gauges,” estimate the

remaining battery capacity by factoring in such variables as the discharge rate and time,
temperature, self-discharge, charge rate and duration. The remaining capacity is normally
displayed by a sequence of illuminated LEDs or as a direct output to the device being
powered.

. Other information. Data is collected during the life of the battery to update the database

and, as needed, make changes to maintain optimum performance. Other information can
also be included or collected, such as battery chemistry and characteristics, manufacturing
information (battery manufacturer can electronically ““stamp” batteries at time of manu-
facture) and battery history, cycle count and other such data for a complete accounting
of the battery’s usage.

There are several main elements to consider in the design of smart batteries:®

. Measurement. There are several parameters that can be measured directly to provide the

basic information for the microprocessor. These include voltage, current, temperature and
time. It is important that these measurements be made as accurately as possible to provide
the best data for control.

For example, voltage measurements are critical as the charge control (charge termi-
nation) depends on the battery voltage which, in some instances, should be accurate to
at least 0.05 volts. An inaccurate measurement could result in under or overcharge which
could result in short service life or damage to the battery, respectively. Or, in the case of
the lithium-ion battery, overcharge could be a safety hazard. Similarly, on discharge,
cutting off the discharge prematurely results in an unnecessarily shortened service life
while overdischarge could, again, result in damage to the battery.

Errors in the measurement of current affect not only the calculation of capacity and
the state-of-charge *““gas gauge,” but influence the termination of charge and discharge as
the termination voltages may vary depending on the current. Complicating this measure-
ment is that the current is not a constant value, particularly during the discharge, with
multiple power modes and high current pulses as short as milliseconds.

Likewise, temperature is an important parameter as the performance of batteries is
highly temperature dependent and exposure to high temperatures can cause irreversible
damage to the cells.
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2. Calculation. The calculation step covers the procedures for using the measured data as
well as the algorithms to estimate battery performance (e.g. capacity at various discharge
loads and temperature), charge acceptance, self-discharge, etc. Early ““smart battery” elec-
tronics used simple linear models for these parameters which severely limited the accuracy
in predicting the battery’s performance. As noted in the descriptions of battery perform-
ance in the various chapters in this Handbook, battery performance, e.g. with respect to
current drain and temperature is not linear. Self-discharge, similarly, is a complex rela-
tionship influenced at least by temperature, time, state of charge and the discharge load
at which it is measured. Further, the performance of even those batteries using the same
chemistry, varies with design, size, manufacturer, age, etc. A good algorithm will account
for these relationships for control, predicting remaining service life and assuring safe
operation.

As an example, Fig. 29.23 is an illustration showing the non-linear relationship of the
rate of self discharge with temperature and time.

3. Communication. Clear, accurate and secure communication is important between the bat-
tery and host charger and the battery-using equipment for each component to obtain data
or provide needed data to one of the other components. For example, the battery charger
must be informed of the characteristics of the battery it is charging, the battery’s state of
charge, charge voltage and current requirements, charge-off, etc. The smart battery must
also communicate to the user who may require information, such as remaining battery
life, power levels, charge time and other characteristics to facilitate the use of the equip-
ment.

4. Errors. As discussed under Measurement, it is important that parameters be measured
accurately as inaccurate ones would not only result in incorrect decisions on the battery’s
capability but could result in damage to the battery or safety problems. In addition, the
Smart Battery provides information on the margin-of-error in the state-of-charge calcu-
lation. This function is called “MaxError” and has a range of 0 to 100%. If the
“MaxError” displays 20% and the ““State-of-Charge” displays 30%, the actual state-of-
charge is between 30 and 50%. If this loss of capacity is due to self-discharge while the
battery is on stand and the rate of self-discharge does not follow the installed algorithm,
the “MaxError” will increase. The user can correct this by, for example, fully charging
the battery after a full discharge. This will restore the battery to full capacity and the
battery will sense the “Reset” condition and return the MaxError to zero. It is possible
to output an alarm when the MaxError has reached a programmed limit, alterting the user
that a reset cycle is warranted.

5.6.1 The Smart Battery System

In order to ensure effective communication between the battery and host device, standard
methods of communication are required. One method developed by battery manufacturers
and microprocessor companies is the Smart Battery System (SBS) based on the System
Management Bus. In 1995, the “Smart Battery Data Specification” was released by the SBS
Forum. These specifications detail the communications method, protocols and the data in-
terfaces between various devices. These specifications are periodically updated and available
on the forum website, www.sbhs-forum.org.

The goal of the Smart Battery interface is to provide adequate information for power
management and charge control regardless of the particular battery’s chemistry. Even though
the major consumer of the battery information is the user, the system can also take advantage
by using power consumption information to better manage its own power use. A charging
system will be able to tell the user how long it will take to fully charge the battery.

One possible Smart Battery model is a system consisting of a battery, battery charger and
a host (notebook computer, video camera, cellular phone, or other portable electronic equip-
ment) as illustrated in Figure 5.18.
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FIGURE 5.18 Outline of a Smart Battery System (from Reference 7).

The Smart Battery consists of a collection of cells or single-cell batteries and is equipped
with specialized hardware that provides present state, calculated and predicted information
to its SMBus Host. These may monitor particular environmental parameters in order to
calculate the required data values. The electronics need not be inside the Smart Battery if
the battery is not removable from the device.

The Smart Battery communicates with the other devices (such as the SM (System Man-
agement) Bus Host and the Smart Battery Charger) via two separate communication inter-
faces:

The first uses the SMBus CLOCK and DATA lines and is the primary communication
channel between the Smart Battery and other SMBus devices. The Smart Battery will
provide data when requested, send charging information to the Stuart Battery Charger,
and broadcast critical alarm information when parameters (measured or calculated)
exceed predetermined limits within the particular Smart Battery.

The other required communication interface is the secondary signaling mechanism
or ‘Safety Signal’ on a Smart Battery pack connector. This is a variable resistance
output from the Smart Battery which indicates when charging is permitted. It is meant
as an alternate signaling method should the SMBus become inoperable. It is primarily
used by the Smart Battery Charger to confirm correct charging.

The Smart Battery Charger is a charging circuit that provides the Smart Battery with
charging current and charging voltage to match the Smart Battery’s requested requirements.
The battery charger periodically communicates with the Smart Battery and alters its charging
characteristics in response to information provided by the Smart Battery. This allows the
battery to control its own charge cycle. Optionally, the Smart Battery Charger may not allow
the Smart Battery to supply power to the rest of the system when the Smart Battery is fully
charged and the system is connected to AC power, thus prolonging the life of the battery.
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The Smart Battery Charger will also receive critical events from the Smart Battery when
it detects a problem. These include alarms for charging conditions or temperature conditions
which exceed the limits set within the particular Stuart Battery.

The SM Bus is a specific implementation of a PC-bus that describes data protocols, device
addresses and additional electrical requirements that is designed to physically transport com-
mands and information between the components of the Smart Battery system.

The SMBus Host represents a piece of electronic equipment that is powered by a Smart
Battery and that can communicate with the Smart Battery. The SMBus Host requests infor-
mation from the battery and then uses it in the systems power management scheme and/or
uses it to provide the user information about the battery’s state and capabilities. The SMBus
Host will also receive critical events from the Smart Battery when it detects a problem. In
addition to the alarms sent to the Smart Battery Charger, it receives alarms for end of
discharge, remaining capacity below the user set threshold value and remaining run time
below the user set threshold value.

Figure 5.19 is a schematic block diagram of a Smart Battery system, in this case for a
three cell Lithium-lon battery.
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FIGURE 5.19 Schematic block diagram of a Lithium lon three cell battery with SMBus output or gas gauge display.
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The battery incorporates five terminals, battery plus and minus, clock, data and a safety

signal, typically temperature. If the battery is hard wired into the host, the electronics need
not be inside the battery. When the mechanical construction is complete, it must be pro-
grammed with the information such as chemistry, charge current, maximum voltage, etc.
The information that is available to the host and charger includes:

1.

O N OA WD

Charge instructions for voltage, current and temperature

Battery design capacity

Remaining time to full charge

Remaining run time

Operating voltage, current, power, and temperature

Battery cycle count

Manufacturer’s name, model, serial number and date of manufacture
Other information

5.7 GUIDELINES

In addition to the material covered in the preceding sections, the following should be con-
sidered in the design and fabrication of batteries:

1. Allow for the thermal expansion of battery components as well as the change in cell
volume which accompanies discharge.

2. Consider the implications of cell leakage on equipment components, intercell weld or
solder connections, and other battery components such as potting compounds, wire in-
sulation, and adhesives. Locate the battery compartment in the device, such as to minimize
the effects of possible leakage.

3. Wire leads and intercell connectors should be properly isolated and insulated to preclude
the development of short circuits during the assembly process as well as during the life
of the battery.

4. Intercell and battery connections need to be carefully made to withstand the severity of
the equipment environment. Intercell connections shall be welded rather than soldered to
avoid heat conduction to the interior of the cell.

5. Handle cells carefully to avoid inadvertent short circuits and discharge.

6. Avoid the use of high-exotherm potting compounds during battery fabrication.

7. Always vent the battery compartment in the device, allowing for release of any buildup
of gas pressure. Avoid any confined pockets in the device where these gases may accu-
mulate.
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CHAPTER 6

SELECTION AND APPLICATION
OF BATTERIES

David Linden

6.1 GENERAL CHARACTERISTICS

The many and varied requirements for battery power and the different environmental and
electrical conditions under which they must operate necessitate the use of a number of
different types of batteries and designs, each having the most advantageous performance
under specific operational conditions.

Although many advances have been made in battery technology in recent years, as illus-
trated in Fig. 1.6 and discussed in more detail in Secs. 7.1 and 22.1, both through continued
improvement of a specific electrochemical system and the development and introduction of
new battery chemistries, there is still no one “ideal” battery that performs optimally under
all operating conditions. As a result, over time, many different electrochemical systems and
battery types have been and are still being investigated and promoted. However, a relatively
small number have achieved wide popularity and significant production and sales volumes.
The less conventional systems are typically used in military and industrial applications re-
quiring the specific capabilities offered by these special batteries.

The ““ideal” electrochemical cell or battery is obviously one that is inexpensive, has
infinite energy, can handle all power levels can operate over the full range of temperature
and environmental conditions, has unlimited shelf life, and is completely safe and consumer-
proof. In practice, energy limitations do exist as materials are consumed during the discharge
of the battery, temperature and discharge rate affect performance and shelf life is limited due
to chemical reactions and physical changes that occur, albeit slowly in some cases, during
storage. The use of energetic component materials and special designs to achieve high energy
and power densities may require precautions during use to avoid electrical and physical abuse
and problems related to safety. Further, the influence of the conditions of discharge, charge
and the use of the battery, as discussed in Chap. 3, must the considered.

It should be recognized that while the demands of battery-using equipments continually
seek smaller and more energetic and powerful batteries, these requirements may not neces-
sarily be met because of the theoretical and practical limits of battery technology.

The selection of the most effective battery and the proper use of this battery are critical
in order to achieve optimum performance in an application.

6.1
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6.2 MAJOR CONSIDERATIONS IN SELECTING A BATTERY

A number of factors must be considered in selecting the best battery for a particular appli-
cation. The characteristics of each available battery must be weighed against the equipment
requirements and one selected that best fulfills these needs.

It is important that the selection of the battery be considered at the beginning of equipment

development rather than at the end, when the hardware is fixed. In this way, the most effective
compromises can be made between battery capabilities and equipment requirements.

1.
2.

3.

© © N oG

10.

11.

12.

13.

14.

15.

The considerations that are important and influence the selection of the battery include:

Type of Battery: Primary, secondary, or reserve system

Electrochemical System: Matching of the advantages and disadvantages and of the bat-
tery characteristics with major equipment requirements

Voltage: Nominal or operating voltage, maximum and minimum permissible voltages,
voltage regulation, profile of discharge curve, start-up time, voltage delay

Load Current and Profile: Constant current, constant resistance, or constant power; or
others; value of load current or profile, single-valued or variable load, pulsed load

Duty Cycle: Continuous or intermittent, cycling schedule if intermittent
Temperature Requirements: Temperature range over which operation is required

. Service Life: Length of time operation is required

Physical Requirements: Size, shape, weight; terminals

Shelf Life: Active/reserve battery system; state of charge during storage; storage time a
function of temperature, humidity and other conditions

Charge-Discharge Cycle (if Rechargeable): Float or cycling service; life or cycle re-
quirement; availability and characteristics of charging source; charging efficiency

Environmental Conditions: Vibration, shock, spin, acceleration, etc.; atmospheric con-
ditions (pressure, humidity, etc.)

Safety and Reliability: Permissible variability, failure rates; freedom from outgassing or
leakage; use of potentially hazardous or toxic components; type of effluent or signature
gases or liquids, high temperature, etc.; operation under severe or potentially hazardous
conditions; environmentally friendly

Unusual or Stringent Operating Conditions: Very long-term or extreme-temperature stor-
age, standby, or operation; high reliability for special applications; rapid activation for
reserve batteries, no voltage delay; special packaging for batteries (pressure vessels, etc.);
unusual mechanical requirements, e.g., high shock or acceleration, nonmagnetic

Maintenance and Resupply: Ease of battery acquisition, accessible distribution; ease of
battery replacement; available charging facilities; special transportation, recovery, or dis-
posal procedures required

Cost: Initial cost; operating or life-cycle cost; use of critical or exotic (costly) materials
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6.3 BATTERY APPLICATIONS

Electrochemical batteries are an important power source and are used in a wide variety of
consumer, industrial, and military applications. Annual worldwide sales exceed $50 hillion.

The use of batteries is increasing at a rapid rate, much of which can be attributed to
advancing electronics technology, lower power requirements, and the development of port-
able devices which can best be powered by batteries. Other contributing factors are the
increased demand for battery-operated equipment, the opening of many new areas for battery
applications ranging from small portable electronic devices to electric vehicles and utility
power load leveling.

Batteries have many advantages over other power sources, as outlined in Table 6.1 They
are efficient, convenient, and reliable, need little maintenance, and can be easily configured
to user requirements. As a result, batteries are used in an extremely wide range and variety
of sizes and applications—from as small as 3 mAh for watches and memory backup to as
large as 20,000 Ah for submarine and standby power supplies.

TABLE 6.1 Application of Batteries

Advantages Limitations
Self-contained power source High cost (compared with utility power)
Adaptable to user configuration: Use of critical materials
Small size and weight—portability Low energy density
Variety of voltages, sizes, and configurations Limited shelf life

Compatible with user requirements

Ready availability

Reliable, low maintenance, safe, minimum, if any,
moving parts

Efficient conversion over a wide range of power
demands

Good power density (with some types)

Efficient energy-storage device

6.3.1 Summary of Battery Applications

A generalized summary of battery applications, listing the various battery types and identi-
fying the power level and operational time in which each finds its predominant use, is shown
in Fig. 6.1 As with any generalization, there are many instances in which the application of
a particular battery will fall outside the limits shown.

Primary batteries are used typically from low to moderately high power drain applica-
tions, to a large extent with the familiar flat, button, or cylindrical configurations. They are
a convenient, usually relatively inexpensive, lightweight source of packaged power and, as
a result, are used in a variety of portable electric and electronic equipment. The so-called
“dry-cell”” is widely used in lighting devices, toys, radios, cameras, PDA’s, and many other
such consumer products. Flat or button batteries are popular in watches, calculators, pho-
tographic equipment, and as a battery backup for memory preservation. Similarly, primary
batteries are used extensively in industrial and military applications to power portable com-
munication, radar, night vision, surveillance, and other such equipment. Larger-sized primary
batteries are also produced, mainly for special applications such as navigation aids, standby
power, and remote-area uses, where their high capacity and energy density, long shelf life,
and freedom from recharging and maintenance are important requisites.
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Secondary (rechargeable) batteries are used as energy-storage devices, generally con-
nected to and charged by a prime energy source and delivering their energy to the load on
demand. Examples of this type of service are the lead-acid automotive starting, lighting, and
ignition (SLI) battery, which is by far the major secondary battery application, hybrid electric
vehicles standby electric systems including uninterruptible power systems (UPS) and load
leveling. Secondary batteries are also used in applications where they are discharged and
recharged subsequently from a separate power source. Examples of this type of service are
electric vehicles and many applications, particularly portable devices, such as computers,
cellular phones and camcorders, where the secondary battery is preferred in place of primary
batteries, either for cost saving as they can be recharged or to handle power levels beyond
the capability of conventional primary batteries.

The special and reserve primary batteries are used in selected applications usually re-
quiring batteries which are capable of high-rate discharges for short periods of time after
long-term storage in an inactivated or “reserve’ condition. Many of these are used by the
military for munitions and missiles.

The solid electrolyte batteries are low-rate batteries, operating in the microampere range,
but with extremely long operational and shelf life. They are used in computer memory
backup, cardiac pacemakers, and other applications requiring high reliability and extremely
long active life.

The fuel cell is used in those applications requiring long-term continuous operation. Its
major application to date has been as the power source in space flights. Larger sizes are now
in development as alternatives to moderate-power engine generators, utility load leveling and
electric vehicle propulsion. Most recently, portable-sized air-breathing fuel cells, using fuels,
such as hydrogen and methanol stored in containers, are being investigated in the subkilowatt
power level alternatives to batteries. (See Part IV.)
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FIGURE 6.1 Predominant application field for various types of batteries.
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6.3.2 Portable, Industrial and Electric Vehicle Applications

A listing of a number of the major applications of batteries is given in Table 6.2a. These
are listed in the following three major categories.

Portable Applications. This is a rapidly expanding area as many new portable devices are
being introduced which are designed to operate only with batteries or, in some instances
such as laptop computers, to operate with either batteries or AC line power. Both primary
and secondary batteries are used in these portable equipments depending on service life and
power requirements, convenience, cost and other factors discussed in Sec. 6.4.

Industrial Applications. Larger-sized batteries, usually rechargeable, are used in these ap-
plications. In many of these applications, the batteries are used as back-up power in the
event of an AC power failure. In some instances, such as with munitions, navigation aids
and satellites, primary or reserve type batteries are used where an electrical source is not
available for recharging. This is another area that is expanding rapidly to meet the demands
for uninterrupted power sources (UPS) for computer and other sophisticated systems which
require 24/7 operation with extremely high reliability.

Vehicular and Traction Applications. Batteries have been an important power source for
these applications, including starting, lighting and ignition (SLI) application and for the main
power source for fork-lift trucks, golf carts and other such vehicles. This also is a growing
area for battery application with the goal to replace the internal combustion engine with an
environmental-friendly power source or provide a hybrid system which will improve the
efficiency of fossil fuel engines and reduce the amount of objectionable and hazardous ef-
fluents.

The specific types of batteries in each classification and the major applications and char-
acteristics of the batteries are covered in the appropriate chapters of this Handbook. Table
6.2a also lists the Chapters and Sections in this Handbook where some of the applications
are discussed in more detail.

The current drains of some of the portable equipments are listed in Table 6.2b to illustrate
the wide range of the requirements, from microamperes to over an ampere. Although the
values are specified in amperes, some of the equipments, such as flashlights, have a resistive
load. Many of the newer equipments present a constant current or a constant power load,
and in some cases, a constant energy load as the photoflash cameras. In fact, with the more
sophisticated equipments, the load is not constant, but will vary, not only in current or power
drain, but in the type of load, depending on the particular function of the device that is
operating at a particular time.

Note. As discussed in Chap. 3, when evaluating batteries for a specific application, it is
important to use the equipment loads and discharge conditions as inaccurate results will be
obtained in these conditions are not correctly simulated. Further, the results could also be
significantly different from the rated capacity or generalized performance data and charac-
teristics of a particular battery.
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TABLE 6.2a Typical Battery Applications

Portable

Industrial and government

\ehicular

Applicances and household
equipment

Audio and communication
equipment

Cameras and photographic
equipment

Computers and calculators,
PDAs

Emergency transmitters

Hearing aids

Implants

Lighting

Medical appliances

Memory back-up

Meteorological equipment

Meters, test equipment, and
instrumentation

Signals and alarms

Auxillary and emergency
(standby power)
Electrical energy storage
Load leveling
Munitions and missiles
Navigations aids
Oceanographic equipment
Railway signaling
Satellites and spacecraft
Surveillance and detection

Uninterruptible power systems

Aircraft batteries

Electric vehicles, including golf

carts, bicycles

Engine starting

Industrial and commercial
equipment

Submarine and underwater
propulsion

Vehicle (SLI batteries)

Telephones
Tools
Toys
Watches, clocks
References References References
Section 6.4.2 Section 16.2 Section 23.1, 23.4, 23.5
Section 7 Section 23.1, 23.6 Section 24.9.4
Section 13 Section 24.9.5 Section 25.4, 25.5, 25.6
Section 17.6 Section 32.6 Section 26.6.4
Section 21 Section 33.8 Section 30.5, 30.8
Section 38.3.2, 38.3.3 Chapter 37 Section 31.7
Section 42.3, 42.4 Section 38.3.3, 38.4 Chapter 37
Section 39.7.2 Section 38.5

Section 40.3.2, 40.4.2
Section 41.5.1
Chapter 43

Section 39.1.1
Section 40.3.2, 40.4.2
Section 41.5.2
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TABLE 6.2b Current Drain in Battery-Operated

Portable Devices

Device

Current drain, mA

Cassette recorders

Disk players
Calculators: (LCD)
Cameras:
Photo flash
Autowind
Digital cameras

Cellular phones
Camcorders

Computers
Palm held
Note book
Laptop
Fluorescent lamps
Flashlights
Memory
Remote controls

Radios:
With 9-V battery

With cylindrical cells

Walkman

Smoke detector:
Background
Alarm
Toys:
Motorized (radio controlled)
Electronic games
Video games

TV (portable)
Travel shaver

Watches:

LCD
LED

70-130 (low)
90-150 (medium)
100-200 (high)
100-350

<1

800-1600
200-300
500-1600

300-800
700-1000

400-800
500-1500
800-1000

500-1000
100-700
microamperes
10-60

8-12 (low volume)
10-15 (medium)
15-45 (high)

10-20 (low volume)
20-30 (medium)
30-100 (high)
200-300

10-15 microamperes
10-35

600-1500
20-250
20-200

400-700
300-500

10-25 (backlight)
10-40
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6.4 PORTABLE APPLICATIONS

6.4.1 General Characteristics

The characteristics of the conventional and advanced primary and secondary batteries on a
theoretical basis are summarized in Table 1.2. This table also lists the characteristics of each
of these batteries, based on the actual performance of a practical battery, under conditions
close to optimum for that battery. As discussed in Chaps. 1 and 3:

¢ The actual capacity available from a battery is significantly less (about 20 to 30%) than
the theoretical capacity of the active materials.

e The actual capacity is also less than the theoretical capacity of a practical battery, which
includes the weight of the non-energy-producing materials of construction as well as the
active materials.

e The capacity of a battery under specific conditions of use could vary significantly from
the values listed in Table 1.2. These values are based on designs and discharge conditions
optimized for energy density, and while they can be helpful to characterize the energy
output of each battery system, the performance of the battery under specific conditions of
use should be obtained before any final comparisons or judgments are made.

In general, the capacity of the conventional aqueous secondary batteries is lower than that
of the conventional aqueous primary batteries (Table 1.2), but they are capable of perform-
ance on discharges at higher current drains and lower temperatures and have flatter discharge
profiles (see Figs. 6.2 to 6.6). The conventional primary batteries have and advantage in
shelf life or charge retention compared to the secondary batteries (see Fig. 6.7). Most primary
batteries can be stored for several years and still retain a substantial portion of their capacity,
while most of the conventional secondary batteries lose their charge more rapidly and must
be kept charged during storage or charged just before use.

These differences are due to both the electrochemical systems and the cell designs that
were selected for the conventional batteries. Typically the more energetic and not readily
rechargeable materials, such as zinc, were selected for the primary cells. Also, the bobbin
construction was usually used for the primary batteries to obtain higher energy densities
while designs providing more surface area lower internal resistance and higher rate capability
were used for the rechargeable batteries.

Some of these differences are not longer that distinct as similar chemistries and designers
are used for some of the primary and secondary batteries. For example, a primary battery,
using the spirally wound electrode design, will have a similar rate capability as the secondary
battery using the same design and chemistry. Likewise, the charge retention of that secondary
battery will be similar to the charge retention of that primary battery. However, the capacity
of the primary battery should always be higher because of the features that have to be added
to the secondary battery to achieve effective recharging.

The advantages and general characteristics of primary and secondary batteries for portable
applications also are compared in the next section. More detailed characteristics of the dif-
ferent battery types are presented in the appropriate chapter of this handbook. These data,
rather than the more generalized data presented in this section, should be used to evaluate
the specific performance of each battery.
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6.4.2 Characteristics of Batteries for Portable Equipment

Portable, battery-operated electric and electronic equipments once were typically powered
by primary batteries. However, the development of small, maintenance-free rechargeable
batteries made it possible for secondary batteries to be used in applications which had been
almost exclusively the domain of the primary battery. The trade-off, thus, is between a
possible lower life-cycle cost of the secondary battery because it can be recharged and reused
and the convenience of using a replaceable primary battery.

The development of new portable applications, such as power tools, computer camcorders,
PDAs, and cellular phones, with high power requirements accelerated the use of these re-
chargeable batteries because of their power advantage over conventional types of primary
batteries. The newer primary batteries, particularly those using the lithium anode, which have
a high specific energy and energy density and good power density, can be used in some of
these higher-power applications. Further, advances in electronics technology are gradually
reducing the power requirements of a number of these equipments to levels where the pri-
mary battery can give acceptable performance. In some applications, therefore, the equipment
is being designed to be powered by either a rechargeable or a primary battery, leaving the
choice to the user. The user can opt for the convenience, freedom from charging, and longer
shelf life of the primary or the potential cost saving with the rechargeable batteries.

Tables 1.2 and 6.3 and the figures in this section compare the performance of the major
primary and rechargeable batteries used for portable applications. These comparisons show
the following.

1. The primary batteries, particularly the lithium types, depending on the discharge con-
ditions can deliver up to eight times the watthour capacity of the conventional aqueous
secondary batteries. Similarly, the new rechargeable batteries using lithium and other high-
energy materials will have higher capacities than the conventional secondary batteries. These
capacities, however, will most likely be lower than those of the primary batteries using
similar chemistries.

2. The aqueous secondary batteries generally have better high-rate performance than the
primary batteries. The lithium primary batteries, using spirally wound or other high-rate
electrode structures, provide higher output compared to the conventional secondary batteries,
even at fairly high rates, because of their better normal temperature performance and gen-
erally good performance at high discharge rates. This is illustrated in Fig. 6.2, which com-
pares the performance of the different battery types at different discharge rates. In this figure
the service that each of the battery types will deliver at various levels of power density (watts
per liter) is plotted. A slope parallel to the idealized line indicates that the capacity of the
battery, in watthours, is invariant, regardless of the discharge load. A flatter slope, or one
that levels off as the load is increased, indicates a loss of capacity as the discharge rate is
increased. This figure shows that the conventional rechargeable or secondary batteries main-
tain their capacity even at the higher current drains while capacity of the conventional pri-
mary batteries begins to drop off at a 20 to 50-h rate. The lithium primary batteries, however,
can maintain their advantage over the conventional secondary batteries to fairly high dis-
charge rates because of their significantly higher capacities at the lower discharge rates. The
lithium-ion rechargeable battery, which was introduced commercially during the 1990s, has
a significantly higher specific energy and energy density compared to the conventional re-
chargeable batteries, although still below that of the lithium primary batteries. Its high rate
and low temperature performance is superior to the nickel-cadmium and nickel-metal hydride
batteries because of its higher specific energy, except at the very high discharge rates (see
Figs. 6.2 and 6.3). The lithium-ion battery is rapidly becoming the battery of choice in high-
end portable equipment and performance advances and cost reduction continue to be
achieved as a result of extensive R&D programs (see Chap. 35).

Figure 6.2 is a comparison on a volumetric basis, while Fig. 6.3 is a Ragone plot pre-
senting similar information on a gravimetric basis. This shows a greater advantage for the
lithium batteries because of their lower density.
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TABLE 6.3 Characteristics of Batteries for Portable Equipment

Secondary batteries
Primary batteries

Nickel-metal

Zn/alkaline/MnO, Li/MnO, Li/SO, Nickel-cadmium Lead-acid hydride Lithium-ion
Nominal cell voltage, V/ 15 3.0 3.0 1.2 2.0 1.2 41
Specific energy (Wh/kg) 145 230 260 35 35 75 150
Energy density (Wh/L) 400 535 415 100 70 240 400
Charge retention at 20°C 3-5 years 5-10 years 5-10 years 3-6 months 6-9 months 3-6 months 9-12 months
(shelf life)
Calendar life, years — — — 4-6 3-8 4-6 5+ yrs
Cycle life, cycles — — — 400-500 200-250 400-500 1000
Operating temperature, °C —20 to 45 —20 to 70 —40 to 70 —20 to 45 —40 to 60 —20 to 45 —20 to 60
Relative cost per watthour 1 6 5 15 10 25 45

(initial unit cost to consumer)
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3. The conventional aqueous secondary batteries generally have a flatter discharge profile
than the primary or lithium batteries. Figure 6.4 compares the discharge curves of several
primary and secondary batteries and illustrates this characteristic.

4. The conventional aqueous secondary batteries general have better low-temperature per-
formance than the conventional aqueous primary batteries. The comparative performances
on a gravimetric basis (watthours per kilogram) and on a volumetric basis of the various
types of batteries at a moderate 20-h rate are shown in Figs. 6.5 and 6.6 respectively. While
the specific energy and energy density of the primary batteries is higher at room temperature,
their performance drops off more significantly as the temperature is reduced compared to
conventional secondary batteries. Again, the lithium batteries have better low-temperature
characteristics than the conventional primary batteries, but percentage wise they are poorer
compared to the conventional secondary batteries.
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FIGURE 6.4 Discharge profiles of primary (P) and secondary (S) batteries.
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5. The charge retention or shelf life of the primary batteries is much superior to that of
the conventional aqueous secondary cells. Hence these secondary batteries have to be main-
tained in a charged condition or recharged periodically to maintain them in a state of read-
iness. Figure 6.7 compares the charge retention of various types of batteries when stored at
different temperatures. The superior charge retention of most of the lithium batteries, both
primary and secondary, is illustrated.

6. The secondary batteries are capable of being recharged to their original condition after
discharge and reused rather than being discarded. For those applications where recharging
facilities are available, convenient, and inexpensive, a lower life-cycle cost can be realized
with secondary batteries, even with their higher initial cost, if their full cycle life is utilized.
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6.4.3 Cost Effectiveness

Specific cost effectiveness versus life cycle analyses can be used to evaluate the best choice—
primary or secondary battery—for a particular application or deployment. Figure 6.8 sum-
marizes such an analysis comparing lithium/sulfur dioxide primary and nickel-cadmium
secondary batteries.! Figure 6.8a depicts a military training situation in which charging fa-
cilities are readily available and inexpensive, recharging is convenient, and the batteries are
used regularly (thus employing the full cycle life of the secondary battery). In this situation,
the initial higher cost of the secondary battery is easily recovered, and the payback or break-
even point occurs early. Figure 6.8b presents a field situation in which batteries are not used
regularly, special charging facilities are required, and recharging is not convenient. In this
case, the payback time occurs much later, and the use of secondary batteries may not be
cost-effective since the break-even time is close to or beyond the calendar life of the battery.

Dolars ——e
<.
Q
<.

N

I g
4 <’Cd seco“da —
L)
: _-
L
—
e
>
0 1 2 3 4 5 6 7 8 9 10
Years

(b)

FIGURE 6.8 Life-cycle cost analysis—Li/SO, primary vs. Ni-
Cd secondary cells. (a) Military training situation. (b) Field situ-

ation.
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Similar analyses can be made for specific commercial and industrial applications. For
example, the cost of the use of zinc/alkaline/manganese dioxide primary batteries versus
nickel-cadmium rechargeable batteries in a typical portable electronic device applications are
compared in Table 6.4. If the usage rate is low and the drain rate moderate, the primary
battery is more cost-effective besides offering the convenience of not having to be periodi-
cally recharged.

TABLE 6.4 Cost-Effectiveness of Primary
(Zn/alkaline/MnO,) vs. Secondary
(Nickel-Cadmium) Batteries

Assumptions

Nominal voltage: 3 V

2 “AA” Zn/MnO, batteries: $1.60
2 “AA” Ni-Cd batteries: $8.00
Ni-Cd charger: $5.00

a. Comparison at 150 mA

Ni-Cd
Change Change battery
Usage Ni-Cd Zn/MnO, payback
(hrs/day) (days) (days) (days)
0.5 8 26 210
1.0 4 13 105
2.0 2 6.5 52
4.0 1.0 33 36
6.0 0.67 2.2 17
8.0 0.5 1.7 13
b. Comparison in a Walkman Radio
Ni-Cd
Change Change battery
Usage Ni-Cd alkaline payback
(hrs/week) (days) (days) (months)
1 21 49 25
3 7 16 9
5 4 10 5.4
7 3 7 3.7
14 15 35 19
21 1 2.3 1.2
35 6 1.4 .8
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6.4.4 Other Comparisons of Performance

Figure 6.9 provides another illustration comparing the performance of several types of pri-
mary and secondary batteries in a typical miliary portable radio transceiver application at
several temperatures, based on 1994 data. The primary batteries give the longest service at
20°C, but only the secondary batteries and the Li/SO, primary battery are capable of per-
formance at the very low temperatures. This equipment is being phased out of use.

A more current example is the performance characteristics of the 24-V military battery
type “590” which has been designed in several versions using several different battery chem-
istries, but all within the same physical envelope. The characteristics of these batteries are
listed in Table 6.5. This battery is used in a number of portable military communication and
surveillance equipments and the particular type of battery that is used depends on the equip-
ment requirements and deployment. For example, for training and policing, a rechargeable
battery would most likely be chosen. In forward, areas and under combat, where lightweight
is critical and recharging facilities are not available nor recharging feasible, a primary battery
will usually be used. Figure 6.10 compares the performance of the different batteries under
an 18-watt discharge load at 25°C. Under heavier discharge conditions (this battery is used
in equipments requiring as high as a 10-ampere discharge current) and at low temperatures,
the zinc/air battery would not perform satisfactorily. The performance of the rechargeable
batteries would be comparatively better because of their relatively superior performance
under these more stringent operating conditions.

Key  Battery Size,cm3  Weight, g
T @ Zinc-carbon 1120 1590
2? V// Zinc-alkaline 1120 1700
£ R Magnesium-manganese
75 r‘l N dioxide 1120 1220
J % Lithium /sulfur dioxide 560 540
;
5 E] Nickel-cadmium 1120 1760 2
C
O porey
o EaY e
_ 50 —ﬁ A Sealed lead-acid 1120 2080
¢ 7
Q
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>
\Q_’ S
w
26 |~
"
=
7\ -
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Temperature, °C

FIGURE 6.9 Performance of batteries in military radio transceiver application. Transmit load,
1 A, receive load, 50 mA; duty cycle, 9:1 receive to transmit (based on 1994 data).
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TABLE 6.5 Characteristics of Batteries in “590”” Envelope

\oltage: 24 V

Envelope dimensions (cm): 12.7 (H) x 11.2 (L) X 6.2 (W)
Envelope volume (cm?®): 885

Capacity Weight Specific energy Power density

Battery type (Ah) (kg) (Wh/kg) (Wh/L)
Primary
BA-5590 (Li/SO,) 6.8 1.02 160 185
BA-5390 (Li/MnO,) 8.5 1.25 170 240
BA-XX90 (Zn/Air) 10.0 1.00 250 285
Secondary
BB-690 (Lead-acid) 1.8 1.68 27 50
BB-590 (Ni-Cd) 2.2 1.75 31 62
BB-390 (NiMH) 4.6 1.82 65 135
BB-XX90 (Li-ion, 45 1.25 105 150
cylindrical cells)
BB-X590 (Li-ion, 6.0 1.68 100 190

prismatic cells)
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FIGURE 6.10 Comparison of ““590” battery chemistries, discharge at 18 watts, 25°C.
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Figures 6.11 and 6.12 are two other examples comparing the performance of several “AA-
size” primary and rechargeable batteries. In Fig. 6.11, the performance of these batteries is
plotted over a range of discharge current. Depending on the battery system, the primary
batteries have the advantage at low current drains but lose their advantage as the discharge
rate is increased. As shown, low drain applications, such as PDAs and Palm devices, gen-
erally use primary batteries, mainly the zinc/alkaline/manganese dioxide battery. Some more
sophisticated PDAs, with higher power requirements will use rechargeable batteries. Laptop
computers typically use rechargeable batteries.

8

7

Watthours
N

0

mw OO0

10

100 1000 10000
Current drain, mA

FIGURE 6.11 Performance of AA- (or equivalent) size battery at various current drains at 20°C.
A: Ni-Cd battery; B: Ni-MH battery; C: Li-lon; D: zinc-alkaline battery; E: Li/MnO, battery
(2/3A size); F: Zn/air battery (button configuration). A—C are secondary batteries. D—F are
primary batteries.
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FIGURE 6.12 Photo simulation test; 900 mA, 3 seconds on 27 seconds, OFF, 20°C (Li/MnO, (2/3 A size),

others (AA), 2 cells each).
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Figure 6.12 compares the performance of these “AA-size” batteries on a photo simulation
test of the flash in an automatic camera. The lithium primary batteries deliver the larger
number of cycles. Although the zinc/alkaline/manganese dioxide battery delivers a signifi-
cant number of pulses, as it operates at a lower voltage, the recycle time is longer than the
batteries operating at a higher voltage. (See Figs. 10.1b and 14.85.) As the power require-
ments are increasing with the newer camera models, the battery systems capable of high rate
discharge will be favored.

Another comparison of the characteristics of each type of battery is shown in Fig. 6.13
which examines one performance parameter—the total weight of a power sources required
to deliver a given power output (in this example, 5 watts) for different lengths of operation.
For very short missions, the conventional secondary batteries are lightest because of their
high rate capability. At moderate and light loads, the primary and lithium batteries become
the lighter ones because of their higher specific energy and energy density under these load
conditions.

Figure 6.13 also shows the advantage of a hybrid system: combining a battery with a
high specific energy with a rechargeable battery having a high rate capability. The example
illustrates a hybrid design using a zinc/air battery (which has a high specific energy at
moderate-to-low discharge rates but poor high-rate performance) with a nickel-cadmium
battery (which has a low specific energy, but comparatively good performance at high dis-
charge rates). The nickel-cadmium battery is sized to handle the load for the specified time
(in this example for 6 minutes) and is then recharged by the zinc/air battery. Curve F shows
that at the longer operating times (a low discharge rate for the size of the battery) the zinc/
air battery, alone, can handle the load and is the lightest power source. It loses its advantage
at the shorter operating times which correspond to a higher discharge rate. For these shorter
missions, a rechargeable battery, such as the nickel cadmium battery, is added, resulting in
an overall lighter battery (curve G). As the rechargeable battery is sized to handle the load
for a specified time, the total weight and size of the hybrid battery is dependent on the time
established for the pulse load.

Figure 6.14 shows the distribution of current in another example of a zinc/air, nickel-
cadmium hybrid battery, this one designed to handle a transmit load for 2 minutes at 900
mA and a receive load of 50 mA for 18 minutes, similar to the application illustrated in Fig.
6.9. During the “receive” period, the load is carried by the zinc/air battery which, at the
same time, charges the nickel-cadmium battery. During the “transmit™ period, the load is
carried by both batteries.

This hybrid technology is applicable to other batteries, as well as to fuel cells and other
power sources, as an efficient and effective way of handling pulse requirements and attaining
an optimum system specific energy. It is being considered for use in a wide range of appli-
cations, for small portable devices to large systems, such as the hybrid electric vehicle (HEV).

JLab/Cambridge, Exh. 1009, p. 160



Current (mA)

10000

5000

2500

1000

500

Weight, grams

250

100

50

2= | | |

SELECTION AND APPLICATION OF BATTERIES

B cp g

E

0.5 1 2 5 10 20 50

100 200 500 1000
Hours of operational service

FIGURE 6.13 Comparison of battery systems—weight vs. service life
(based on 5-W output and stated energy-weight ratio).

A Nickel-cadmium (S) 35 Wh/Kg

B Nickel-metal hydride (S) 75 Wh/Kg
C Zinc/MnO, (P) 145 Wh/Kg

D Lithium-ion (S) 150 Wh/Kg

E Lithium/MnO, (P) 230 Wh/Kg
F Zinc/air (P) 370 Wh/Kg

6.21

G Zinc air, Nickel-cadmium hybrid (6 minute pulse)
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FIGURE 6.14 Detail of current distribution zinc/air nickel-cadmium hybrid battery conditions.

JLab/Cambridge, Exh. 1009, p. 161



CHAPTER SIX

6.4.5 Criteria for Battery Selection—Portable Equipment

A number of different battery systems are available to the equipment designer and user, each
offering particular advantages for powering portable electronic equipment. The selection of
a battery system, even the first decision of using a primary or secondary battery, may not
be clear-cut and is influenced by many factors, such as deployment of the equipment, op-
erating environment, size, weight, required service time, duty cycle, frequency of use, capital
investment and cost, and other factors listed in Sec. 6.2. An important consideration, as well,
is the end-user’s biases and preferences. The selection is further complicated by the over-
lapping performance characteristics of many of the batteries since the characteristics of a
particular battery system or chemistry can be altered by the design features and design
changes as the technology develops and matures.

Table 6.6 is a summary, albeit simplified, of criteria that should be considered in making
a preliminary determination of the type of battery—primary or secondary—to be used. It is
most applicable to comparing the conventional systems and lithium primary batteries. As
pointed out in Sec. 6.4, the characteristics of the rechargeable lithium batteries may difference
from these generalizations.

1. A primary battery will usually be the battery of choice if the power requirement is low
or in applications where the battery will be used infrequently over a long period of time.

2. For applications where the battery will be used frequently (assuming that both primary
and secondary batteries are capable of meeting the power requirements of the equipment),
the choice should depend on user preference. Will the user opt for the convenience of
the primary battery and freedom from the charger, or will the user tolerate the “incon-
venience” of the rechargeable battery and opt for its possible lower operating cost?

3. For high discharge rates, high-rate secondary batteries will be the choice as the perform-
ance of the primary battery falls off, particularly at lower operating temperatures.

TABLE 6.6 Advantages of Primary and Secondary Batteries

Conditions of use Secondary batteries Primary batteries

1) Assuming acceptable load

capability
Frequent use, repeated Lower life-cycle cost ($/kWh) Lighter or smaller—or longer
cycling if charging is convenient and service per “charge” or

Frequent use, low drain
capacity
or

Infrequent use

2) Assuming high discharge
rates

inexpensive (work force and
equipment)

Aqueous secondary batteries
have poor charge retention;
have to be charged
periodically

Li-ion batteries have better
charge retention, but still
require charging

Best comparative performance
at heavy loads

replacement
No maintenance or recharging

Ready availability (for
replacement)

Long service per ‘““charge”; cost
advantage of secondary
disappears

Infrequent replacement, cost
advantage of secondary
disappears

Good charge retention; no need
for charging or maintenance

Hybrid battery system may
provide longer service,
freedom from line power
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Table 6.7 illustrates the selection of primary and secondary batteries. As the power re-
quirements of the application increase (going from the bottom of the list to the top) and the
size of the battery becomes larger, the trend for the battery-of-choice shifts from the primary
to the secondary battery. The primary battery dominates in the lower power applications and
where a long service life is required, such as smoke detectors, implants and memory back-

up.

TABLE 6.7 Application of Batteries—Primary vs. Secondary

Application Primary or secondary battery
Utility systems (load-leveling) SECONDARY
Electric vehicle hybrid (HEV)
Central telephone system N\
Fork lifts
Electric vehicles (EV)
Golf carts

Electric bikes
Automotive SLI
Spacecraft power
Emergency lighting
Portable tools
Laptop computers
Transceivers
Cordless telephone
Camcorders
Portable equipment
(e.g. Dusthuster, shaver)
Cellular phone
PDAs, Palm devices
Radio

Pagers

Flashlight

Toys

Cameras
Instruments

Hearing aids
Implants

Smoke detectors
Remote controllers N4

Memory back-up PRIMARY

1. “Cost Effectiveness Comparison of Rechargeable and Throw-away Batteries for the Small Unit Trans-
ceiver,” U.S. Army Electronics Command, Ft. Monmouth, N.J. Jan. 1977.
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CHAPTER 7

PRIMARY BATTERIES—
INTRODUCTION

David Linden

7.1 GENERAL CHARACTERISTICS AND APPLICATIONS OF
PRIMARY BATTERIES

The primary battery is a convenient source of power for portable electric and electronic
devices, lighting, photographic equipment, PDA’s (Personal Digital Assistant), communica-
tion equipment, hearing aids, watches, toys, memory backup, and a wide variety of other
applications, providing freedom from utility power. Major advantages of the primary battery
are that it is convenient, simple, and easy to use, requires little, if any, maintenance, and can
be sized and shaped to fit the application. Other general advantages are good shelf life,
reasonable energy and power density, reliability, and acceptable cost.

Primary batteries have existed for over 100 years, but up to 1940, the zinc-carbon battery
was the only one in wide use. During World War Il and the postwar period, significant
advances were made, not only with the zinc-carbon system, but with new and superior types
of batteries. Capacity was improved from less than 50 Wh/kg with the early zinc-carbon
batteries to more than 400 Wh/kg now obtained with lithium batteries. The shelf life of
batteries at the time of World War Il was limited to about 1 year when stored at moderate
temperatures; the shelf life of present-day conventional batteries is from 2 to 5 years. The
shelf life of the newer lithium batteries is as high as 10 years, with a capability of storage
at temperatures as high as 70°C. Low-temperature operation has been extended from 0 to
—40C, and the power density has been improved manyfold. Special low-drain batteries using
a solid electrolyte have shelf lives in excess of 20 years.

Some of the advances in primary battery performance are shown graphically in Figs. 1.6
and 7.1.

Many of the significant advances were made during the 1970-90 period and were stim-
ulated by the concurrent development of electronic technology, the new demands for portable
power sources and the support for the space, military and the environment improvement
programs.

During this period, the zinc/alkaline manganese dioxide batery began to replace the zinc-
carbon or Leclanche battery as the leading primary battery, capturing the major share of the
US market. Environmental concerns led to the elimination of mercury in most batteries
without any impairment of performance, but also led to the phasing out of those batteries,

7.3
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FIGURE 7.1 Advances in development of primary batteries. Continuous
discharge at 20°C; 40-60-h rate; AA- or similar size battery.

zinc/mercuric oxide and cadmium/mercuric oxide, that used mercury as the cathodic active
material. Fortunately, zinc/air and lithium batteries were developed that could successfully
replace these “mercury” batteries in many applications. A major accomplishment during this
period was the development and marketing of a number of lithium batteries, using metallic
lithium as the anode active material. The high specific energy of these lithium batteries, at
least twice that of most conventional aqueous primary batteries, and their superior shelf life
opened up a wide range of applications—from small coin and cylindrical batteries for mem-
ory backup and cameras to very large batteries which were used for back-up power for
missile silos.

Increases in the energy density of primary batteries has tapered off during the past decade
as the existing battery systems have matured and the development of new higher energy
batteries is limited by the lack of new and/or untried battery materials and chemistries.
Nevertheless, advances have been made in other important performance characteristics, such
as power density, shelf life and safety. Examples of these recent developments are the high
power zinc/alkaline/manganese dioxide batteries for portable consumer electronics, the im-
provement of the zinc/air battery and the introduction of new lithium batteries.

These improved characteristics have opened up many new opportunities for the use of
primary batteries. The higher energy density has resulted in a substantial reduction in battery
size and weight. This reduction, taken with the advances in electronics technology, has made
many portable radio, communication, and electronic devices practical. The higher power
density has made it possible to use these batteries in PDA’s, transceivers, communication
and surveillance equipment, and other high-power applications, that heretofore had to be
powered by secondary batteries or utility power, which do not have the convenience and
freedom from maintenance and recharging as do primary batteries. The long shelf life that
is now characteristic of many primary batteries has similarly resulted in new uses in medical
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electronics, memory backup, and other long-term applications as well as in an improvement
in the lifetime and reliability of battery-operated equipment.

The worldwide primary battery market has now reached more than $20 billion annually,
with a growth rate exceeding 10% annually. The vast majority of these primary batteries are
the familiar cylindrical and flat or button types with capacities below 20 Ah. A small number
of larger primary batteries, ranging in size up to several thousand ampere-hours, are used in
signaling applications, for standby power and in other military and special applications where
independence from utility power is mandatory.

7.2 TYPES AND CHARACTERISTICS OF PRIMARY BATTERIES

Although a number of anode-cathode combinations can be used as primary battery systems
(see Part 1), only a relatively few have achieved practical success. Zinc has been by far the
most popular anode material for primary batteries because of its good electrochemical be-
havior, high electrochemical equivalence, compatibility with aqueous electrolytes, reasonably
good shelf life, low cost, and availability. Aluminum is attractive because of its high elec-
trochemical potential and electrochemical equivalence and availability, but due to passivation
and generally limited electrochemical performance, it has not been developed successfully
into a practical active primary battery system. It is now being considered in mechanically
rechargeable or refuelable aluminum/air batteries and in reserve battery systems. Magnesium
also has attractive electrical properties and low cost and has been used successfully in an
active primary battery, particularly for military applications, because of its high energy den-
sity and good shelf life. Commercial interest has been limited. Magnesium also is popular
as the anode in reserve batteries. Now there is an increasing focus on lithium, which has the
highest gravimetric energy density and standard potential of all the metals. The lithium anode
battery systems, using a number of different nonaqueous electrolytes in which lithium is
stable and different cathode materials, offer the opportunity for higher energy density and
other advances in the performance characteristics of primary systems.

7.2.1 Characteristics of Primary Batteries

Typical characteristics and applications of the different types of primary batteries are sum-
marized in Table 7.1

Zinc-Carbon Battery. The Leclanché or zinc-carbon dry cell battery has existed for over
100 years and had been the most widely used of all the dry cell batteries because of its low
cost, relatively good performance, and ready availability. Cells and batteries of many sizes
and characteristics have been manufactured to meet the requirements of a wide variety of
applications. Significant improvements in capacity and shelf life were made with this battery
system in the period between 1945 and 1965 through the use of new materials (such as
beneficiated manganese dioxide and zinc chloride electrolyte) and cell designs (such as the
paper-lined cell). The low cost of the Leclanché battery is a major attraction, but it has lost
considerable market share, except in the developing countries, because of the newer primary
batteries with superior performance characteristics.
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TABLE 7.1

Major Characteristics and Applications of Primary Batteries

System

Characteristics

Applications

Zinc-carbon (Leclanché)
Zinc/MnO,

Magnesium (Mg/MnO,)

Mercury (Zn/HgO)

Mercad (Cd/HgO)

Alkaline (Zn/alkaline/MnO,)

Silver/zinc (Zn/Ag,0)

Zinc/air (Zn/0,)

Lithium/soluble cathode

Lithium/solid cathode

Lithium/solid electrolyte

Common, low-cost primary battery;
available in a variety of sizes

High-capacity primary battery; long shelf
life

Highest capacity (by volume) of
conventional types; flat discharge;
good shelf life

Long shelf life; good low- and high-
temperature performance; low energy
density

Most popular general-purpose premium
battery; good low-temperature and
high-rate performance; moderate cost

Highest capacity (by weight) of
conventional types; flat discharge;
good shelf life, costly

Highest energy density, low cost; not
independent of environmental
conditions

High energy density; long shelf life;
good performance over wide
temperature range

High energy density; good rate
capability and low-temperature
performance; long shelf life;
competitive cost

Extremely long shelf life; low-power
battery

Flashlight, portable radios, toys, novelties,
instruments

Military receiver-transmitters, aircraft
emergency transmitters

Hearing aids, medical devices
(pacemakers), photography, detectors,
military equipment but in limited use
due to environmental hazard of
mercury

Special applications requiring operation
under extreme temperature conditions
and long life; in limited use

Most popular primary-battery: used in a
variety of portable battery operated
equipments

Hearing aids, photography, electric
watches, missiles, underwater and
space application (larger sizes)

Special applications, hearing aids, pagers,
medical devices, portable electronics

Wide range of applications (capacity from
1 to 10,000 Ah) requiring high energy
density, long shelf life, e.g., from
utility meters to military power
applications

Replacement for conventional button and
cylindrical cell applications

Medical electronics, memory circuits,
fusing

Zinc/Alkaline/Manganese Dioxide Battery.

In the past decade, an increasing portion of

the primary battery market has shifted to the Zn/alkaline/MnQ, battery. This system has
become the battery of choice because of its superior performance at the higher current drains
and low temperatures and its better shelf life. While more expensive than the Leclanché
battery on a unit basis, it is more cost-effective for those applications requiring the high-rate
or low-temperature capability, where the alkaline battery can outperform the Leclanché bat-
tery by a factor of 2 to 10 (see Table 7.6). In addition, because of the advantageous shelf
life of the alkaline cell, it is often selected for applications in which the battery is used
intermittently and exposed to uncontrolled storage conditions (such as consumer flashlights
and smoke alarms), but must perform dependably when required. Most recent advances have
been the design of batteries providing improved high rate performance for use in cameras
and other consumer electronics requiring this high power capability.
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Zinc/Mercuric Oxide Battery. The zinc/mercuric oxide battery was another important zinc
anode primary system. This battery was developed during World War Il for military com-
munication applications because of its good shelf life and high volumetric energy density.
In the postwar period, it was used in small button, flat, or cylindrical configurations as the
power source in electronic watches, calculators, hearing aids, photographic equipment, and
similar applications requiring a reliable long-life miniature power source. In the past decade,
the use of the mercuric oxide battery has about ended due mainly to environmental problems
associated with mercury and with its replacement by other battery systems, such as the zinc/
air and lithium batteries, which have superior performance for many applications.

Cadmium/Mercuric Oxide Battery. The substitution of cadmium for the zinc anode (the
cadmium/mercuric oxide cell) results in a lower-voltage but very stable system, with a shelf
life of up to 10 years as well as performance at high and low temperatures. Because of the
lower voltage, the watthour capacity of this battery is about 60% of the zinc/mercuric oxide
battery capacity. Again, because of the hazardous characteristics of mercury and cadmium,
the use of this battery is limited.

Zinc/Silver Oxide Battery. The primary zinc/silver oxide battery is similar in design to
the small zinc/mercuric oxide button cell, but it has a higher energy density (on a weight
basis) and performs better at low temperatures. These characteristics make this battery system
desirable for use in hearing aids, photographic applications, and electronic watches. However,
because of its high cost and the development of other battery systems, the use of this battery
system, as a primary battery, has been limited mainly to small button battery applications
where the higher cost is justified.

Zinc/Air Battery. The zinc/air battery system is noted for its high energy density, but it
had been used only in large low-power batteries for signaling and navigational-aid applica-
tions. With the development of improved air electrodes, the high-rate capability of the system
was improved and small button-type batteries are now used widely in hearing aids, elec-
tronics, and similar applications. These batteries have a very high energy density as no active
cathode material is needed. Wider use of this system and the development of larger batteries
have been slow because of some of their performance limitations (sensitivity to extreme
temperatures, humidity and other environmental factors, as well as poor activated shelf life
and low power density). Nevertheless, because of their attractive energy density, zinc/air and
other metal/air batteries are now being seriously considered for a number of applications
from portable consumer electronics and eventually for larger devices such as electric vehicles,
possibly in a reserve or mechanically rechargeable configuration (see Chap. 38).

Magnesium Batteries. While magnesium has attractive electrochemical properties, there
has been relatively little commercial interest in magnesium primary batteries because of the
generation of hydrogen gas during discharge and the relatively poor storageability of a par-
tially discharged cell. Magnesium dry cell batteries have been used successfully in military
communications equipment, taking advantage of the long shelf life of a battery in an undis-
charged condition, even at high temperatures and its higher energy density. Magnesium is
still employed as an anode material for reserve type and metal/air batteries (see Chaps. 17
and 38).
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Aluminum Batteries. Aluminum is another attractive anode material with a high theoretical
energy density, but problems such as polarization and parasitic corrosion have inhibited the
development of a commercial product. It, too, is being considered for a number of appli-
cations, with the best promise as a reserve or mechanically rechargeable battery (see Chaps.
9 and 38).

Lithium Batteries. The lithium anode batteries are a relatively recent development (since
1970). They have the advantage of the highest energy density, as well as operation over a
very wide temperature range and long shelf life, and are gradually replacing the conventional
battery systems. However, except for camera, watch, memory backup, military and other
niche applications, they have not yet captured the major general purpose markets as was
anticipated because of their high cost and concerns with safety.

As with the zinc systems, there are a number of lithium batteries under development,
ranging in capacity from less than 5 mAh to 10,000 Ah, using various designs and chem-
istries, but having, in common, the use of lithium metal as the anode.

The lithium primary batteries can be classified into three categories (see Chap. 14). The
smallest are the low-power solid-state batteries (see Chap. 15) with excellent shelf life, and
are used in applications such as cardiac pacemakers and battery backup for volatile computer
memory, where reliability and long shelf life are paramount requirements. In the second
category are the solid-cathode batteries, which are designed in coin or small cylindrical
configurations. These batteries have replaced the conventional primary batteries in watches,
calculators, memory circuits, photographic equipment, communication devices, and other
such applications where its high energy density and long shelf life are critical. The soluble-
cathode batteries (using gases or liquid cathode materials) constitute the third category. These
batteries are typically constructed in a cylindrical configuration, as flat disks, or in prismatic
containers using flat plates. These batteries, up to about 35 Ah in size, are used in military
and industrial applications, lighting products, and other devices where small size, low weight,
and operation over a wide temperature range are important. The larger batteries are being
developed for special military applications or as standby emergency power sources.

Solid Electrolyte Batteries. The solid-electrolyte batteries are different from other battery
systems in that they depend on the ionic conductivity, in the solid state, of an electronically
nonconductive compound rather than the ionic conductivity of a liquid electrolyte. Batteries
using these solid electrolytes are low-power (microwatt) devices, but have extremely long
shelf lives and the capability of operating over a wide temperature range, particularly at high
temperatures. These batteries are used in medical electronics, for memory circuits, and for
other such applications requiring a long-life, low-power battery. The first solid-electrolyte
batteries used a silver anode and silver iodide for the electrolyte, but lithium is now used as
the anode for most of these batteries, offering a higher voltage and energy density.
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7.3 COMPARISON OF THE PERFORMANCE CHARACTERISTICS OF
PRIMARY BATTERY SYSTEMS

7.3.1 Genera

A qualitative comparison of the various primary battery systems is given in Table 7.2. This
listing illustrates the performance advantages of the lithium anode batteries. Nevertheless,
the conventional primary batteries, because of their low cost, availability, and generally
acceptable performance in many consumer applications, still maintain a major share of the
market.

The characteristics of the major primary batteries are summarized in Table 7.3. This table
is supplemented by Table 1.2 in Chap. 1, which lists the theoretical and practical electrical
characteristics of these primary battery systems. A graphic comparison of the theoretical and
practical performance of various battery systems given in Fig. 1.4 shows that only about
25% of the theoretical capacity is attained under practical conditions as a result of design
and discharge requirements.

It should be noted, as discussed in detail in Chaps. 1, 3 and 6, that most of these types
of data and comparisons are based on the performance characteristics of single-cell batteries
and are necessarily approximations, with each system presented under favorable discharge
conditions. The specific performance of a battery system is very dependent on the cell and
battery design and all of the specific conditions of use and discharge of the battery.

TABLE 7.2 Comparison of Primary Batteries*

Specific Flat Low- High-
energy Power discharge temperature temperature Shelf
System \oltage (gravimetric) density  profile operation operation life Cost

Zinc/carbon 5 4 4 4 5 6 8 1
Zinc/alkaline/manganese dioxide 5 3 2 3 4 4 7 2
Magnesium/manganese dioxide 3 3 2 2 4 3 4 3
Zinc/mercuric oxide 5 3 2 2 5 3 5 5
Cadmium/mercuric oxide 6 5 2 2 3 2 3 6
Zinc/silver oxide 4 3 2 2 4 3 6 6
Zinc/air 5 2 3 2 5 5 — 3
Lithium/soluble cathode 1 1 1 1 1 2 2 6
Lithium/solid cathode 1 1 2 2 2 3 2 4
Lithium/solid electrolyte 2 1 5 2 6 1 1 7

*1 to 8—best to poorest.
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TABLE 7.3 Characteristics of Primary Batteries

Zinc-carbon Zinc-carbon (zinc
System (Leclanché) chloride) Mg/MnO, Zn/Alk./MnO, Zn/HgO Cd/HgO
Chemistry:
Anode Zn Zn Mg Zn Zn Cd
Cathode MnO, MnO, MnO, MnO, HgO HgO
Electrolyte NH,CI and ZnCl, ZnCl, MgBr, or Mg(CIO,) KOH KOH or NaOH KOH
(aqueous solution) (aqueous solution) (aqueous solution) (aqueous solution) (aqueous solution) (aqueous solution)
Cell voltage, V§:
Nominal 15 15 1.6 15 1.35 0.9
Open-circuit 1.5-1.75 1.6 1.9-2.0 15-1.6 1.35 0.9
Midpoint 1.25-1.1 1.25-1.1 1.8-1.6 1.25-1.15 1.3-1.2 0.85-0.75
End 0.9 0.9 12 0.9 0.9 0.6
Operating
temperature, °C —5t0 45 —10 to 50 —20 to 60 —20 to 55 0 to 55 —55 to 80
Energy density at
20°C§:
Button size:
Wh/kg 80 100 55
Wh/L 360 470 230
Cylindrical size:
Wh/kg 65 85 100 145 105
Wh/L 100 165 195 400 325
Discharge profile
(relative) Sloping Sloping Moderate slope Moderate slope Flat Flat
Power density Low Low to moderate Moderate Moderate Moderate Moderate
Self-discharge
rate at 20°C. %
loss per yeart 10 7 3 4 4 3
Advantages Lowest cost; good Low cost; better High capacity High capacity High volumetric Good
for noncritical performance compared with compared with energy density; performance at
use under than regular zinc-carbon; good zinc-carbon; flat discharge; high and low
moderate zinc-carbon shelf life good low- stable voltage temperatures;
conditions; (undischarged) temperature, long shelf life
variety of shapes high-rate
and sizes; performance
availability
Limitations Low energy High gassing rate; High gassing (H,) Moderate cost but Expensive Expensive, low-
density; poor performance on discharge; most cost moderate energy density
low-temperature, lower than delayed voltage effective at high gravimetric
high-rate premium rates energy density,
performance alkaline batteries poor-low-
temperature
performance
Status High production, High production, Moderate High production, Being phased out In limited
but losing but losing production, mainly most popular because of toxic production being
market share market share military primary battery mercury phased out
because of toxic
components

Major types
available

Cylindrical single-
cell bobbin
and multicell
batteries (see
Tables 8.9 and
8.10)

Cylindrical single-
cell bobbin
and multicell
batteries (see
Table 8.9)

Cylindrical single-
cell bobbin and
multicell batteries
(see Table 9.3)

Button cylindrical
and multicell
batteries (see
Tables 10.9 and
10.10)

NLA*

except for some
special
applications

NLA*

*No longer readily available commercially

T See Chap. 14 for other lithium primary batteries.
fRate of self-discharge usually decreases with time of storage.
§ Data presented are for 20°C, under favorable discharge condition. See details in appropriate chapter.
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Zn/ Ag,0* Zinc/ air Li/SO,t Li/SOCI,t Li/MnO,t Li/FeS,t Solid state
Zn Li Li Li Li Li
Ag,0 or Ago O, (air) SO, SOC/2 MnO, FeS, 1,(P2VP)
KOH or NaOH KOH (aqueous Organic solvent, SOCI, w/AICI, Organic solvent, Organic solvent, Solid
(aqueous solution) solution salt solution salt solution salt solution
15 15 3.0 3.6 3.0 15 2.8
16 1.45 31 3.65 33 1.8 2.8
1.6-15 13-11 2.9-2.75 3.6-3.3 3.0-2.7 16-14 2.8-2.6
1.0 0.9 2.0 3.0 2.0 1.0 2.0
0 to 55 0 to 50 —55t0 70 —60 to 85 —20to 55 —20 to 60 0 to 200
135 370 230
530 1300 545
Prismatic 300 260 380 230 260 220-280
Prismatic 800 415 715 535 500 820-1030
Flat Flat Very flat Flat Flat Initial drop than Moderately flat
flat medium to (at low discharge
high rates)
Moderate Low High Medium (but Moderate Medium to high Very low
dependent on
specific design)
6 3 (is sealed) 2 1-2 1-2 1-2 <1
High energy High volumetric High energy High energy High energy Replacement for Excellent shelf
density; good energy density; density; best densitty, long density; good Zu/alkaline/ life (10-20 y);
high-rate long shelf life low-temperature, shelf life low-temperature, MnO, batteries wide operating
performance (sealed) high-rate because of high-rate for high rate temperature
performance; protective film performance; performance range (to 200°C)
long shelf life cost-effective

Expensive, but
cost-effective on
button battery
applications

In production

Button batteries
(see Table 12.3)

Not independent
of

environment—
flooding, drying
out; limited
power output

Moderate
production, key
use in hearing
aids

(See Tables 13.2
and 13.3, also
Chap. 38)

Pressurized
system

Potential safety
problems, toxic
components

Shipment
regulated

Moderate
production,
mainly military

Cylindrical
batteries (see
Tables 14.9 and
14.10)

Voltage delay
after storage

Produced in wide
range of sizes
and designs,
mainly for
special
applications

See section 14.6
and Tables 14.11
to 14.13

replacement for
small
conventional
type cells

Available in small
sizes; larger
sizes being
considered

Shipment
regulated

Increasing
consumer
production

Button and small
cylindrical
batteries (see
Tables 14.19 to
14.21)

Higher cost than
alkaline batteries

Produced in
“AA” size

Produced in
“AA” size (see
Table 14.18)

For very low
discharge rates;
poor low
temperature
performance

In production for
special
applications

(See Table 15.6)
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7.3.2 Voltage and Discharge Profile

A comparison of the discharge curves of the major primary batteries is presented in Fig. 7.2.
The zinc anode batteries generally have a discharge voltage of between about 1.5 and 0.9 V.
The lithium anode batteries, depending on the cathode, usually have higher voltages, many
on the order of 3 V, with an end or cutoff voltage of about 2.0 V. The cadmium/mercuric
oxide battery operates at the lower voltage level of 0.9-0.6 V. The discharge profiles of these
batteries also show different characteristics. The conventional zinc-carbon and zinc/alkaline/
manganese dioxide batteries have sloping profiles; the magnesium/manganese dioxide and
lithium/manganese dioxide batteries have less of a slope (although at lower discharge rates
the lithium/manganese dioxide battery shows a flatter profile). Most of the other battery

types have a relatively flat discharge profile.

3.6 =
3.4 \
32
Li/SOCI,
30 __
——— S — e —— —
26 Sso
> } <~ \
® S \
= NV LSO,
520~ * LiMnO,
18 _ Mg/MnO,
1.6 o
14K\, LiFeSy” Zn/HgO
I =N\ ! Zn/Ag;0
. \h—:;f.-_.\_
"P\ .
10k T~o_ \ Zn/Air
OGO >3 Alkaline - MO,
0.8 Zn-carbon
0.6 | | | | ] | | | |

10 20 30 40 50 60 70 80 90 100

% of capacity discharged

FIGURE 7.2 Discharge profiles of primary battery systems 30-100-h rate.
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7.3.3 Specific Energy and Specific Power

Figure 7.3 presents a comparison of the specific energy (also called gravimetric energy
density) of the different primary battery systems at various discharge rates at 20°C. This
figure shows the hours of service each battery type (normalized to 1-kg battery weight) will
deliver at various power (discharge current X midpoint voltage) levels to an end voltage
usually specified for that battery type. The energy density can then be determined by

Specific energy = specific power X hours of service

AXVxh
kg

The conventional zinc-carbon battery has the lowest energy density of the primary bat-
teries shown, with the exception, at low discharge rates, of the cadmium/mercuric oxide
battery due to the low voltage of the latter electrochemical couple. The zinc-carbon battery
performs best at light discharge loads. Intermittent discharges, providing a rest or recovery
period at intervals during the discharge, improve the service life significantly compared with
a continuous discharge, particularly at high discharge rates.

The ability of each battery system to perform at high current or power levels is shown
graphically in Fig. 7.3 by the drop in slope at the higher discharge rates. The 1000-Wh/kg
line indicates the slope at which the capacity or energy density of the battery remains constant
at all discharge rates. The capacity of most battery systems decreases with increasing dis-
charge rate, and the slope of the linear portion of each of the other lines is less than that of
the theoretical 1000-Wh/kg line. Furthermore, as the discharge rate increases, the slope drops
off more sharply. This occurs at higher discharge rates for the battery types that have the
higher power capabilities.

The performance of the zinc-carbon battery falls off sharply with increasing discharge
rate, although the heavy-duty zinc chloride version of the zinc-carbon battery (see Chap. 8)
gives better performance under the more stringent discharge conditions. The zinc/alkaline/
manganese dioxide battery, the zinc/mercuric oxide battery, the zinc/silver oxide battery,
and the magnesium/manganese dioxide battery all have about the same specific energy and
performance at 20°C. The zinc/air system has a higher specific energy at the low discharge
rates, but falls off sharply at moderately high loads, indicating its low specific power. The
lithium batteries are characterized by their high specific energy, due in part to the higher
cell voltage. The lithium/sulfur dioxide battery and some of the other lithium batteries are
distinguished by their ability to deliver this higher capacity at the higher discharge rates.

Volumetric energy density is, at times, a more useful parameter than gravimetric specific
energy, particularly for button and small batteries, where the weight is insignificant. The
denser batteries, such as the zinc/mercuric oxide battery, improve their relative position when
compared on a volumetric basis, as shown in Table 7.4 and Fig. 7.9. The chapters on the
individual battery systems include a family of curves giving the hours of service each battery
system will deliver at various discharge rates and temperatures.

or Wh/kg = W/kg X h =
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FIGURE 7.3 Comparison of typical performance of primary battery systems—specific power
(power density) vs. hours of service.

TABLE 7.4 Comparison of Primary Batteries (Button Configuration)*

\oltage, V Capacityt Energy densityt

Weight, —_—

System Nominal Working mAh mWh g mWh/g Wh/L
Zn/alk/MnO, 15 1.25 145 180 2.3 80 360
Zn/HgO 1.35 1.3 180-230 260 2.6 100 470
Zn/Ag,0 1.5 1.55 190 295 2.2 135 575
Zn/AgO 15 1.55 245 380 2.2 170 690
Zn/air 1.25 1.25 600 750 1.8 415 1450
Li/FeS, 15 1.4 160 220 1.7 130 400
Li/CuO 1.5 1.4 225 315 1.7 135 570
Li/MnO,§ 3.0 2.85 160 450 3.3 155 395
Li/Ag,CrO, 3.0 3t027 130 370 1.7 215 670

*44 |EC, 1154; 11.6-mm diam.; 5.4-mm high; 0.55-cm® volume; these batteries may no longer be available in

all chemical systems.

t At approximately C/500 rate, 20°C.
§2N size, equivalent to two 44-size batteries, 11.6-mm diam. by 10.8 mm high.
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7.3.4 Comparison of Performance of Representative Primary Batteries

Table 7.4 compares the performance of a number of primary battery systems in a typical
button configuration, 1EC size 44, size 44 IEC standard. The data are based on the rated
capacity at 20°C at about the C/500 rate. The performance of the different systems can be
compared, but one should recognize that battery manufacturers may design and fabricate
batteries, in the same size and with the same electrochemical system, with differing capacities
and other characteristics, depending on the application requirements and the particular market
segment the manufacturer is addressing. The discharge curves for these batteries are given
in Fig. 7.4.

Table 7.5 summarizes the typical performance obtained with the different primary battery
systems for several cylindrical type batteries. The discharge curves for the AA-size batteries
are shown in Fig. 7.5, those for the ANSI 1604 9-V batteries in Fig. 7.6.

3.0
Li/MnO,

Voltage, V
H
!

________ — Li/Cu0O
N N, oS '\ ,\, Zn/air

— et

\
) \
Alkallne-‘\Mnoy Zn/HgO

0 ] ! | L |
0 50 100 150 200 250 600

Discharge capacity, mAh

FIGURE 7.4 Typical discharge curves for primary battery systems, 11.6-mm
diameter, 5.4 mm high, 20°C. (Li/MnO, battery is % N size).

3.0

LiMnO,

Alkaline-MnO,

Zinc-carbon

0 1 Il 1 | | i |
0 0.4 08 1.2 16 2.0 24 28

Discharge capacity, Ah

FIGURE 7.5 Typical discharge curves for primary battery sys-
tems. AA-size cells, approx. 20-mA discharge rate.* ZA-size bat-
tery. (b) ANSI 1604 battery 9-V, 250-Q discharge load.
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TABLE 7.5 Comparison of Cylindrical-type Primary Batteries

Zinc-carbon Li/SOCI,
Zinc-carbon (heavy-duty Zn/MnO, (bobbin
(standard) ZnCl,) (alkaline) Zn/HgO Mg/MnO, Li/SO, type) Li/MnO, Li/FeS,
Working 1.2 12 1.2 1.25 1.75 2.8 33 2.8 15
voltage, V
D-size cells (54 cm?3)
Ah 45 7.0 15 14 7 8 10.2
Wh 5.4 8.4 1.8 175 12.2 22.4 34
Weight, g 85 93 138 165 105. 85 100
Wh/g 65 90 130 105 115 260 340
Wh/L 100 160 320 325 225 415 675
N-size cells (3.0 cm®)
Ah 0.40 0.8 0.8 0.5 1.0*
Wh 0.48 0.95 1.0 0.87 2.8
Weight, g 6.3 9.5 12 5.0 13
Wh/kg 75 100 85 170 215
Wh/L 145 320 330 290 410
AA-size cells (7.7 cm?)
Ah 0.8 1.05 2.85 25 1.0 1.6 1.4t 2.6
Wh 0.96 1.25 3.45 31 2.8 5.2 3.9 4.35
Weight, g 14.7 15 236 30 14 19 17 145
Wh/kg 65 84 145 103 200 275 235 300
Wh/L 125 162 400 400 360 670 525 500
*2N size.
1% Asize.

+ These batteries may no longer be available in all chemistries.
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FIGURE 7.6 Typical discharge curves ANSI 1604 battery, 9V, 500 ohm discharge load 20°C.

7.3.5 Effect of Discharge Load and Duty Cycle

70

The effect of the discharge load on the battery’s capacity was shown in Fig. 7.3 and is again
illustrated for several primary battery systems in Fig. 7.7. The Leclanché zinc-carbon battery
performs best under light discharge loads, but its performance falls off sharply with increas-
ing discharge rates. The zinc/alkaline/ manganese dioxide system has a higher energy density
at light loads which does not drop off as rapidly with increasing discharge loads. The lithium
battery has the highest energy density with reasonable retention of this performance at the
higher discharge rates. For low-power applications the service ratio of lithium:zinc (alkaline):
zinc-carbon is on the order of 4:3:1. At the heavier loads, however, such as those required
for toys, motor-driven applications, and pulse discharges, the ratio can widen to 24:8:1 or
greater. At these heavy loads selection of premium batteries is desirable on both a perform-

ance

Energy density (Wh/L)

and a cost basis.

Equivalent mA (based on AA-size cell)

600 600 1200 1800
4 —— Zinc-carbon
500 N —=— Alkaline AA cells —
/ 4-h discharge —— Lithium 2/3A cell
400 2-h discharge
\ / 1-h discharge
‘\ 1/2-h discharge

100

200 300 400

Power density (W/L)

FIGURE 7.7 Comparison of primary battery systems under various continuous discharge loads at
20°C.
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7.3.6 Effect of Temperature

The performance of the various primary batteries over a wide temperature range is illustrated
in Fig. 7.8 on a gravimetric basis and in Fig. 7.9 on a volumetric basis. The lithium/soluble-
cathode systems (Li/SOC1, and Li/SO,) show the best performance throughout the entire
temperature range, with the higher-rate Li/SO, system having the best capacity retention at
the very low temperatures. The zinc/air system has a high energy density at normal tem-
peratures, but only at light discharge loads. The lithium/solid-cathode systems, represented
by the Li/MnQO, system, show high performance over a wide temperature range, superior to
the conventional zinc anode systems. Figure 7.9 shows an improvement in relative position
of the denser, heavier battery systems when compared on a volumetric basis.

(Note: As stated earlier, these data are necessarily generalized and present each battery
system under favorable discharge conditions. With the variability in performance due to
manufacturer, design, size, discharge conditions, end voltage, and other factors, they may
not apply under specific conditions of use. For these details refer to the appropriate chapter
for each battery system.)
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FIGURE 7.8 Specific energy of primary battery systems.
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FIGURE 7.9 Volumetric energy density of primary battery systems.

7.3.7 Shelf Life of Primary Batteries

The shelf-life characteristics of the major primary battery systems are plotted in Fig. 7.10
and show the rate of loss (in terms of percentage capacity loss per year) from 20 to 70°C.
The relationship is approximately linear when log capacity loss is plotted against
log 1/T (temperature, °Kelvin). The data assume that the rate of capacity loss remains con-
stant throughout the storage period, which is not necessarily the case with most battery
systems. For example, as shown in Chap. 14 for several lithium batteries, the rate of loss
tapers off as the storage period is extended. The data are also a generalization of the capa-
bility of each battery system under manufacturer-rated conditions because of the many var-
iations in battery design and formulation. The discharge conditions and size also have an
influence on charge retention. The capacity loss is usually highest under the more stringent
discharge conditions.

The ability to store batteries improves as the storage temperature is lowered. Cold storage
of batteries is used to extend their shelf life. Moderately cold temperatures, such as 0°C, was
usually used as freezing could be harmful for some battery systems or designs. As the shelf
life of most batteries has been improved, manufacturers are no longer recommending cold
storage but suggest room temperature storage is adequate provided that excursions to high
temperature is avoided.
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7.3.8 Cost

Li/MNO,

Zn/air
(sealed)

Zn/HgO
Alkaline — MnO,

30 Mg/MnO,

20

50
70—
100 —

Approximate capacity loss per year, %

Zn-carbon /

200 - X

300 - Zn/Ag,0

500 —
700

| | ] | | |
1000 20 30 40 50 60 70

Temperature, °C

FIGURE 7.10 Shelf-life characteristics of primary battery systems.

In the selection of the most cost-effective battery for a given application, other factors should
also be considered in addition to the initial cost of the battery. These include the battery’s
performance under the specific conditions of use, operation under other temperature and
environmental conditions (if applicable), shelf life, and other parameters that could affect
the battery’s capabilities. The impact of the discharge rate and duty cycle on the cost of
battery operation (cost per hour of service) is shown in Table 7.6, which compares the service
life and cost per hour of service of the general-purpose and premium (zinc-chloride) zinc-
carbon batteries with the zinc/alkaline-manganese dioxide battery under various regimes.
Based on the unit battery cost shown in the table, the general-purpose zinc-carbon battery
has the most competitive hourly service cost only on the low-drain intermittent radio appli-
cation, the conditions most to its liking. However, even with its higher unit cost, the alkaline
battery is, by far, the more economical battery to use under stringent high-drain applications
such as in toys and electronic games. The use of the zinc-carbon battery is not recommended
in the high drawn photoflash or digital camera applications. A similar analysis should be
made when evaluating the performance of any candidate battery against the application
requirement to determine which battery is the most cost-effective (see Chap. 6).
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TABLE 7.6 Comparison of Battery Performance and Cost—Zinc-Carbon vs. Alkaline Manganese Dioxide AA-size

Batteries
Performance Cost per hour of service, $
Alkaline- Alkaline-
General-purpose ~ Premium  manganese General-purpose ~ Premium  manganese
Type of test zinc-carbon zinc-carbon dioxide zinc-carbon zinc-carbon dioxide
3.9-Q toy? 05h 1.2h 5h 0.60 0.33 0.15
43-Q radio® 14 h 27 h 60 h 0.016 0.015 0.013
10-Q) tape 25h 47h 135h 0.12 0.085 0.056
1000 mA photo flash NR NR 210 pulses NR NR 0.036
test
24-Q remote control® 11h 33 h — 0.036 0.023
250 mA electronic games' 1h 6 h — 0.40 0.13
Approximate unit
cell cost, $ 0.30 0.40 0.75 — — —

aToy test: 1 h/day to 0.8 V.

b Transistor radio test: 4 h/day to 0.9 V.

¢Tape player and cassette test: 1 h/day to 0.9 V.

9Photo flash test: 10 s/m, 1 h/day to 0.9 V.

¢Remote control test 15 s/m, 8 h/day to 1.0 V.

fElectronic game test 1 h/day to 0.9 V.

NR battery not recommended for this application.

Source: Data based on specification requirements, ANSI C18.1M (2000) “Portable primary cells and batteries with aqueous electro-
lyte—general and specifications™

7.4 RECHARGING PRIMARY BATTERIES

Recharging primary batteries is a practice that should be avoided because the cells are not
designed for that type of use. In most instances it is impractical, and it could be dangerous
with cells that are tightly sealed and not provided with an adequate mechanism to permit
the release of gases that form during charging. Such gassing could cause a cell to leak,
rupture, or explode, resulting in personal injury, damage to equipment, and other hazards.
Most primary batteries are labeled with a cautionary notice advising that they should not be
recharged.

Technically some primary cells can be recharged for several cycles under carefully con-
trolled charging conditions and usually at low charge rates. However, even if successful,
they may not deliver full capacity and may have poor charge retention after recharge. Primary
batteries are not designed to be recharged, and charging should not be attempted with any
primary battery, unless one is fully aware of the charging conditions, equipment, and risks.

Several of the typical primary battery systems, such as the zinc/alkaline/manganese di-
oxide system, have been designed in a rechargeable configuration. These batteries are covered
in Chap. 36.
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CHAPTER 8

ZINC-CARBON BATTERIES

(Leclanché and Zinc Chloride
Cell Systems)

Dennis W. McComsey

8.1 GENERAL CHARACTERISTICS

Zinc-carbon batteries have been well known for over a hundred years. The two types of
zinc-carbon batteries that are popular now are the Leclanché and zinc chloride systems. Both
systems remain among the most widely used of all the primary battery systems worldwide,
although their use in the United States and Eurrope is declining. The use of flashlights,
portable radios, and other moderate and light drain applications, as well as the absence of a
high drain device base, is stimulating the use of zinc-carbon batteries in the emerging third
world countries. The battery is characterized as having low cost, ready availability and ac-
ceptable performance for a great number of applications.

The zinc-carbon battery industry continues to grow worldwide. The global primary battery
market is expected to reach $22 billion in sales by the year 2002. Zinc-carbon battery sales
globally are expected to reach $7.2 billion, or a 34% share of the global market. Some details
of the zinc-carbon battery market and the global primary battery market are given in Table
8.1.

The current estimate of annual growth for the zinc-carbon global market, through the
year 2007, continues to be +5% per year. The expected decline in the zinc-carbon battery
market was only realized in the United States with a relatively constant —2% to —5% decline
in sales volume per year. This is expected to continue. Asia, emerging third world and Eastern
European markets drove the global demand for the inexpensive zinc-carbon battery system.
As an example, 80% of all primary batteries presently sold in Eastern and Central Europe
are zinc-carbon types. Even in the United States, this system still shows substantial usage
with total U.S. sales in 1998 of $370 million dollars.*-3

New, heavier drain toy, lighting and communications devices, entering the consumer mar-
ket continue to stimulate an increased preference for zinc-alkaline cells. This has spawned
a segmentation of the zinc-alkaline system resulting in the design of increased power, heavy-
duty, zinc-alkaline batteries for those applications. These new applications and continued
impact from the use of rechargeable cells will be additional factors impacting zinc-carbon
sales in the U.S.

8.1
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TABLE 8.1 Zinc-Carbon Battery Market

Total primary Zinc-carbon Zinc-carbon as
Regional battery market battery market a percent of
market value by 2002 value by 2002 global market
location (billions $US) (billions $US) (%)
US & Canada 4.4 0.3 6.8
Latin America 14 1.0 64.3
Western Europe 3.9 0.9 20.5
Eastern Europe 2.8 1.0 32.1
Asia Pacific 8.6 4.0 45.3
Global Total 21.1 7.2 345

Source: Freedonia Group 1999 battery market study.?

Historically, the first prototype of the modern dry cell was the Leclanché Wet Cell de-
veloped by a telegraphic engineer, Georges-Lionel Leclanché in 1866. The design resulted
from the need to provide a more reliable and easily maintained power source for telegraphic
offices. The cell was unique in that it was the first practical cell using a single low-corrosive
fluid, ammonium chloride, as an electrolyte instead of the strong mineral acids in use at the
time. This rendered the cells relatively inactive until the external circuit was connected. The
cell was inexpensive, safe, easily maintained and provided excellent shelf (storage) life with
adequate performance characteristics.

The cell consisted of an amalgamated zinc bar serving as the negative electrode anode,
a solution of ammonium chloride as the electrolyte, and a one-to-one mixture of manganese
dioxide and powdered carbon packed around a carbon rod as the positive electrode or cath-
ode. The positive electrode was placed in a porous pot, which was, in turn, placed in a
square glass jar along with the electrolyte and zinc bar. By 1876, Leclanché had evolved the
design removing the need for the porous pot by adding a resin (gum) binder to the manganese
dioxide-carbon mix. In addition he formed this composition into a compressed block by use
of hydraulic pressure at a temperature of 100°C. Leclanché’s inventiveness brought together
the major components of today’s zinc-carbon battery and set the stage for conversion from
the “wet” cell to the ““dry” cell concept.

Dr. Carl Gassner is credited with constructing the first “dry” cell in 1888. It was similar
to the Leclanché system except that ferric hydroxide and manganese dioxide were used as
the cathode. The “dry” cell concept grew from the desire to make the cell unbreakable and
spill-proof. His cell provided an unbreakable container by forming the anode from zinc sheet
into a cup, replacing the glass jar. He then immobilized the electrolyte by using a paste
containing plaster of Paris and ammonium chloride. The cylindrical block of cathode mix
(called a bobbin) was wrapped in cloth and was saturated with a zinc chloride-ammonium
chloride electrolyte. This reduced local chemical action and improved the shelf life. Gassner,
as did others, replaced the plaster of Paris with wheat flour as an electrolyte-gelatinizing
agent and demonstrated such a battery as a portable lighting power source at the 1900
World’s Fair in Paris. These advances were instrumental in establishing industrial production
and commercialization of the “zinc-carbon dry cell” and led to the evolution of *“dry-cell”
portable power.
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From the early 1900s through the 1990s, the portable power industry has been driven to
meet the needs of the electric and electronic industries. In the early part of the 20th century,
battery-operated telephones, electric doorbells, toys, lighting devices, and countless other
applications placed increasing demands on “dry battery” manufacturers. Through the middle
of the century the advent of radio broadcasting and World War Il military applications further
increased that demand significantly. In the latter part of the century, demands for an inex-
pensive battery to power flashlights, portable transistor radios, electric clocks, cameras, elec-
tronic toys, and other convenience applications have maintained the demand.

Zinc-carbon technology has continued to evolve. During much of the 20th century, the
system was continually improved. Manganese dioxide, electrolytic and chemical, with higher
capacity and substantially higher activity than the natural manganese ores, have been devel-
oped. The use of acetylene black carbon as a substitute for graphite has not only provided
a more conductive cathode structure, but the higher absorption properties have enhanced the
handling characteristics of the cathode powder. Improved manufacturing techniques were
implemented that resulted in the production of an improved product at lower costs. A better
understanding of the reaction mechanisms, improved separators, and venting seal systems
and all have contributed to the present state of the zinc-carbon art.

A significant portion of the technology effort since the 1960s has been directed toward
developing the zinc chloride cell system. This design provided substantially improved per-
formance on heavy drain applications over that of the Leclanché cell. During the 1980s to
the present time, development effort has been focused on environmental concerns, including
the elimination of mercury, cadmium, and other heavy metals from the system. The work
the past century, has extended the discharge life and storage life of the zinc-carbon battery
over 400% compared to the 1910 version.G®

Most of zinc-carbon cell manufacturing and battery assembly is now done outside of the
United States. Manufacturers have opted to consolidate and relocate plants and equipment
to achieve cost reductions through the use of economies of scale, low cost labor, and ma-
terials. Regional plants are coming of age rather than local country manufacturing facilities.
This has occurred because of the improved conditions in global trade, which in many areas
has reduced tariffs and duties. As a direct result, cell prices have generally been maintained
at steady levels and business opportunities for zinc-carbon batteries have increased globally.

The advantages and disadvantages of zinc-carbon batteries, compared with other primary
battery systems, are summarized in Table 8.2. A comparison of the more popular primary
cell systems is given in Chap. 7.
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TABLE 8.2 Major Advantages and Disadvantages of Leclanché and Zinc-Chloride Batteries

Standard Leclanché battery

Advantages Disadvantages General comments

Low cell cost Low energy density Good shelf life if refrigerated
Low cost per watt-hour Poor low temp service For best capacity the discharge should
Large variety of Poor leakage resistance be intermittent

shapes, sizes, under abusive conditions Capacity decreases as the discharge

voltages, and Low efficiency under high drain increases

capacities current drains Steadily falling voltage is useful if
Various formulations Comparatively poor shelf life early warning of end of life is
Wide distribution and \oltage falls steadily with important

availability discharge
Long tradition of

reliability

Standard Zinc-chloride battery

Advantages Disadvantages General comments
Higher energy density High gassing rate Steadily falling voltage with discharge
Better low-temperature Requires excellent sealing Good shock resistance
service system due to increased Low to medium initial cost
Good leak resistance oxygen sensitivity

High efficiency under
heavy discharge
loads

8.2 CHEMISTRY

The zinc-carbon cell uses a zinc anode, a manganese dioxide cathode, and an electrolyte of
ammonium chloride and/or zinc chloride dissolved in water. Carbon (acetylene black) is
mixed with the manganese dioxide to improve conductivity and retain moisture. As the cell
is discharged, the zinc is oxidized and the manganese dioxide is reduced. A simplified overall
cell reaction is:

Zn + 2MnO, — Zn0O - Mn,0,

In actual practice, the chemical processes which occur in the Leclanché cell are signifi-
cantly more complicated. Despite the 125 years of its existence, controversy over the details
of the electrode reactions continues.” A chemical “recuperation” reaction may operate si-
multaneously with the discharge reactions.® This could result in several intermediate states
which confuse the reaction mechanisms. Furthermore, the chemistry is complex because
MnO, is a non-stoichiometric oxide and is more accurately represented as MnO,, where x
typically equals 1.9+. The efficiency of the chemical reaction depends on such things as
electrolyte concentration, cell geometry, discharge rate, discharge temperature, depth of dis-
charge, diffusion rates, and type of MnO, used. A more comprehensive description of the
cell reaction is as follows:*
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1. For cells with ammonium chloride as the primary electrolyte:
Light discharge: Zn + 2MnO, + 2NH,Cl — 2MnOOH + Zn(NH,),Cl,
Heavy discharge: Zn + 2MnO, + NH,CI + H,0 — 2MnOOH + NH; + Zn(OH)CI
Prolonged discharge: Zn + 6MnOOH — 2Mn,0O, + ZnO + 3H,0

2. For cells with zinc chloride as the primary electrolyte:
Light or heavy discharge: Zn + 2MnO, + 2H,0 +ZnCl, — 2MnOOH + 2Zn(OH)CI
or: 4 Zn + 8Mn0O, + 9H,0 + ZnCl, — 8MnOOH + ZnCl,-4Zn0 -5H,0
Prolonged discharge: Zn + 6MnOOH + 2Zn(OH)CI — 2Mn,0, + ZnCl,-2Zn0 - 4H,0

[Note: 2MnOOH is sometimes written as Mn,O, - H,O and Mn,0O, as MnO - Mn,0O,. Elec-
trochemical discharge of MnOOH vs zinc (prolonged discharge) does not provide a useful
operating voltage for typical applications.]

In the theoretical case, as discussed in Chap. 1, the specific capacity calculates to 224
Ah/kg, based on Zn and MnO, and the simplified cell reaction. On a more practical basis,
the electrolyte, carbon black, and water are ingredients, which cannot be omitted from the
system. If typical quantities of these materials are added to the “theoretical” cell, a specific
capacity of 96 Ah/kg is calculated. This is the highest specific capacity a general-purpose
cell can have and is, in fact, approached by some of the larger Leclanché cells under certain
discharge conditions. The actual specific capacity of a practical cell, considering all the cell
components and the efficiency of discharge, can range from 75 Ah/kg on very light loads
to 35 Ah/kg on heavy-duty, intermittent discharge conditions.

8.3 TYPES OF CELLS AND BATTERIES

During the last 125 years the development of the zinc-carbon battery has been marked by
gradual change in the approach to improve its performance. It now appears that zinc-carbon
batteries are entering a transitional phase. While miniaturization in the electrical and elec-
tronic industries has reduced power demands, it has been offset by the addition of new
features requiring high power, such as motors to drive compact disc players or cassette
recorders, halogen bulbs in lighting devices, etc. This has increased the need for a battery
that can meet heavy discharge requirements. For this reason, as well as competition from
the alkaline battery system for heavy drain applications, many manufacturers are no longer
investing capital to improve the Leclanché or zinc-carbon technology. The traditional Le-
clanché cell construction, which utilizes a starch paste separator, is being gradually phased
out and replaced by zinc chloride batteries utilizing paper separators. This results in increased
volume available for active materials and increased capacity. In spite of these conversion
efforts by manufacturers, a number of third world countries still continue the demand for
pasted Leclanché product because of its low cost. The size of that market has prevented a
complete conversion. It appears that this situation will continue for the near future.

During this transitional phase, the zinc-carbon batteries can be classified into two types,
Leclanché and zinc chloride. These can, in turn, be subdivided into separate general purpose
and premium battery grades, in both pasted and paper-lined constructions:

8.3.1 Leclanché Batteries

General Purpose. Application: Intermittent low-rate discharges, low cost. The traditional,
regular battery, which is not too different from the one introduced in the late nineteenth
century, uses zinc as the anode, ammonium chloride (NH,CI) as the main electrolyte com-
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ponent along with zinc chloride, a starch paste separator, and natural manganese dioxide
(MnOQ,) ore as the cathode. Batteries of this formulation and design are the least expensive
and are recommended for general-purpose use and when cost is more important than superior
service or performance.

Industrial Heavy Duty. Application: Intermittent medium- to heavy-rate discharges, low to
moderate cost. The industrial ““heavy-duty” zinc-carbon battery generally has been converted
to the zinc chloride system. However, some types continue to include ammonium chloride
and zinc chloride (ZnCl,) as the electrolyte and synthetic electrolytic or chemical manganese
dioxide (EMD or CMD) alone or in combination with natural ore as the cathode. Its separator
may be of starch paste but it is typically a paste-coated paper liner type. This grade is suitable
for heavy intermittent service, industrial applications, or medium-rate continuous discharge.

8.3.2 Zinc Chloride Batteries

General Purpose. Application: Low-rate discharges both intermittent and continuous, low
cost. This battery has replaced the Leclanché general-purpose battery in all Western coun-
tries. It is a true “zinc-chloride” battery and possesses some of the ““heavy-duty” character-
istics of the premium type. The electrolyte is zinc chloride; however, some manufacturers
may add small amounts of ammonium chloride. Natural manganese dioxide ore is used as
the cathode. Batteries of this formulation and design are competitive in cost to the Leclanché
general-purpose batteries. They are recommended for general-purpose use on both continuous
and intermittent discharges and when cost is an important consideration. This battery exhibits
a low leakage characteristic.

Industrial Heavy Duty. Application: Low to intermediate-continuous and intermittent
heavy-rate discharges; low to moderate cost. This battery has generally replaced the industrial
Leclanché heavy-duty battery. It is a true “zinc-chloride™ cell and possesses the heavy-duty
characteristics of the premium zinc chloride type. The cell electrolyte is zinc chloride; how-
ever, some manufacturers may add small amounts of ammonium chloride. Natural manganese
dioxide ore is used along with electrolytic manganese dioxide as the cathode. These cells
use paper separators coated with cross-linked or modified starches, which enhance their
stability in the electrolyte. Batteries of this formulation and design are competitive in cost
to the Leclanché heavy-duty industrial batteries. They are recommended for heavy-duty ap-
plications where cost is an important consideration. This battery also exhibits a low leakage
characteristic.

Extra/Super Heavy Duty. Application: Medium and heavy continuous, and heavy inter-
mittent discharges; higher cost than other zinc-chloride types. The extra/super heavy-duty
type of battery is the premium grade of the zinc-chloride line. This cell is composed mainly
of an electrolyte of zinc chloride with perhaps a small amount of ammonium chloride, usually
not exceeding 1% of the cathode weight. The ore used for the cathode is exclusively elec-
trolytic manganese dioxide (EMD). These cells use paper separators coated with cross-linked
or modified starches, which enhance their stability in the electrolyte. Many manufacturers
use proprietary separators in almost all their zinc-carbon type batteries. This battery type is
recommended when good performance is desired but at higher cost. It also has improved
low-temperature characteristics and reduced electrolyte leakage.

In general, the higher the grade or class of zinc-carbon batteries the lower the cost per
minute of service. The price difference between classes is about 10 to 25%, but the per-
formance difference can be from 30 to 100% in favor of the higher grades depending upon
the application drain.

JLab/Cambridge, Exh. 1009, p. 189



ZINC-CARBON BATTERIES 8.7

8.4 CONSTRUCTION

The zinc-carbon battery is made in many sizes and a number of designs but in two basic
constructions: cylindrical and flat. Similar chemical ingredients are used in both construc-
tions.

8.4.1 Cylindrical Configuration

In the common Leclanché cylindrical battery (Figs. 8.1 and 8.2), the zinc can serves as the
cell container and anode. The manganese dioxide is mixed with acetylene black, wet with
electrolyte, and compressed under pressure to form a bobbin. A carbon rod is inserted into
the bobbin. The rod serves as the current collector for the positive electrode. It also provides
structural strength and is porous enough to permit the escape of gases, which accumulate in
the cell, without allowing leakage of electrolyte. The separator, which physically separates
the two electrodes and provides the means for ion transfer through the electrolyte, can be a
cereal paste wet with electrolyte (Fig. 8.1) or a starch or polymer coated absorbent Kraft
paper in the “paper-lined” cell (Fig. 8.2). This provides thinner separator spacing, lower
internal resistance and increased active materials volume. Single cells are covered with metal,
cardboard, plastic or paper jackets for aesthetic purposes and to minimize the effect of
electrolyte leakage through containment.

Construction of the zinc chloride cylindrical battery (Fig. 8.3) differs from that of the
Leclanché battery in that it usually possesses a resealable, venting seal. The carbon rod
serving as the current collector is sealed with wax to plug any vent paths (necessary for

One-piece metal cover (+)
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Wax ring seal —— _ RS
- N l———Support washer
Asphalt seal — i :\f“ ]
PR || R ~—Cathode mix—
Anode (zinc can) S| manganese
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Carbon electrode P11 [ ERRN electrolyte
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polyethylene ey S Plastic film
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FIGURE 8.1 Typical cutaway view of cylindrical Leclanché battery (“Eveready’) paste
separator, asphalt seals.
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FIGURE 8.2 Typical cutaway view of cylindrical Leclanché battery (“Eveready’”) paper
liner separator, asphalt seal.
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FIGURE 8.3 Typical cutaway view of cylindrical zinc chloride battery (“Ev-
eready””) paste separator, plastic seal.
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Leclanché types). Venting is then restricted to only the seal path. This prevents the cell from
drying out and limits oxygen ingress into the cell during shelf storage. Hydrogen gas evolved
from corrosion of the zinc is safely vented as well. In general, the assembly and finishing
processes resemble that of the earlier cylindrical batteries.

Inside Out Cylindrical Construction

Another cylindrical cell is the “inside-out™ construction shown in Fig. 8.4. This construction
does not use the zinc anode as the container. This version resulted in more efficient zinc
utilization and improved leakage, but has not been manufactured since the late 1960s. In
this cell, an impact-molded impervious inert carbon wall serves as the container of the cell
and as the cathode current collector. The zinc anode, in the shape of vanes, is located inside
the cell and is surrounded by the cathode mix.

One-piece
metal cover (+)

Conductive lining

Paper jacket ——=d

Cathode mix ———_|

Separator

Zinc vane

Wax inner seal

Washer ——|

Metal bottom cover (-)

FIGURE 8.4 Typical cutaway view of cylindrical Le-
clanché battery (“Eveready’) inside-out construction.

8.4.3 Flat Cell and Battery

The flat cell is illustrated in Fig. 8.5. In this construction, a duplex electrode is formed by
coating a zinc plate with either a carbon-filled conductive paint or laminating it to a carbon-
filled conductive plastic film. Either coating provides electrical contact to the zinc anode,
isolates the zinc from the cathode of the next cell, and performs the function of cathode
collector. The collector function is the same as that performed by the carbon rod in cylindrical
cells. When the conductive paint method is used, an adhesive must be placed onto the painted
side of the zinc prior to assembly to effectively seal the painted surface directly to the vinyl
band to encapsulate the cell. No expansion chamber or carbon rod is used as in the cylindrical
cell. The use of conductive polyisobutylene film laminated to the zinc instead of the con-
ductive paint and adhesive usually results in improved sealing to the vinyl; however, the film
typically occupies more volume than the paint and adhesive design. These methods of con-
struction readily lend themselves to the assembly of multi-cell batteries.
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Positive contact

Negative contact

— Lithographed steel jacket

Sectional view
of unit cell

Wax coating
Connector strip
Wax coating

Plastic
envelope

Cathode mix—
manganese dioxide,
carbon, electrolyte
Separator

Anode (zinc)
Carbon conductive coating

FIGURE 8.5 Typical cutaway view of Leclancé flat cell and battery. (e.g.
“Eveready” #216)

Flat cell designs increase the available space for the cathode mix because the package
and electrical contacts are minimized, thereby increasing the energy density. In addition, a
rectangular construction reduces wasted space in multi-cell assemblies, (which is, in fact,
the only application for the flat cell). The volumetric energy density of an assembled battery
using flat cells is nearly twice that of cylindrical cell assemblies.

Metal contact strips are used to attach the ends of the assembled battery to the battery
terminals; (e.g., 9-V transistor battery). The orientation of the stack subassembly (cathode
up or anode up) is only important for each manufacturer’s method of assembly. The use of
contact strips allows either design mode. The entire assembly is usually encapsulated in wax
or plastic. Some manufacturers also sleeve the assembly in shrink film after waxing. This
aids the assembly process cleanliness and provides additional insurance against leakage.
Cost, ease of assembly, and process efficiencies usually dictate the orientation during the
assembly process.

8.4.4 Special Designs

Designs for special applications are currently in use. These designs demonstrate the levels
of innovation that can be applied to unusual application and design problems. These are
covered in Sec. 8.7.
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8.5 CELL COMPONENTS

8.5.1 Zinc

Battery grade zinc is 99.99% pure. Classical zinc can alloys contained 0.3% cadmium and
0.6% lead. Modern lubrication and forming techniques have reduced these amounts. Cur-
rently, zinc can alloys with cadmium contain 0.03% to 0.06% cadmium and 0.2% to 0.4%
of lead. The content of these metals varies according to the method used in the forming
process. Lead, while insoluble in the zinc alloy, contributes to the forming qualities of the
can, although too much lead softens the zinc. Lead also acts as a corrosion inhibitor by
increasing the hydrogen overvoltage of the zinc in much the same manner as does mercury.
Cadmium aids the corrosion-resistance of zinc to ordinary dry cell electrolytes and adds
stiffening strength to the alloy. For cans made by the drawing process, less than 0.1% of
cadmium is used because more would make the zinc difficult to draw. Zinc cans are com-
monly made by three different processes:

1. Zinc is rolled into a sheet, formed into a cylinder, and, with the use of a punched-out
zinc disk for the bottom, soldered together. This method is obsolete except for the most
primitive of assemblies. Last use of this method in the U.S. was during the 1980s in 6
inch cells.

2. Zinc is deep-drawn into a can shape. Rolled zinc sheet is shaped into a can by forming
through a number of steps. This method was used primarily in cell manufacturing in the
U.S. prior to the relocation and consolidation of U.S. zinc-carbon manufacturing overseas.

3. Zinc is impact extruded from a thick, flat calot. This is now the method of choice. Used
globally, this method reshapes the zinc by forcing it to flow under pressure, from the
calot shape into the can shape. Calots are either cast from molten zinc alloy or punched
from a zinc sheet of the desired alloy.

Metallic impurities such as copper, nickel, iron, and cobalt cause corrosive reactions with
the zinc in battery electrolyte and must be avoided particularly in “zero” mercury construc-
tions. In addition, iron in the alloy makes zinc harder and less workable. Tin, arsenic, anti-
mony, magnesium, etc., make the zinc brittle.*¢

U.S. federal environmental legislation prohibits the land disposal of items containing
cadmium and mercury when these components exceed specified leachable levels. Some states
and municipalities have banned land disposal of batteries, require collection programs, and
prohibit sale of batteries containing added cadmium or mercury. Some European have sim-
ilarly prohibited the sale and disposal of batteries containing these materials. For these rea-
sons, levels of both of these heavy metals have been reduced to near zero. This impacts
directly upon global zinc can manufacture due to importation of battery products to the U.S.
and Europe. Manganese is a satisfactory substitute for cadmium, and has been included in
the alloy at levels similar to that of cadmium to provide stiffening. The handling properties
of zinc, alloyed with manganese or cadmium are equivalent; however, no corrosion resistance
is imparted to the alloy with manganese as is the case with cadmium.
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8.5.2 Bobbin

The bobbin is the positive electrode and is also called the black mix, depolarizer, or cathode.
It is a wet powder mixture of MnO,, powdered carbon black, and electrolyte (NH,Cl and/
or ZnCl,, and water). The powdered carbon serves the dual purpose of adding electrical
conductivity to the MnO,, which itself has high electrical resistance. It also acts as a means
of holding the electrolyte. The cathode mixing and forming processes are also important
since they determine the homogeneity of the cathode mix and the compaction characteristics
associated with the different methods of manufacture. This becomes more critical in the case
of the zinc-chloride cell, where the cathode contains proportions of liquid that range between
60% and 75% by volume.

Of the various forming methods available, mix extrusion and compaction-then-insertion
are the two used most widely. On the other hand, there is a wide variety of techniques for
mixing. The most popular methods are “Cement”-style mixers and rotary mullor mixers.
Both techniques offer the ability to manufacture large quantities of mix in relatively short
times and minimize the shearing effect upon the carbon black, which reduces its ability to
hold solution.

The bobbin usually contains ratios of manganese dioxide to powdered carbon from 3:1
to as much as 11:1 by weight. Also, 1:1 ratios have been used in batteries for photoflash
applications where high pulses of current are more important than capacity.

8.5.3 Manganese Dioxide (MnO,)

The types of manganese dioxide used in dry cells are generally categorized as natural man-
ganese dioxide (NMD), activated manganese dioxide (AMD), chemically synthesized man-
ganese dioxide (CMD), and electrolytic manganese dioxide (EMD). EMD is a more expen-
sive material, which has a gamma-phase crystal structure. CMD has a delta-phase structure
and NMDs the alpha and beta phases of MnO,. EMD, while more expensive, results in a
higher cell capacity with improved rate capability and is used in heavy or industrial appli-
cations. As shown in Fig. 8.6, polarization is significantly reduced using electrolytic material
compared to the chemical or natural ores.*®

Naturally occurring ores (in Gabon Africa, Greece, and Mexico), high in battery-grade
material (70% to 85% MnO,), and synthetic forms (90% to 95% MnO,) generally provide
electrode potentials and capacities proportional to their manganese dioxide content. Man-
ganese dioxide potentials are also affected by the pH of the electrolyte. Performance char-
acteristics depend upon the crystalline state, the state of hydration, and the activity of the
MnO,. The efficiency of operation under load depends heavily upon the electrolyte, the
separator characteristics, the internal resistance and the overall construction of the cell.*®
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Approximate x value in MnO,
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FIGURE 8.6 Open and closed-circuit voltage of three
types of manganese dioxide (in 9M KOH). (From Kozawa
and Powers.)
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8.5.4 Carbon Black

Because manganese dioxide is a poor electrical conductor, chemically inert carbon or carbon
black is added to the cathode mix to improve its conductivity. This is achieved by coating
the manganese dioxide particles with carbon during the mixing process. It provides electrical
conductivity to the particle surface and also serves the important functions of holding the
electrolyte and providing compressibility and elasticity to the cathode mix during processing.

Graphite was once used as the principal conductive media and is still used to some extent.
Acetylene black, by virtue of its properties, has displaced graphite in this role for both
Leclanché and zinc chloride cells. One great advantage of acetylene black is its ability to
hold more electrolyte in the cathode mix. Caution must be used during the mixing process
S0 as to prevent intense shearing of the black particles as this reduces its ability to hold
electrolyte. This is critical for zinc-chloride cells, which contain much higher electrolyte
levels than the Leclanché cell. Cells containing acetylene black usually give superior inter-
mittent service, which is the way most zinc-carbon batteries are used. Graphite, on the other
hand, serves well for high flash currents or for continuous drains.*°

8.5.5 Electrolyte

The ordinary Leclanché cell uses a mixture of ammonium chloride and zinc chloride, with
the former predominating. Zinc-chloride cells typically use only ZnCl,, but can contain a
small amount of NH,CI to ensure high rate performance. Examples of typical electrolyte
formulation for the zinc-carbon battery systems are listed in Table 8.3.

TABLE 8.3 Electrolyte Formulations*

Constituent Weight %
Electrolyte |
NH,CI 26.0
ZnCl, 8.8
H,O 65.2
Zinc-corrosion inhibitor 0.25-1.0
Electrolyte 11
ZnCl, 15-40
H,O 60-85
Zinc-corrosion inhibitor 0.02-1.0

*Electrolyte | based on Kozawa and Powers.”
Electrolyte Il based on Cahoon.®

8.5.6 Corrosion Inhibitor

The classical zinc-corrosion inhibitor has been mercuric or mercurous chloride, which forms
an amalgam with the zinc. Cadmium and lead, which reside in the zinc alloy, also provide
zinc anode corrosion protection. Other materials like potassium chromate or dichromate,
used successfully in the past, form oxide films on the zinc and protect via passivation.
Surface-active organic compounds, which coat the zinc, usually from solution, improve the
wetting characteristic of the surface unifying the potential. Inhibitors are usually introduced
into the cell via the electrolyte or as part of the coating on the paper separator. Zinc cans
could be pretreated; however, this is ordinarily not practical.
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Environmental concerns have generally eliminated the use of mercury and cadmium in
these batteries. These restrictions are posing problems for battery manufacturers in the areas
of sealing, shelf storage reliability, and leakage. This is critical for zinc-chloride cells in that
the lower pH electrolyte results in the formation of excessive hydrogen gas due to zinc
dissolution. Certain classes of materials considered for use to supplant mercury include
gallium, indium, lead, tin and bismuth either alloyed into the zinc or added to the electrolyte
from their soluble salts. Other organic materials, like glycols and silicates, offer protection
alternatives. Additional restrictions on lead use, which are already stringent, may also be
imposed in the future.

8.56.7 Carbon Rod

The carbon rod used in round cells is inserted into the bobbin and performs the functions
of current collector. It also performs as a seal vent in systems without a positive venting
seal. It is typically made of compressed carbon, graphite and binder, formed by extrusion,
and cured by baking. It has, by design, a very low electrical resistance. In Leclanché and
zinc-chloride cells with asphalt seals, it provides a vent path for hydrogen and carbon dioxide
gases, which might build up in and above the cathode during heavy discharge or elevated
temperature storage. Raw carbon rods are initially porous, but are treated with enough oils
or waxes to prevent water loss (very harmful to cell shelf-life) and electrolyte leakage. A
specific level of porosity is maintained to allow passage of the evolved gases. Ideally, the
treated carbon should pass internally evolved gases, but not pass oxygen into the cell, which
could add to zinc corrosion during storage. Typically this method of venting gases is variable
and less reliable then the use of venting seals.*®

Zinc-chloride cells using plastic, resealable, venting seals utilize plugged, non-porous
electrodes. Their use restricts the venting of internal gas to only the designed seal path. This
prevents the cell from drying out and limits oxygen ingress into the cell during shelf-storage.
Hydrogen gas evolved from wasteful corrosion of the zinc is safely vented as well.

8.5.8 Separator

The separator physically separates and electrically insulates the zinc (negative) from the
bobbin (positive), but permits electrolytic or ionic conduction to occur via the electrolyte.
The two major separator types in use are either the gelled paste or paper coated with cereal
or other gelling agents such as methycellulose.

In the paste type, the paste is dispensed into the zinc can. The preformed bobbin (with
the carbon rod) is inserted, pushing the paste up the can walls between the zinc and the
bobbin by displacement. After a short time, the paste sets or gels. Some paste formulations
need to be stored at low temperatures in two parts. The parts are then mixed; they must be
used immediately as they can gel at room temperature. Other paste formulations need ele-
vated temperatures (60°C to 96°C) to gel. The gelatinization time and temperature depend
upon the concentration of the electrolyte constituents. A typical paste electrolyte uses zinc
chloride, ammonium chloride, water, and starch and/or flour as the gelling agent.

The coated-paper type uses a special paper coated with cereal or other gelling agent on
one or both sides. The paper, cut to the proper length and width, is shaped into a cylinder
and, with the addition of a bottom paper, is inserted into the cell against the zinc wall. The
cathode mix is then metered into the can forming the bobbin, or, if the bobbin is preformed
in a die, it is pushed into the can. At this time, the carbon rod is inserted into the center of
the bobbin and the bobbin is tamped or compressed, pushing against the paper liner and
carbon rod. The compression releases some electrolyte from the cathode mix, wetting the
paper liner to complete the operation.

By virtue of the fact that a paste separator is relatively thick compared with the paper
liner, about 10% or more manganese dioxide can be accommodated in a paper-lined cell,
resulting in a proportional increase in capacity.*&1°
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8.5.9 Seal

The seal used to enclose the active ingredients can be asphalt pitch, wax and resin, or plastic
(polyethylene or polypropylene). The seal is important to prevent the evaporation of moisture
and the phenomenon of “air line” corrosion from oxygen ingress.*5

Leclanché cells typically utilize thermoplastic materials for sealing. These methods are
inexpensive and easily implemented. A washer is usually inserted into the zinc can and
placed above the cathode bobbin. This provides an air space between the seal and the top
of the bobbin to allow for expansion. Melted asphalt pitch is then dispensed onto the washer
and is heated until it flows and bonds to the zinc can. One drawback to this method of
sealing is that it occupies space that could be used for active materials. A second fault is
that this type of seal is easily ruptured by excessive generation of evolved gases and is not
suitable for elevated temperature applications.

Premium Leclanché and almost all zinc-chloride cells use injection molded plastic seals.
This type of seal lends itself to the design of a positive venting seal and is more reliable.
Molded seals are mechanically placed onto a swaged zinc can. Many manufacturers have
designed locking mechanisms into the seal, void spaces for various sealants and resealable
vents. Several wrap the seal and can in shrink wrap or tape to prevent leakage through zinc
can perforations. It is very important to prevent moisture loss in the zinc-chloride system,
and to vent the evolved gases generated during discharge and storage. The formation of these
gases disrupts the separator surface layer significantly and affects cell performance after
storage. Use of molded seals in the zinc-chloride cell construction has resulted in the good
shelf storage characteristics evidenced by this design.

8.5.10 Jacket

The battery jacket can be made of various components: metal, paper, plastic, polymer films,
plain or asphalt-lined cardboard, or foil in combination or alone. The jacket provides strength,
protection, leakage prevention, electrical isolation, decoration, and a site for the manufac-
turer’s label. In many manufacturers’ designs, the jacket is an integral part of the sealing
system. It locks some seals in place, provides a vent path for the escape of gases, or acts as
a supporting member to allow seals to flex under internal gas pressures. In the inside-out
construction, the jacket was the container in which a carbon-wax collector was impact-
molded (Fig. 8.4).

8.5.11 Electrical Contacts

The top and bottom of most batteries are capped with shiny, tin-plated steel (or brass)
terminals to aid conductivity, prevent exposure of any zinc and in many designs enhance the
appearance of the cell. Some of the bottom covers are swaged onto the zinc can, others are
locked into paper jackets or captured under the jacket crimp. Top covers are almost always
fitted onto the carbon electrode with interference. All of the designs try to minimize the
electrical contact resistance.
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8.6 PERFORMANCE CHARACTERISTICS

8.6.1 Voltage

Open-Circuit Voltage. The open-circuit voltage (OCV) of the zinc-carbon battery is derived
from the potentials of the active anode and cathode materials, zinc and manganese dioxide,
respectively. As most zinc-carbon batteries use similar anode alloys, the open circuit voltage
usually depends upon the type or mixture of manganese dioxide used in the cathode and the
composition and pH of the electrolyte system. Manganese dioxides, like EMDs, are of greater
purity than the NMDs, which contain a significant quantity of manganite (MnOOH), and
thus have lower voltage. Figure 8.7 shows the open circuit voltage for fresh Leclanché and
zinc chloride batteries containing various mixtures of natural and electrolytic manganese
dioxide.

Leclanché pasted N

Voltage, V

[TTTTrrrrr o1

N

Zinc chloride
paper liner

1.5 1 I L | L I L | L I 1 | L L 1 | L L L
40 60

Percent EMD in MnO, mixture

100

o
N
o

FIGURE 8.7 Comparison of open circuit voltage for batteries using mixtures of natural and electrolytic
manganese dioxide.

Closed-Circuit Voltage. The closed-circuit voltage (CCV), or working voltage, of the zinc-
carbon battery is a function of the load or current drain the cell is required to deliver. The
heavier the load or the smaller the circuit resistance, the lower the closed-circuit voltage.
Table 8.4 illustrates the effect of load resistance on the closed-circuit voltage for D-size
batteries in both the Leclanché and zinc-chloride systems.
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TABLE 8.4 Initial Closed-Circuit Voltage of a
Typical D-size Zinc-Carbon Battery as a Function
of Load Resistance at 20°C

\oltage Load Initial current, mA
I resistance —_—
ZC LC* O ZC LC
1.61 1.56 o 0 0
1.59 1.52 100 16 15
1.57 151 50 31 30
1.54 1.49 25 62 60
1.48 1.47 10 148 147
1.45 1.37 4 362 343
1.43 1.27 2 715 635

*ZC-zinc-chloride battery; LC-Leclanché battery.

The exact value of the CCV is determined mainly by the internal resistance of the battery
as compared with the circuit or load resistance. It is, in fact, proportional to R,/(R; + R;,)
where R, is the load resistance and R;, is the battery’s internal resistance. Another factor,
important to the battery’s ability to sustain the CCV, is the transport characteristic of the cell
components, that is, the ability to transport ionic and solid reaction products, and water, to
and from the reaction sites. The physical geometry of the cell, its solution volume, electrode
porosity, and solute materials are critical characteristics that affect the diffusion coefficient.
Transport is enhanced by use of highly mobile ions, high solution volumes, high electrode
porosity and high surface area. Transport characteristics are diminished by slow ionic trans-
port, low solution volumes, and barriers of precipitated reaction product which block dif-
fusion paths. (This topic is discussed in greater detail in Chap. 2.) Temperature, age, and
depth of discharge greatly affect the internal resistance and transport factors as well.

As zinc-carbon batteries are discharged, the CCV, and to a lesser extent the OCV, drop
in magnitude. The drop in OCV is attributable to the decrease in the active material man-
ganese dioxide and the increase in the product of the reaction, manganite. Reduction of the
CCV is the result of increased electrical resistance and a decrease in transport characteristic.
The discharge curve is a graphic representation of the closed-circuit voltage as a function of
time and is neither flat nor linearly decreasing but, as seen in Fig. 8.8, has the character of
a single- or double-S curve depending upon the depth of discharge. Figure 8.9 illustrates the
shape of typical discharge curves for D-size, general purpose, Leclanché and zinc-chloride
batteries.
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FIGURE 8.8 Typical discharge curve of a Leclanché zinc-carbon
battery.
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FIGURE 8.9 A comparison of typical discharge curves between Leclanché and zinc-
chloride batteries.
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End Voltage. The end voltage, or cutoff voltage (COV), is defined as a point along the
discharge curve below which no usable energy can be drawn for the specified application.

Typically 0.9 V has been found to be the COV for a 1.5-V cell when used in a flashlight.
Some radio applications can utilize the cell down to 0.75 V or lower, while other electronic
devices may tolerate a drop to only 1.2 V. Obviously, the lower the end voltage, the greater
the amount of energy that can be delivered by the battery. The lower voltage will impact
certain applications, like flashlights, resulting in a dimmer light and lower volume and/or
range for radios. Devices that can operate only within a narrow voltage range would do
better with a battery system noted for a flat discharge curve.

Although a closed-circuit voltage that steadily decreases may present a disadvantage in
some applications, it is advantageous where sufficient warning of the end of battery life is
required, as in a flashlight.

8.6.2 Discharge Characteristics

Both the Leclanché and zinc-chloride batteries have performance characteristics that show
advantages in specific applications, but poor performance in others. A variety of factors
influence battery performance (see Chap. 3). It is necessary to evaluate specifics about the
application (discharge conditions, cost, weight, etc.) in order to make a proper selection of
a battery. Many manufacturers provide data for this purpose.

Typical discharge curves for general-purpose D-size Leclanché and zinc-chloride batteries,
of equivalent capacity, discharged 2 h per day at 20°C, are shown in Fig. 8.10. These curves
are characterized by a sloping discharge and a substantial reduction in voltage with increasing
current. The zinc-chloride construction shows a higher voltage characteristic and more ser-
vice at the higher current levels. On the 50-mA drain, both constructions provide nearly
equivalent performance. This is the result of the depletion of manganese dioxide at the low
discharge rates, as most zinc-carbon batteries are cathode limited.
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FIGURE 8.10 Typical discharge curves for general-purpose Leclanché zinc-chloride D-size bat-
teries, discharged 2 h/day at 20°C. Solid line—zinc chloride; broken line—Leclanché.
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8.6.3 Effect Of Intermittent Discharge

Performance of zinc-carbon batteries varies depending upon the type of discharge. The per-
formance of Leclanché batteries is significantly better when used under intermittent compared
to continuous discharge conditions, because (1) a chemical recuperation reaction replaces a
small portion of active ingredients during the rest periods; and (2) transport phenomena
redistribute reaction products.®

Zinc-chloride batteries can support heavier drains and respond to intermittent discharges
with longer discharge cycles. This system relies upon its improved transport mechanism to
support heavier drains and to redistribute reaction product.

The three-dimensional graph shown in Fig. 8.11 illustrates the general effects of inter-
mittency and discharge rate on the capacity of a general-purpose D-size battery.

On extremely low-current discharges, the benefit of intermittent rest and discharge is
minimal for both systems. It is likely that the reaction rate proceeds more slowly than the
diffusion rate and results in a balanced condition even during discharge. Under conditions
of extremely low rate of discharge, factors such as age will reduce the total delivered ca-
pacity. Most applications fall in the moderate- (radio) to high-rate (flashlight) categories, and
for these the energy delivered can more than triple when the cell is used intermittently as
compared with continuous usage.

The standard flashlight current drains are 300 mA (3.9 Q per cell) and 500 mA (2.2 Q
per cell), which correspond to two-cell flashlights using PR2 and PR6 lamps, respectively,
or three-cell flashlights using PR3 and PR7 lamps, respectively. The beneficial effects of
intermittent discharge are clearly shown in Figs. 8.12 and 8.13, which compare Leclanché
general-purpose D-size batteries on four different discharge regimens; continuous, light in-
termittent flashlight, heavy intermittent flashlight, and a 1 h/day cassette simulation test.
Table 8.5 lists the ANSI application tests currently being used to evaluate both cell systems.

\ Capacity, Ah

;
e
o

FIGURE 8.11 Battery performance (capacity to 0.9 V) as a function of
discharge, load and duty schedule for a general purpose D-size zinc-
carbon battery at 20°C. (From Eveready Battery Energy Data.)
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FIGURE 8.12 General purpose D-size zinc-carbon battery discharged through 3.9 ohm at 20°C,
under various discharge conditions.
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FIGURE 8.13 General purpose D-size zinc-carbon battery discharged through 2.2 ohm at 20°C,
under various discharge conditions.
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TABLE 8.5 Standard Application Tests Specified in ANSI

Battery Specifications

Typical use or test

Discharge schedule

Pulse test (PHOTO)

Portable lighting (GPI)
Portable lighting (LIP)
Portable lighting (LANTERN)
Transistor radios

Transistor radio (small-9 volt)
Personal tape recorder, cassette
Toys and motors

Pocket calculator

15 sec ON/min X 24 hrs/day
5 min ON/day

4 min ON/hr x 8 hrs/day
0.5 hrs ON/hr x 8 hrs/day

4 hrs ON/day

2 hrs ON/day

1 hr ON/day

1 hr ON/day

0.5 hrs ON/day

Hearing aid 12 hrs ON/day
Electronic 24 hrs ON/day
Source: Based on ANSI C18.1M-1999.1

8.6.4 Comparative Discharge Curves—Size Effect Upon Heavy Duty
Zinc-chloride Batteries

8.23

The performance of batteries of different sizes, AAA, AA, C, and D, (see Table 8.9 for a
list of cell sizes) are given in Figs. 8.14 to 8.16. Note that the AAA through D-size batteries
contain increasing amounts of active materials (zinc and manganese dioxide) with the in-
crease in size. Increasing the size also results in proportionally larger electrode surface areas
in the cell and therefore the voltage is maintained at higher levels at the same discharge

loads.
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FIGURE 8.14 Zinc-carbon batteries, continuous discharge through 150 ohm at 20°C.

JLab/Cambridge, Exh. 1009, p. 206

o



8.24

CHAPTER EIGHT

AAA size 1 h/d

Voltage, V

AA size
/1 hid 4 h/d

0 10 20 30 40 50 60 70
Hours of service

FIGURE 8.15 Zinc-carbon batteries, discharged under simulated cassette application (10
ohm intermittent load) at 20°C.
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FIGURE 8.16 Zinc-carbon batteries, continuous discharge through 3.9 ohm at 20°C.

Figure 8.14 illustrates a discharge through a relatively high resistance of 150 Q (about
10 mA) continuously at 20°C. The performance of the D- and C-size batteries on an inter-
mittent discharge would not be too different from that of the continuous discharge, because,
for batteries of these sizes, the current drain is low. For the smaller AA and AAA sizes,
however, discharge through a 150-Q load is a heavier load. Under these conditions some
benefit could be gained, for Leclanché batteries, using an intermittent discharge since it
assists in dissipating reaction product barriers and increases service life. Zinc-chloride bat-
teries would show less evidence of an effect because of their improved transport character-

Figure 8.15 shows the same four battery sizes discharged through a relatively low resis-
tance of 10 Q (about 150 mA) on a simulated intermittent cassette application. AAA- and
AA-size batteries deliver about 30% less service when continuously discharged at this load.
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The relative performance of both Leclanché and zinc-chloride AAA, AA, C, and D-size
batteries roughly follow a 1:2:8:16 proportion to the 0.9-V cutoff for the low rate and a 1:
2:12:24 proportion for the high-rate drain, illustrating the advantage of the lower current
density discharge for the larger batteries. The high discharge rate for the general-purpose C-
and D- size batteries at 300 mA (3.9 Q) is shown in Fig. 8.16 compared with the performance
of the general purpose larger No. 6 battery for which this discharge rate is low.

8.6.5 Comparative Discharge Curves—Different Battery Grades

Figure 8.17 compares both Leclanché and zinc-chloride general purpose (GP), heavy duty
(HD), and the extra/super heavy duty (EHD) D-size batteries (as defined in Sec. 8.3) dis-
charged continuously through a 2.2-Q load at 20°C. A performance ratio, to the 0.9 V cutoff,
of 1.0:1.3 between the Leclanché and zinc-chloride GP batteries was observed. The same
ratio for the HD batteries was 1.0:1.5 respectively. Comparison between the Leclanché (LC)
and zinc-chloride (ZC) GP, HD, and EHD batteries showed ratios of 1:1.3:2.2:3.4:4.4 for
LC,GP:ZC,GP:LC,HD:ZC,HD:ZC,EHD respectively.

Figure 8.18 shows a comparison of the same battery grades discharged intermittently
through a 2.2-Q load on the American National Standards Institute (ANSI) light intermittent
flashlight (LIF) test. On this regimen, the performance ratio to the 0.9 V cutoff is 1:1 for
the GP batteries, 1:1.3 for the HD, and for the LC,GP:ZC,GP:LC,HD:ZC,HD:ZC,EHD,
1:1:1.7:2.1:2.9, respectively. Testing on the intermittent discharge, which allows for a rest
period for recovery, results in increased performance for all batteries and evidences a de-
creased difference in performance between the grades.

Figure 8.19 illustrates the same battery grades discharged continuously through the lighter
3.9-Q load. The following ratios were obtained; 1:1.3 GP, 1:1.4 HD, and 1:1.3:2.0:2.8:3.5
between all grades to the 0.9 V cutoff. Less of a difference was observed than that obtained
at the heavier 2.2 Q discharge rate. The slower reaction rate at the lighter drain is evident
because of the higher battery voltages. A comparison of an intermittent discharge at 3.9 Q

1.8

1.6

1.4}

GP Leclanché
12 GP Zinc chloride

HD Leclanché
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FIGURE 8.17 Comparison of Leclanché and zinc-chloride D-size batteries of various grades,
continuously discharged through 2.2 ohm at 20°C. GP-general purpose; HD-heavy duty; EHD-
extra heavy duty.
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FIGURE 8.18 Comparison of Leclanché and zinc-chloride D-size cells of various grades
discharged on the ANSI LIF test (4 min/h, 8 h/day) through 2.2 ohm at 20°C. GP-general
purpose; HD-heavy duty; EHD-extra heavy duty.
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FIGURE 8.19 Comparison of Leclanché and zinc-chloride D-size batteries of various grades

continuously discharged through 3.9 ohm at 20°C. GP-general purpose; HD-heavy duty; EHD-
extra heavy duty.

0.6

ohm 1 hr/day on a simulated cassette test is shown in Fig. 8.20. On this regimen, the
performance ratio for the same grouping of battery grades drops to 1:1.1:1.5:2.4:2.7. This
reflects the increase in service and tighter grouping for all grades.

These battery grades are compared once again in Fig. 8.21 on a moderate discharge
through a 24-Q resistor for four hours continuously with 20 hours of rest on the ANSI
transistor radio and electronic equipment battery tests. At this more moderate discharge load,
the performance ratio is even closer, 1:1.4:1.6:1.9:2.0 to 0.9 V cutoff.
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FIGURE 8.20 Comparison of Leclanché and zinc-chloride D-size batteries of various grades
discharged on a simulated cassette application, 3.9 ohms, lhr/day at 20°C. GP-general purpose;
HD-heavy duty; EHD-extra heavy duty.
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FIGURE 8.21 Comparison of Leclanché and zinc-chloride D-size batteries of various grades
discharged through 24 ohm for 4h/day at 20°C. GP-general purpose; HD-heavy duty; EHD-extra
heavy duty.
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Continuous discharge tends to increase the difference in performance between the differ-
ent grades of batteries of the same size. The differences between the Leclanché and zinc-
chloride systems are evident when tested continuously. Intermittent discharges tend to reduce
the differences between systems and grades. Similarly, higher discharge currents tend to
increase the performance difference.

Figure 8.22a summarizes the performance of the Leclanché general purpose D-size battery
grade discharged continuously to different end voltages. The performance of the zinc-chloride
general purpose battery, for the same testing, is shown in Fig. 8.22b. Figures 8.23a and 8.23b
present the same performance relationships except for both the Leclanché and zinc-chloride
batteries in the heavy duty D-size battery and Fig. 8.24 for the zinc-chloride extra/super
heavy duty battery.

Performance differences between the batteries of the same grade but from different man-
ufacturers are shown in Fig. 8.25. There is a difference of about 25% between the best and
poorest battery to the 0.9 V cutoff.
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FIGURE 8.22 Discharge load vs. hours of service to different cutoff (end) voltages at 20°C, continuous

discharge. (a) General-purpose D-size Leclanché battery construction. (b) General-purpose D-size zinc-chloride
battery.
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FIGURE 8.23 Discharge load vs. hours of service to different cutoff (end) voltages at 20°C, continuous
discharge. (a) Heavy duty D-size Leclanché battery. (b) Heavy duty D-size zinc-chloride battery.
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FIGURE 8.24 Hours of service vs. discharge load to
different cutoff (end) voltages at 20°C, continuous dis-
charge. Extra heavy duty D-size zinc-chloride battery.
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FIGURE 8.25 Comparison of general-purpose D-size zinc-carbon batteries of five different
manufacturers, discharged on the ANSI LIF test through 2.2 ohm load at 20°C.

o

Internal Resistance

Internal resistance R, is defined as the opposition or resistance to the flow of an electric
current within a cell or battery, i.e. the sum of the ionic and electronic resistances of the
cell components. Electronic resistance includes the resistance of the materials of construction:
metal covers, carbon rods, conductive cathode components, and so on. lonic resistance en-
compasses factors resulting from the movement of ions within the cell. These include elec-
trolyte conductivity, ionic mobility, electrode porosity, electrode surface area, secondary
reactions, etc. These fall into the category of factors that affect the ionic resistance. These
factors are encompassed by the term polarization. Other considerations include battery size
and construction as well as temperature, age and depth of discharge.

Electronic Resistance. An approximation of the internal electronic resistance of a battery
can be made by determining the OCV and the peak flash current (I) using very low resistance
meters. The ammeter resistance should be low enough that the total circuit resistance does
not exceed 0.01 ohm and is no more than 10% of the cell’s internal resistance. The internal
electronic resistance is expressed as:

R,, = OCV/I

where: R,, = internal resistance expressed in Q
OCV = open circuit voltage
I = peak flash current A

A more accurate method of calculation is made using the voltage-drop method. In this
method, a small initial load is applied on the battery to stabilize the voltage. A load ap-
proximating the application load is then applied. The internal resistance is calculated by:

Rin = (V. — V)R IV,

where: R;, = internal resistance, Q
V, = initial stabilized closed-circuit voltage, V
V, = closed circuit voltage reading at the application load, VO
R, = application load, O
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The application load time should be kept to a pulse of 5 to 50 ms to minimize effects
due to polarization. These methods measure the voltage loss due to the electrical resistance
component but do not take into account voltage losses due to polarization.

lonic Resistance. The polarization effect is best illustrated by a trace of the Pulse/Time
profile as shown in Fig. 8.26. The total resistance (R;) is expressed using Ohm’s Law by

R; = dR = dv/dI
which also equals:

(Vl - Vz)/(ll - |2)

where: V; and |, = the voltage and current just prior to pulsing
V, and |, = the voltage and current just prior to the pulse load removal
dV, = total voltage drop shown

The internal resistance of the battery component is expressed as dV, and the polarization
effect component is the voltage drop dV,. Since some energy was removed by the pulse, a
more correct expression for the battery resistance is the voltage drop expressed by dV,.

Measurement of the battery voltage drop (dV,) is very difficult to capture, therefore the
pulse duration (dt) is minimized to reduce the polarization effect voltage drop (dV,). The
pulse duration is generally kept in the range of 5 to 50 milliseconds. For accurate and
repetitive results, it is recommended that duration times be kept constant by “read and hold™
voltage measurements.

Since dV, is slightly greater than dV,, one can see that the resistance due to polarization
(R,) is greater than the internal resistance of the battery (R;;) by the formula

Rr =Ry + R,

Partial, light discharge or a light background load prior to the pulse and internal resistance
measurements provide equilibration for consistent measurements.

Table 8.6 shows the general relationship of flash current and internal resistance of the
more popular cell sizes.

Zinc-carbon batteries perform better on intermittent drains than continuous drains, largely
because of their ability to dissipate the effects of polarization. Factors that affect polarization
are identified earlier in this section. Resting between discharges allows the zinc surface to
“depolarize.” One such effect is the dissipation of concentration polarization at the anode
surface. This effect is more pronounced as heavier drains and longer duty schedules are

L] ¢
o

dt l— { = time —»

FIGURE 8.26 \oltage pulse/time profile illustra-
tion of curve shape and voltage components to cal-
culate internal resistance.
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TABLE 8.6 Flash Current and Internal Resistance for Various

Battery Sizes

Typical maximum Approximate internal
flash current, A resistance, Q

Size LC* ZC* LC ZC
N 25 0.6
AAA 3 4 0.4 0.35
AA 4 5 0.30 0.28
C 5 7 0.39 0.23
D 6 9 0.27 0.18
F 9 11 0.17 0.13
9V (battery) 0.6 0.8 5 4.5

*LC-Leclanché, ZC-zinc chloride.
Source: Eveready Battery Engineering Data.*®

applied. The internal resistance of the zinc-chloride batteries is slightly lower than that of
the Leclanché batteries. This results in a smaller voltage drop for a given battery size.

The internal resistance of zinc-carbon batteries increases with the depth of discharge.
Some applications use this feature to establish low battery alarms to predict near end of
battery life situations (such as in the smoke detector). Fig. 8.27 shows the relative battery

internal resistance versus depth of discharge of a 9-V Leclanché battery.

One of the reasons for this increase in internal resistance is the cathode discharge reaction.
The porous cathode becomes progressively blocked with reaction products. In the case of
the Leclanché system, it is in the form of diammine-zinc chloride crystals; in the case of

the zinc-chloride system, it is in the form of zinc oxychloride crystals.

12 300
1 - 250
> 10C . —1200
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g 9 —1150
g | T TTTT===
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Internal resistance, Q

FIGURE 8.27 Comparison of voltage and internal resistance during discharge of a 9-V battery
on smoke detector test. Background load = 620,000 ohms continuous; pulse load = 1500 ohms

X 10 ms every 40 s.
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8.6.7 Effect of Temperature

Zinc-carbon batteries operate best in a temperature range of 20°C to 30°C. The energy output
of the battery increases with higher operating temperatures, but prolonged exposure to high
temperatures (50°C and higher) will cause rapid deterioration. The capacity of the Leclanché
battery falls off rapidly with decreasing temperatures, yielding no more than about 65%
capacity at 0°C, and is essentially inoperative below —20°C. Zinc-chloride batteries provide
an additional 15% capacity at 0°C or 80% of room temperature capacity. The effects are
more pronounced at heavier current drains; a low current drain would tend to result in a
higher capacity at lower temperatures than a higher current drain (except for a beneficial
heating effect that may occur at the higher current drains).

The effect of temperature on the available capacity of zinc-carbon (Leclanché and zinc-
chloride systems) batteries is shown graphically in Fig. 8.28 for both general-purpose (am-
monium chloride electrolyte) and heavy-duty (zinc-chloride electrolyte) batteries. At —20°C
typical zinc-chloride electrolytes (25% to 30% zinc-chloride by weight) turn to slush. Below
—25°C ice formation is likely. Under these conditions, it is not surprising that performance
is dramatically reduced. These data represent performance at flashlight-type current drains
(300 mA for a D-size cell). A lower current drain would result in a higher capacity than
shown. Additional characteristics of this D-size battery at various temperatures are listed in
Table 8.7.

120
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!

Zinc chloride \

o
o

N
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[o2]
o

40

Available capacity, %

0 I 1 1 L |
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FIGURE 8.28 Percentage of capacity available as a function of temperature, moderate-drain
radio-type discharge.

Special low temperature batteries were developed using low freezing-point electrolytes
and a design that minimizes internal cell resistance, but they did not achieve popularity due
to the superior overall performance of other types of primary batteries. For best operation,
at low ambient temperatures, the Leclanché battery should be kept warm by some appropriate
means. A vest battery worn under the user’s clothing, employing body heat to maintain it at
a satisfactory operating temperature was once used by the military to achieve reliable op-
eration at low temperatures.
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TABLE 8.7 Temperature Effect on Internal Resistance

Resistance,

Battery size System* -20°C 0°C 20°C 45°C

Single cell batteries

AAA ZC 10 0.7 0.6 0.5
AA LC 5 0.8 0.5 0.4
AA ZC 5 0.8 0.5 0.4
C LC 2 0.8 0.5 0.4
C ZC 3 0.5 0.4 0.3
D LC 2 0.6 0.5 0.4
D ZC 2 0.4 0.3 0.2

Flat cell batteries

9V LC 100 45.0 35.0 30.0
9V ZC 100 45.0 35.0 30.0

Lantern batteries

6V LC 10 1.0 0.9 0.7
6V ZC 10 1.0 0.8 0.7

*LC = Leclanché, ZC = Zinc chloride.
Source: Eveready Battery Engineering Data.*®

8.6.8 Service Life

The service life of the Leclanché battery is summarized in Figs. 8.29 and 8.30, which plot
the service life at various loads and temperatures normalized for unit weight (amperes per
kilogram) and unit volume (amperes per liter). These curves are based on the performance
of a general-purpose battery at the average discharge current under several discharge modes.
These data can be used to approximate the service life of a given battery under particular
discharge conditions or to estimate the size and weight of a battery required to meet a specific
service requirement.

Manufacturers’ catalogs should be consulted for specific performance data in view of the
many cell formulations and discharge conditions. Table 8.8 presents typical data from a
manufacturer of two formulations of the AA-size battery.
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FIGURE 8.29 Service hours for general-purpose zinc-carbon battery,
discharged 2 h/day to 0.9 V at 20°C.
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FIGURE 8.30 Service hours for a general-purpose zinc-carbon battery discharged
intermittently to 0.9 V at 20°C.
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TABLE 8.8 Manufacturer’s Data for AA-Size Zinc-Carbon Batteries

Drain Cutoff voltage V
@12V, Load
Schedule mA Q 1.3 1.2 1.1 1.0 0.9 0.8
Typical service of Eveready no. 1015 general-purpose battery
Hours
4 hr/day 28 mA 43 2 5 12 20 24 27
1 hr/day 120 mA 10 0.1 0.4 1.2 2.6 3.9 45
1 hr/day 308 mA 39 0.09 0.2 0.4 0.7 0.9 1.0
Pulses
15 sec/min/ 667 mA 1.8 6 14 30 51 68 73
24 hr/day
(pulse)
Typical service of Eveready no. 1215 superheavy-duty battery
Hours
4 hr/day 28 mA 43 4 10 21 31 36 39
1 hr/day 120 mA 10 0.2 0.4 2.5 5.2 6.4 7.0
1 hr/day 308 mA 39 0.1 0.3 0.5 1.2 1.7 1.9
Pulses
15 sec/min/ 667 mA 1.8 7 14 30 89 139 160
24 hr/day
(pulse)
Source: Eveready Battery Engineering Data.'?

8.6.9 Shelf-Life

Zinc-carbon batteries gradually lose capacity while idle. This deterioration is greater for
partially discharged batteries than for unused batteries and results from parasitic reactions
such as wasteful zinc corrosion, chemical side reactions, and moisture loss. The shelf-life or
rate of capacity loss is affected by the storage temperature. High temperatures accelerate the
loss; low temperatures retard the loss. Refrigerated storage will increase the shelf-life. Figure
8.31 shows the retention of capacity of a zinc-carbon battery after storage at 40, 20, and
0°C. The capacity retention of a zinc-chloride battery is higher than that of the Leclanché
type because of the improved separators (coated paper separator-types), sealing systems and
other materials used in that design.

Leclanché-type batteries, using the asphalt or pitch-type seals in conjunction with paste-
type separators, have the poorest capacity retention. Zinc-chloride batteries, using highly
crosslinked starch coated paper separators in conjunction with molded polypropylene or
polyethylene seals, provide the best retention.
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FIGURE 8.31 Capacity retention after storage at 40°C, 20°C and 0°C for paper-lined plastic
seal zinc-chloride batteries.

Batteries stored at —20°C are expected to retain approximately 80% to 90% of their initial
capacity after 10 years. Since low temperatures retard deterioration, storage at low temper-
atures is an advantageous method for preserving battery capacity. A storage temperature of
0°C is very effective.

Freezing usually may not be harmful as long as there is no repeated cycling from high
to low temperatures. Use of case materials or seals with widely different coefficients of
expansion may lead to cracking. When batteries are removed from cold storage, they should
be allowed to reach room temperature in order to provide satisfactory performance. Moisture
condensation during warm-up should be prevented as this may cause electrical leakage or
short-circuiting.

8.7 SPECIAL DESIGNS

The zinc-carbon system is used in special designs to enhance particular performance char-
acteristics or for new or unique applications.

8.7.1 Flat-Pack Zinc/Manganese Dioxide P-80 Battery

In the early 1970s, Polaroid introduced a new instant camera-film system, the SX-70. A
major innovation in that system was the inclusion of a battery in the film pack rather than
in the camera. The film pack contained a battery designed to provide enough energy for the
pictures in the pack. The concept was that the photographer would not have to be concerned
about the freshness of the battery as it was changed with each change of film.

Battery Construction. The P-80 battery uses chemistry quite similar to Leclanché round
cells, although the shape is unique. Figure 8.32 details one cell (1.5 V). The electrode area
is approximately 5.1 cm X 5.1 cm. The zinc anode is coated on a conductive vinyl web.
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FIGURE 8.32 Exploded view of a single cell from Polaroid P-80 battery
pack.

The manganese dioxide is mixed in a slurry which contains the electrolyte salts. The elec-
trolyte is mainly zinc chloride with some ammonium chloride. The anode and the cathode
are separated by a thin film of cellophane. The complete 6-volt battery has four cells. The
four identical cells are connected by vinyl frames to each other and the aluminum collector
plates. A special conductive coating allows the aluminum to bond to the plastic materials.

Battery Parameters. The key battery parameters of the flat battery are similar to those of
the cylindrical one. The flat configuration provides low resistance by virtue of the geometry.
The thin layers need to stay in intimate contact to maintain the low resistance and gassing
effects have to be minimized.

Open-Circuit (No-Load) Voltage: The open-circuit voltage in this battery is dependent on
the manganese dioxide activity and the system pH. The cathode slurry is adjusted to a
constant pH to minimize battery to battery voltage variation. For example, the P-80 battery
is adjusted so the voltage is 6.40 V at 56 days and 6.30 V after 12 months of shelf storage.

Closed-Circuit (On-Load) Voltage: The closed-circuit voltage is used as an indicator of
the battery’s capability to deliver energy at high currents. In the case of the P-80 battery,
a 1.63-A load is used since that is one of the operating requirements for the camera. The
closed-circuit voltage is measured at 55 milliseconds to minimize polarization effects. The
normal closed-circuit voltage is 5.58 V at 56 days and 5.35 V after 12 months of shelf
storage.

Internal Resistance and Voltage Drop (AV): The battery’s internal resistance is measured
by using the voltage drop or AV at a given load for a specified pulse period. A major
contributor which effects AV is the activity at the zinc surface which is dependent on both
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zinc particle size and amount of hydrogen present. The polarization effect occurs when
the load is held for some time period, as in the case of charging the camera strobe
circuit. Total resistance is then a summation of the two resistances, that is, the internal
resistance of the battery and the resistance due to polarization effect, the latter being very
time sensitive. To minimize polarization effect resistance, the pulse period for AV mea-
surements was minimized.

The 56-day point is of interest, as that is the normal age when the battery is released for
assembly into film packs. At that time, every battery is measured for electrical characteristics
and defective ones are screened.

The total internal resistance is expressed by the following:

Ro=R +R,

where: R; = battery internal resistance, Q
R, = polarization resistance effect, Q

For the P-80 battery, R; was 0.50 Q and the R, was 0.12 Q.

 Capacity: The capacity simulator mimics the energy used to charge the camera strobe. The
pulse consists of an open circuit voltage at rest, followed by a pulse at a 2-A load to result
in a 50 watt-second (50 WSs) pulse. The 50 Ws cycle test is maintained until the final CCV
reaches the 3.7 cut-off voltage, where the number of cycles is determined.

During the time while the 50 Ws load is maintained, the polarization drop occurs. The
time to produce the 50 Ws increases with each cycle as the battery is “consumed.” A 30-s
rest between cycles is used. Initially, the voltage drop is fairly constant; however, near the
end of the test, the resistance increases. The test is maintained to 3.7 V to indicate the cut-
off point of the camera.

Figure 8.33 illustrates the voltage profile at different discharge loads, and Figure 8.34
shows rate sensitivity of the batteries described above versus capacity.

Voltage, CCV

2 | | | | | I
0 50 100 150 200 250 300

Capacity, mAh

FIGURE 8.33 Polaroid P-80; battery voltage profile at various discharge loads.
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FIGURE 8.34 Polaroid P-80 battery; rate sensitivity vs capacity (to 3.0-V cutoff).

8.8 TYPES AND SIZES OF AVAILABLE CELLS AND BATTERIES

Zinc-carbon batteries are made in a number of different sizes with different formulations to
meet a variety of applications. The single-cell and multicell batteries are classified by elec-
trochemical system, either Leclanché or zinc chloride, and by grade; general purpose, heavy
duty, extra heavy duty, photoflash, and so on. These grades are assigned according to their
output performance under specific discharge conditions.

Table 8.9 lists the more popular battery sizes with typical performance at various loads
under a two-hour per day intermittent discharge, except for the continuous toy battery test.
The performance of these batteries, under several intermittent discharge conditions, is given
in Table 8.10.

The AA-size battery is becoming the predominant one and is used in penlights, photoflash
and electronic applications. The smaller AAA-size is used in remote control devices and
other small electronic applications. The C and D-size batteries are used mainly in flashlight
applications and the F-size is usually assembled into multicell batteries for lanterns and other
applications requiring these large batteries. Flat cell are used in battery assemblies, in par-
ticular, the 9-volt battery used in smoke detectors and electronic applications.

Table 8.11 lists some of the major multicell zinc-carbon batteries that are available com-
mercially. The performance of these batteries can be estimated by using the IEC designation
to determine the cell compliment (e.g. NEDA 6, IEC 4R25 battery consists of four F-size
cells connected in series). Table 8.12 gives cross-references to the zinc-carbon batteries and
manufacturer’s designations. The most recent manufacturer’s catalogs should be consulted
for specific performance data to determine the suitability of their product for a particular
application.
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Typical service, 2 h/d*

Maximum
dimensions, Leclanché Zinc-chloride
mm
ANSI, Weight Drain Service Drain Service
Size IEC NEDA g Diameter Height mA h mA h
N R1 910 6.2 12 30.2 1 480
10 45
15 20
AAA RO3 24 8.5 10.5 44.5 1 — 1 520
10 — 10 55
20 — 20 26
AA R6 15 15 145 50.5 1 950 1 1200
10 80 10 110
100 4 100 8
300 0.6 300 1
C R14 14 41 26.2 50 5 380 5 800
25 75 20 150
100 6 100 20
300 1.7 300 55
D R20 13 90 34.2 61.5 10 400 10 700
50 70 50 135
100 25 100 55
500 3 500 6
F R25 60 160 34t 92t 25 300 25 400
100 60 100 85
500 55 500 9
G R26 — 180 32t 105t —
No. 6 R40 905 900 67 170.7 5 8000
50 700
100 350
500 70

*Typical values of service to 0.9-V cutoff.
tTypical values.
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TABLE 8.10 ANSI Standards for Zinc-Carbon and Alkaline-Manganese Dioxide Batteries

Specification requirements
Alkaline-
Zinc-carbon manganese
batteries  dioxide batteries
Cutoff

Size Use Ohms Schedule voltage Initial* Initial*

N 910D 910A
Portable lighting 5.1 5 min/d 0.9 NA 100 min
Pager (10.0 5 sec/hr, 0.9 NA 888 hr

then 3000.0 3595 sec/h)

AAA 24D 24A
Pulse test 3.6 15 sec/min 24 hr/d 0.9 150 pulses 450 pulses
Portable lighting 51 4 min/hr 8 hr/d 0.9 48.0 min 130.0 min
Recorder 10.0 1hr/d 0.9 15 hr 55 hr
Radio 75.0 4 hr/d 0.9 24.0 hr 48.0 hr

AA 15D 15A
Pulse test 1.8 15 sec/min 24 hr/d 0.9 100 pulses 450 pulses
Motor/toy 39 1hr/d 0.8 1.2 hr 5 hr
Recorder 10.0 1hr/d 0.9 5.0 hr 135 hr
Radio 43.0 4 hr/d 0.9 27.0 hr 60 hr

C 14D 14A
Portable lighting 3.9 4 min/hr 8 hr/d 0.9 350 min 830 min
Toy 39 1lhr/d 0.8 5.5 hr 14.5 hr
Recorder 6.8 1 hr/d 0.9 10.0 hr 24.0 hr
Radio 20.0 4hr/d 0.9 30 hr 60.0 hr

D 13D 13A
Portable lighting 15 4 min/15min 8 hr/d 09 150 min 540 min
Portable lighting 2.2 4 min/hr 8 hr/d 0.9 120 min 950 min
Motor/toy 22 1lhr/d 0.8 5.5 hr 17.5 hr
Recorder 39 1hr/d 0.9 10 hr 26.0 hr
Radio 10.0 4 hr/d 0.9 33 hr 90.0 hr

9 Volt 1604D 1604A
Calculator 180 30 min/d 4.8 380 min 630 min
Toy 270 1hr/d 5.4 7 hr 14 hr
Radio 620 2 hr/d 5.4 23 hr 38 hr
Electronic 1300 24 hr/d 6.0 NA NA
Smoke detector  Currently under consideration.

6 Volt 908D 908A
Portable lighting 3.9 4 min/hr 8 hr/d 3.6 5 hr 21 hr
Portable lighting 39 1hr/d 3.6 50 hr 80 hr
Barricade 6.8 1hr/d 3.6 165 hr 300 hr

*Performance after 12 month storage
zinc-carbon batteries: 80% of initial requirement
alkaline-manganese dioxide batteries: 90% of initial requirement
Source: ANSI C18.1M-1999.11
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TABLE 8.11 ANSI/NEDA Dimensions of Zinc-Carbon Batteries*

Diameter, Overall height, Length, Width,
mm mm mm mm
ANSI IEC Max Min Max Min Max Min Max Min
13C R20S 34.2 323 61.5 59.5
13CD R20C 34.2 323 61.5 59.5
13D R20C 34.2 32.3 61.5 59.5
13F R20S 34.2 323 61.5 59.5
14C R14S 26.2 24.9 50.0 48.5
14CD R14C 26.2 24.9 50.0 48.5
14D R14C 26.2 24.9 50.0 48.5
14F R14S 26.2 24.9 50.0 48.5
15C R6S 145 135 50.5 49.2
15CD R6C 145 135 50.5 49.2
15D R6C 145 135 50.5 49.2
15F R6S 145 135 50.5 49.2
24D RO3 10.5 9.5 445 433
903 — 163.5 158.8 185.7 181.0 103.2 100.0
904 — 163.5 158.8 217.9 214.7 103.2 100.0
908 4R25X 115.0 107.0 68.2 65.0 68.2 65.0
908C 4R25X 115.0 107.0 68.2 65.0 68.2 65.0
908CD 4R25X 115.0 107.0 68.2 65.0 68.2 65.0
908D 4R25X 115.0 107.0 68.2 65.0 68.2 65.0
915 4R25Y 112.0 107.0 68.2 65.0 68.2 65.0
915C 4R25Y 112.0 107.0 68.2 65.0 68.2 65.0
915D 4R25Y 112.0 107.0 68.2 65.0 68.2 65.0
918 4R25-2 127.0 — 136.5 132.5 73.0 69.0
918D 4R25-2 127.0 — 136.5 132.5 73.0 69.0
926 — 125.4 122.2 136.5 1325 73.0 69.0
1604 6F22 48.5 46.5 26.5 245 175 155
1604C 6F22 48.5 46.5 26.5 24.5 175 155
1604CD 6F22 48.5 46.5 26.5 245 175 155
1604D 6F22 48.5 46.5 26.5 245 175 155

Source: ANSI C18.1M-1999.1
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TABLE 8.12 Cross-Reference of Zinc-Carbon Batteries

ANSI IEC Duracell Eveready Ray-O-Vac Panasonic Toshiba Varta Military
13C R20 M13SHD EV50 GP-D — — — —
13CD R20 M13SHD EV150 HD-D UM1D — — —
13D R20 M13SHD 1250 6D UMIN R20U 3020 —
13F R20 — 950 2D uM1 R20S 2020 BA-30/U
14C R14 M14SHD EV35 GP-C — —_ —_ —_
14CD R14 M14SHD EV135 HD-C UuM2D — — —
14D R14 — 1235 4C UM2N R14U 3014 —
14F R14 — 935 1C umMm2 R14S 2014 BA-42/U
15C R6 M15SHD EV15 GP-AA — — — —
15CD R6 M15SHD EV115 HD-AA UM3D — — —
15D R6 M15SHD 1215 5AA UM3N R6U 3006 —
15F R6 — 1015 TAA UM3 R6S 2006 BA-58/U
24D RO3 — 1212 — UM4N — — —
24F RO3 — — — — — — —
210 20F20 — 413 — — — — BA-305/U
215 15F20 — 412 — 15 — V72PX BA-261/U
220 10F15 — 504 — W10E — V74PX BA-332/U
221 15F15 — 505 — MV15E — — —
900 R25-4 — 735 900 — — — —
903 5R25-4 — 715 903 — — — BA-804/U
904 6R25-4 — 716 904 — — — BA-207/U
905 R40 — EV6 — — — — BA-23
906 R40 — EV6 — — — — BA-23
907 4R25-4 — 1461 641 — — — BA-429/U
908 4R25 M908 509 941 4F — — BA-200/U
908C 4R25 M908SHD EV90 GP-6V — — 430 —
908CD 4R25 M908SHD EVO0HP — — — 431 —
908D 4R25 M908SHD 1209 944 — — 430 —
915 4R25 M915 510S 942 — — — BA-803/U
915C 4R25 M915SHD EV10S — — — — —
915D 4R25 M915SHD — 945 — — — —
918 4R25-2 — 731 918 — —_ —_ —_
918C 4R25-2 — EV31 — — — — —
918D 4R25-2 — 1231 928 — — — —
922 — — 1463 922 — — — —
926 8R25-2 — 732 926 — — — —
1604 6F22 — 216 1604 006P — 2022 BA-90/U
1604C 6F22 M9VSHD EV22 GP-9Vv — — — —
1604CD 6F22 M9VSHD EV122 HD-9V 006PD — — —
1604D 6F22 M9VSHD 1222 D1604 006PN 6F22U 3022 —

Source:

Manufacturers’ catalogs.
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CHAPTER 9

MAGNESIUM AND ALUMINUM
BATTERIES

Patrick J. Spellman, Duane M. Larsen, Ron J. Ekern,
and James E. Oxley

9.1 GENERAL CHARACTERISTICS

Magnesium and aluminum are attractive candidates for use as anode materials in primary
batteries.* As shown in Table 1.1, Chap. 1, they have a high standard potential. Their low
atomic weight and multivalence change result in a high electrochemical equivalence on both
a gravimetric and a volumetric basis. Further, they are both abundant and relatively inex-
pensive.

Magnesium has been used successfully in a magnesium/manganese dioxide (Mg/MnO,)
battery. This battery has two main advantages over the zinc-carbon battery, namely, twice
the service life or capacity of the zinc battery of equivalent size and the ability to retain this
capacity, during storage, even at elevated temperatures (Table 9.1). This excellent storability
is due to a protective film that forms on the surface of the magnesium anode.

TABLE 9.1 Major Advantages and Disadvantages of Magnesium Batteries

Advantages Disadvantages
Good capacity retention, even under Delayed action (voltage delay)
high-temperature storage Evolution of hydrogen during
Twice the capacity of corresponding discharge
Leclanché batteries Heat generated during use
Higher battery voltage than zinc-carbon Poor storage after partial dis-
batteries charge

Competitive cost

*The use of magnesium and aluminum in reserve and mechanically rechargeable batteries
is covered in Chaps. 17 and 38.

9.1

JLab/Cambridge, Exh. 1009, p. 229



9.2

CHAPTER NINE

Several disadvantages of the magnesium battery are its “voltage delay’” and the parasitic
corrosion of magnesium that occurs during the discharge once the protective film has been
removed, generating hydrogen and heat. The magnesium battery also loses its excellent
storability after being partially discharged and, hence, is unsatisfactory for long-term inter-
mittent use. For these reasons, the active (nonreserve) magnesium battery, while used suc-
cessfully in military applications, such as radio transceivers and emergency or standby equip-
ment, has not found wide commercial acceptance.

Furthermore the use of this magnesium battery is declining significantly, as the present
trend is towards the use of lithium primary and lithium-ion rechargeable batteries.

Aluminum has not been used successfully in an active primary battery despite its potential
advantages. Like magnesium, a protective film forms on the aluminum, which is detrimental
to battery performance, resulting in a battery voltage that is considerably below theoretical
and causing a voltage delay that can be significant for partially discharged batteries or those
that have been stored. While the protective oxide film can be removed by using suitable
electrolytes or by amalgamation, gains by such means are accompanied by accelerated cor-
rosion and poor shelf life. Aluminum, however, has been more successfully used as an anode
in aluminum/air batteries. (See chapter 38)

9.2 CHEMISTRY

The magnesium primary battery uses a magnesium alloy for the anode, manganese dioxide
as the active cathode material but mixed with acetylene black to provide conductivity, and
an aqueous electrolyte consisting of magnesium perchlorate, with barium and lithium chro-
mate as corrosion inhibitors and magnesium hydroxide as a buffering agent to improve
storability (pH of about 8.5). The amount of water is critical as water participates in the
anode reaction and is consumed during the discharge.*

The discharge reactions of the magnesium/manganese dioxide battery are

Anode Mg + 20H- = Mg(OH), + 2e
Cathode  2MnO, + H,0 + 26 = Mn,0, + 20H"

Overall Mg + 2MnO, + H,0 = Mn,0, + Mg(OH),

The theoretical potential of the battery is greater than 2.8 V, but this voltage is not realized
in practice. The observed values are decreased by about 1.1 V, giving an open-circuit voltage
of 1.9-2.0 V, still higher than for the zinc-carbon battery.

The rest potential of magnesium in neutral and alkaline electrolytes is a mixed potential,
determined by the anodic oxidation of magnesium and the cathodic evolution of hydrogen.
The kinetics of both of these reactions are strongly modified by the properties of the passive
film, its history of formation, prior anodic (and to a limited extent cathodic) reactions, the
electrolyte environment, and magnesium alloying additions. The key to a full appreciation
of the magnesium electrode lies in an understanding of the predominantly Mg(OH), film,?
the factors which govern its formation and dissolution, as well as the physical and chemical
properties of the film.

The corrosion of magnesium under storage conditions is slight. A film of Mg(OH), that
forms on the magnesium provides good protection, and treatment with chromate inhibitors
increases this protection. As a result of the formation of this tightly adherent and passivating
oxide or hydroxide film on the electrode surface, magnesium is one of the most electropos-
itive metals to find use in aqueous primary batteries. However, when the protective film is
broken or removed during discharge, corrosion occurs with the generation of hydrogen,

Mg + 2H,0 — Mg(OH), + H,
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During the anodic oxidation of magnesium, the rate of hydrogen evolution increases with
increasing current density due to destruction of the passive film, which exposes more (ca-
thodic) sites on the bared magnesium surface. This phenomenon has often been referred to
as the “negative difference effect.”” An appreciable rate of anodic oxidation of magnesium
can only take place on the bare metal surface. Magnesium salts generally exhibit low levels
of anion conductivity, and one could theoretically invoke a mechanism wherein OH~ ions
migrate through the film to form reaction product Mg(OH), at the magnesium-film interface.
In practice this does not occur at a sufficiently rapid rate and instead the film becomes
disrupted, in all likelihood mechanically, as the result of anodic current flow.® A theoretical
model for the breakdown of the passive film has been proposed.*=” This model involves,
successively, metal dissolution at the metal-film interface, film dilatation, and film break-
down. This wasteful reaction is a problem, not only because of the need to vent the hydrogen
from the battery and to prevent it from accumulating, but also because it uses water which
is critical to the battery operation, produces heat, and reduces the efficiency of the anode.

The efficiency of the magnesium anode is about 60 to 70% during a typical continuous
discharge and is influenced by such factors as the composition of the magnesium alloy,
battery components, discharge rate, and temperature. On low drains and intermittent service,
the anode efficiency can drop to 40 to 50% or less. The anode efficiency also is reduced
with decreasing temperature.

Considerable heat is generated during the discharge of a magnesium battery, particularly
at high discharge rates, due to the exothermic corrosion reaction (about 82 kcal per gram-
mole of magnesium) and the losses resulting from the difference between the theoretical and
operating voltage. Proper battery design must allow for the dissipation of this heat to prevent
overheating and shortened life. On the other hand, this heat can be used to advantage at low
ambient temperatures to maintain the battery at higher and more efficient operating temper-
atures.

A consequence of the passive film on these metals is the occurrence of a voltage delay—
a delay in the battery’s ability to deliver full output voltage after it has been placed under
load—which occurs while the protective film on the surface of the metal becomes disrupted
by the flow of current, exposing bare metal to the electrolyte (see Fig. 9.1). When the current
is interrupted, the passive film does indeed reform, but never to the original degree of pas-
sivity. Thus both the magnesium and the aluminum batteries are at a significant disadvantage
in very low or intermittent service applications.® This delay, as shown in Fig. 9.2, is usually
less than 1 s, but can be longer (up to a minute or more) for discharges at low temperatures
and after prolonged storage at high temperatures.
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FIGURE 9.1 \oltage profile of magnesium primary battery at

20°C.
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FIGURE 9.2 \oltage delay vs. temperature, Mg/MnO,
battery.

9.21 Aluminum

The standard potential for aluminum in the anode reaction,
Al — ABY + 3e

is reported as —1.7 V. A battery with an aluminum anode should have a potential about
0.9 V higher than the corresponding zinc battery. However, this potential is not attained, and
the potential of an Al/MnQ, battery is only about 0.1 to 0.2 V higher than that of a zinc
battery. The Al/MnO, battery never progressed beyond the experimental stage because of
the problems with the oxide film, excessive corrosion when the film was broken, voltage
delay, and the tendency for aluminum to corrode unevenly. The experimental batteries that
were fabricated used a two-layer aluminum anode (to minimize premature failure due to can
perforation), an electrolyte of aluminum or chromium chloride, and a manganese dioxide-
acetylene black cathode similar to the conventional zinc/manganese dioxide battery. The
reaction mechanism is

Al + 3MnO, + 3H,0 — 3MnO-OH + Al(OH),

9.3 CONSTRUCTION OF Mg/MnO, BATTERIES

Magnesium/manganese dioxide (nonreserve) primary batteries are generally constructed in
a cylindrical configuration.

9.3.1 Standard Construction

The construction of the magnesium battery is similar to the cylindrical zinc-carbon battery.
A cross section of a typical battery is shown in Fig. 9.3. A magnesium alloy can, containing
small amounts of aluminum and zinc, is used in place of the zinc can. The cathode consists
of an extruded mix of manganese dioxide, acetylene black for conductivity and moisture
retention, barium chromate (an inhibitor), and magnesium hydroxide (a pH buffer). The
electrolyte is an aqueous solution of magnesium perchlorate with lithium chromate. A carbon
rod serves as the cathode current collector. The separator is an absorbent kraft paper as in
the paper-lined zinc battery structure. Sealing of the magnesium battery is critical, as it must
be tight to retain battery moisture during storage but provide a means for the escape of
hydrogen gas which forms as the result of the corrosion reaction during the discharge. This
is accomplished by a mechanical vent—a small hole in the plastic top seal washer under the
retainer ring which is deformed under pressure, releasing the excess gas.?
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FIGURE 9.3 Cylindrical construction of magnesium primary
battery.

Inside-Out Construction

The basis of the inside-out design (Fig. 9.4) is a highly conductive carbon structure which
can be molded readily into complex shapes. The carbon structure is formed in the shape of
a cup which serves as the battery container; an integral center rod is incorporated to reduce
current paths. The cups are structurally strong, homogeneous, and impervious to the passage
of liquids and gases and the corrosive effects of the electrolyte. The battery consists of the
carbon cup, a cylindrical magnesium anode, a paper separator, and a cathode mix consisting
of manganese dioxide, carbon black, and inhibitors with aqueous magnesium bromide or
perchlorate as the electrolyte. The cathode mix is packed into the spaces on both sides of
the anode and is in intimate contact with the inside and outside surfaces of the anode, the
center rod, and the inside surfaces of the cup. This configuration provides larger electrode
surface areas. External contacts are made by two metallic end pieces. The positive terminal
is bonded during the forming process to the closed end of the carbon cup. The negative
terminal, to which the anode is attached, together with a plastic ring forms the insulated
closure and seal for the open end of the cup. The entire battery assembly is enclosed in a
crimped tin-plated steel jacket.®-!!
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FIGURE 9.4 Inside-out construction of mag-
nesium primary battery. (Courtesy of ACR Elec-
tronics, Inc.)

9.4 PERFORMANCE CHARACTERISTICS OF Mg/MnO, BATTERIES

9.4.1

Discharge Performance

Typical discharge curves for the cylindrical magnesium/manganese dioxide primary battery
are shown in Fig. 9.5. The discharge profile is generally flatter than for the zinc-carbon
batteries; the magnesium battery also is less sensitive to changes in the discharge rate. The
average discharge voltage is on the order of 1.6 to 1.8 V, about 0.4 to 0.5 V above that of
the zinc-carbon battery; the typical end voltage is 1.2 V. The performance characteristics of
the cylindrical magnesium battery, type 1LM, on continuous and intermittent discharge are
summarized in Figs. 9.6 to 9.8 and Table 9.2. The batteries were discharged under a constant-
resistance load at 20°C.

Figure 9.6 provides a summary of the battery’s performance under continuous load to
1.1-V end voltage.

Figure 9.7 shows the relationship of discharge current to delivered ampere-hour capacity
of the battery on continuous constant-current discharge to several end voltages. The inter-
mittent discharge characteristics are illustrated in Table 9.2. The sizable reduction in per-
formance under low-rate or long-term discharge is attributed to the corrosion reaction be-
tween the discharging magnesium anode and the cell electrolyte. The reaction, which results
in the evolution of hydrogen and the concomitant reduction of water, causes a loss of total
cell efficiency. This phenomenon is illustrated in Fig. 9.8, which summarizes the ampere-
hour output under continuous discharge of the 1LM cell to an 0.8-V end voltage. This loss
of capacity on the low-rate (high-resistance) discharges is evident.
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FIGURE 9.5 Typical discharge curves of magnesium/manganese dioxide cylindrical battery
at 20°C.

1000

100 -

10—

Hours of service life

1 1 | I |
1 10 100 1000 10000

Test load, Q

FIGURE 9.6 1LM service life (hours to 1.1 V) vs. test load
at room temperature. (Courtesy of Rayovac Corporation.)
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FIGURE 9.7 1LM service life (ampere-hours) vs. constant-
current discharge. Dotted line—1.4-V end voltage; dashed line—
1.2-V end voltage; solid line—1.0-V end voltage. (Courtesy of
Rayovac Corporation.)
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Capacity, Ah
4N WA N ®

o

TABLE 9.2 Performance, in Hours, of 1LM
Batteries on Continuous and Intermittent Discharge

End voltage
Type of Discharge 11V 08V

4 Q, continuous 8.9 9.9
4 Q, LIFT* 10.7 11.6
4 Q, HIFTT 11 12
4 Q, 30 min/h, 8 h/d 9.72 10.60
25-() constant resistance

Continuous 100 104

4 h/d 84.2 88.4
500-Q) constant resistance

Continuous 1265 1312

4 h/d 752 776

*Light industrial flashlight test, 4 min/h, 8 h/day.

tHeavy industrial flashlight test, 4 min/15 mm, 8 h/
day.

Source: Rayovac Corporation.

] ] | |
10 100 1000 10000
Test load, Q

e

FIGURE 9.8 1LM service life (ampere-hours to 0.8 V) vs. test
load. (Courtesy of Rayovac Corporation.)
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The performance of the magnesium primary battery at low temperatures is also superior
to that of the zinc-carbon battery, operating to temperatures of —20°C and below. Figure 9.9
shows the performance of the magnesium battery at different temperatures based on the 20-h
discharge rate. The low temperature performance is influenced by the heat generated during
discharge and is dependent on the discharge rate, battery size, battery configuration, and
other such factors. Actual discharge tests should be performed if precise performance data
are needed.

On extended low-rate discharges, the magnesium battery may split open. This rupture is
due to the formation of magnesium hydroxide which occupies about one and one-half times
the volume of the magnesium. It expands and presses against the cathode mix which has
hardened appreciably from the loss of water during the discharge. This opening of the can
cause the voltage to rise about 0.1 V, also increasing capacity due to the air that can enter
into the reaction.

The service life of the magnesium/manganese dioxide primary battery, normalized to
unit weight (kilogram) and volume (liter), at various discharge rates and temperatures is
summarized in Fig. 9.10. The data are based on a rated performance of 60 Ah/kg and
120 Ah/L.

120 —
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% of 20°C capacity
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-20 o] 20 40 60
Temperature, °C

FIGURE 9.9 Performance vs. temperature of
magnesium/manganese dioxide cylindrical battery.
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9.4.2 Shelf Life

The shelf life of the magnesium/manganese dioxide primary battery at various storage tem-
peratures is compared with the shelf life of the zinc-carbon battery in Fig. 9.11. The mag-
nesium battery is noted for its excellent shelf life. The battery can be stored for periods of
5 years or longer at 20°C with a total capacity loss of 10 to 20% and at temperatures as

Hours of service

FIGURE 9.10 Service life of magnesium/manganese dioxide pri-
mary battery at various discharge rates and temperatures (to 1.2-V/cell

high as 55°C with losses of about 20%/year.
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Fy
ke 20°¢c
2 gL 10°C Magnesium
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2
k]
2 3 . 20°C  Zinc
5
70°C 1 | | |
1 2 3 4 5

Storage period, yr

FIGURE 9.11 Comparison of service vs. storage of magnesium/manganese
dioxide and zinc-carbon batteries.
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9.4.3 Inside-Out Cells

The discharge characteristics of the cylindrical inside-out magnesium primary batteries are
shown in Fig. 9.12 for various discharge rates and at 20°C and —20°C. This structure has
better high-rate and low temperature performance than the conventional structure. These
batteries can be discharged at temperatures as low as —40°C, although at lighter discharge
loads at the lower temperatures. Discharge curves are characteristically flat. They also have
good and reproducible low-drain, long-term discharge characteristics as they do not split
under these discharge conditions. Discharges for a 2%2-year duration are realized with a
D-size battery at a 270-uA drain at 20°C.
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FIGURE 9.12 Typical discharge curves of magnesium inside-out primary battery, D
size. (a) 20°C. (b) —20°C. (Courtesy of ACR Electronics, Inc.)
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9.4.4 Battery Design

Battery configuration has an important influence on the performance of the magnesium/
manganese dioxide battery because of the heat generated during the discharge. As discussed
in Sec. 9.2, proper battery design must allow for the dissipation of this heat to prevent
overheating, premature dry-out, and shortened performance—or for using this heat to im-
prove performance at low ambient temperatures. In some low-temperature applications it is
advantageous to insulate the battery against heat loss. Actual discharge tests will be required
to obtain precise performance data under a variety of possible conditions and battery designs.

The battery and equipment design must also consider the hydrogen that is generated
during discharge. The hydrogen must be vented and kept from accumulating because
hydrogen-air mixtures are flammable above 4.1% hydrogen and explosive above 18%
hydrogen.

9.5 SIZES AND TYPES OF Mg/MnO, BATTERIES

The cylindrical magnesium/manganese dioxide batteries were manufactured in several of
the popular standard ANSI sizes, as summarized in Table 9.3. Most of the production of the
conventional battery is used for military radio transceiver applications, and mainly in the
1LM size. The batteries are no longer available commercially. Inside-out batteries are no
longer manufactured.

TABLE 9.3 Cylindrical Magnesium Prmary Batteries

Capacity, Ah*

Diameter, Height, Weight, Conventional Inside-out

Battery type mm mm g structuret cellt

N 11.0 31.0 5 0.5

B 19.2 53.0 26.5 2.0

C 25.4 49.7 45 — 3.0

1LM8§ 22.8 84.2 59 45

D 33.6 60.5 105 — 7.0

FD 41.7 49.1 125 — 8.0

No. 6 63.5 159.0 1000 — 65

*50-h discharge rate.

 Manufacturer: Rayovac Corp.

¥ Manufacturer: ACR Electronics, Inc., Hollywood, Fla. (no longer manufactured).
§Only size now being manufactured.
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9.6 OTHER TYPES OF MAGNESIUM PRIMARY BATTERIES

Magnesium primary batteries have been developed in other structures and with other cathode
materials, but these designs have not achieved commercial success. Flat cells, using a plastic-
film envelope, were designed but were never produced commercially.

The use of organic depolarizers, such as meta-dinitrobenzene (m-DNB), in place of man-
ganese dioxide was of interest because of the high capacity that could be realized with the
complete reduction of m-DNB to n-phenylenediamine (2 Ah/g). The discharge of actual
batteries, while having a flat voltage profile and a higher ampere-hour capacity than the
manganese dioxide battery, had a low operating voltage of 1.1 to 1.2 V per cell. Watthour
capacities were not significantly higher than for the magnesium/manganese dioxide batteries.
The m-DNB battery also was inferior at low temperatures and high current drains. Com-
mercial development of these batteries never materialized.

Magnesium/air batteries were studied, again because of the higher operating voltage than
with zinc (see Chap. 38). These batteries, too, were never commercialized. Magnesium,
however, is a very useful anode in reserve batteries. Its application in these types of batteries
is covered in Chap. 17.

9.7 ALUMINUM PRIMARY BATTERIES

Experimental work on Al/MnO, primary or dry batteries was concentrated on the D-size
cylindrical battery using a construction similar to the one used for the Mg/MnO, battery
(Fig. 9.3). The most successful anodes were made of a duplex metal sheet consisting of two
different aluminum alloys. The inner, thicker layer was more electrochemically active, leav-
ing the outer layer intact in the event of pitting of the inner layer. The cathode bobbin
consisted of manganese dioxide and acetylene black, wetted with the electrolyte. Aqueous
solutions of aluminum or chromium chloride, containing a chromate inhibitor, were the most
satisfactory electrolytes.

Aluminum active primary batteries were never produced commercially. While the exper-
imental aluminum batteries delivered a higher energy output than conventional zinc batteries,
anode corrosion, causing problems on intermittent and long-term discharges and irregularities
in shelf life, and the voltage-delay problem restrained commercial acceptance. Aluminum/
air batteries are covered in Chap. 38.
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CHAPTER 10

ALKALINE-MANGANESE DIOXIDE
BATTERIES

Robert F. Scarr, James C. Hunter, and Philip J. Slezak

10.1 GENERAL CHARACTERISTICS

Since its introduction in the early 1960s, the alkaline-manganese dioxide (zinc/KOH/MnO,)
battery has become the dominant battery system in the portable battery market. This came
about because the alkaline system is recognized as having several advantages over its acidic-
electrolyte counterpart, the Leclanché or zinc-carbon battery, the former market leader with
which it competes. Table 10.1 summarizes the advantages and disadvantages of alkaline-
manganese dioxide batteries compared to zinc-carbon batteries.

The alkaline-manganese dioxide battery is available in two design configurations, (1) as
relatively large-size cylindrical batteries and (2) as miniature button batteries. There are also
multiple-cell batteries made from various sizes of unit cells. While the alkaline cell is still
undergoing change, some developments in the evolution of the present cylindrical cell tech-
nology are particularly notable. After the initial concepts of a gelled/amalgamated zinc
powder anode in a central compartment and use of vented plastic seals had been established,
the first major advance was the butt-seam metal finish which allowed the cell to have greater
internal volume. Next came the discovery that organic inhibitors could reduce the rate of
gassing caused by contaminants in the zinc anode, resulting in a product with diminished

TABLE 10.1 Major Advantages and Disadvantages
of Cylindrical Alkaline-Manganese Dioxide Batteries
(Compared to Carbon-Zinc Batteries)

Advantages Disadvantages

Higher energy density Higher initial cost

Better service performance:
Continuous and intermittent
Low and high rate
Ambient and low temperature

Lower internal resistance
Longer shelf life

Greater resistance to leakage
Better dimensional stability

10.1
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bulge and leakage. Another major development was the introduction of the plastic label
finish and lower profile seal, which permitted a further large increase in the internal volume
available for active material and a substantial increase in the capacity of the battery. Perhaps
the most significant change to the alkaline cell began in the early 1980s with the gradual
reduction of the amount of mercury in the anode and the development of cells containing
no added mercury. This trend, which was aided by a substantial improvement in the reliability
of cell materials resulting from reduced impurity levels, was driven by worldwide concern
over the environmental impact of the materials used in batteries after their disposal.

Developments such as these have enabled the alkaline-MnQO, battery to gain as much as
a 60% increase in specific energy output since its introduction to keep pace with the needs
of the consumer. Its leadership position should support further technological improvements,
which will ensure continued market dominance.

More recently, development effort has focused on enhancing the performance of the bat-
tery at high discharge rates to meet the power demands of new portable electronic equip-
ments, such as digital cameras, camcorders, cellular phones and PDAs. Premium batteries,
which have significantly superior performance in these high-rate applications compared with
the standard alkaline-manganese dioxide batteries, have recently been introduced to the mar-
ket. Some examples of the extent of this improvement are illustrated in Fig. 10.1a and a
specific example of a simulated photoflash application is shown in Fig. 10.1b. Detailed
performance characteristics of these premium batteries are given in Sec. 10.7.

Miniature button-type batteries, using the same zinc/alkaline-manganese dioxide chem-
istry as cylindrical cells, compete with other miniature battery systems such as mercuric
oxide, silver oxide, and zinc/air. Table 10.2 shows the major advantages and disadvantages
of miniature alkaline-manganese dioxide batteries in comparison to other miniature batteries.

Remote Control
24 Ohm
15 sec/min 8HPD

Radio
43 Ohm
4 HPD

CD's and MD's :
250 mW
1 HPD

CD's and MD's
250 mA
1 HPD

Photo Pulse
1000 mA
10 sec/min 1HPD

Camcorders
1000 mA
Continuous

0% 10% 20% 30% 40% 50% 60%
% Service Improvement

FIGURE 10.1a Typical performance improvements for premium AA-size alkaline-manganese dioxide
battery versus standard type AA-size batteries on various simulated device applications. (Courtesy of
Eveready Battery Company.)
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FIGURE 10.1b Comparison of typical simulated photoflash high rate discharge performance characteristics
for AA-size alkaline-manganese dioxide batteries produced in 1993 versus 1999. (Courtesy of Eveready
Battery Company.)

TABLE 10.2 Comparison of Miniature Alkaline-Manganese Dioxide Battery with Other
Miniature Systems

Advantages

Disadvantages

Lower cost

Lower internal resistance

Better low-temperature performance
Equivalent leakage resistance

Sloping discharge curve prevents its use in some devices
Lower energy density

10.2 CHEMISTRY

The active materials in the alkaline-manganese dioxide cell are electrolytically produced
manganese dioxide, an aqueous alkaline electrolyte, and powdered zinc metal. Electrolytic
MnO, is used instead of either chemical MnO, or natural ore because of its higher manganese
content, its increased reactivity, and its greater purity. The electrolyte is concentrated caustic,
usually KOH in the range of 35 to 52%, which affords greater conductivity and a reduced
hydrogen gassing rate compared to the acidic electrolyte of the Leclanché cell. Powdered
zinc is used for the anode to provide a large surface area for high-rate capability (that is, to
reduce current density) and to distribute solid and liquid phases more homogeneously (to
minimize mass-transport polarization of reactant and product).

JLab/Cambridge, Exh. 1009, p. 245



10.4

CHAPTER TEN

On discharge, the manganese dioxide cathode undergoes at first a one-electron reduction
to the oxyhydroxide,

MnO, + H,0 + e — MnOOH + OH- (10.1)

The MnOOH product forms a solid solution with the reactant, giving rise to the characteristic
sloping discharge curve.* Of the many structural forms of MnO, which exist, only the gamma
form functions well as an alkaline cathode because its surface is not prone to become blocked
by the reaction product. In forming MnOOH, the cathode expands about 17% in volume.
MnOOH can undergo some undesirable chemical reactions as well. In the presence of zincate
ion, MnOOH, through its equilibrium with soluble Mn(l11), can form the complex compound
hetaerolite, ZnMn,0,. Although electroactive, hetaerolite is not as easily discharged as
MnOOH, hence the cell impedance increases. In addition, the MnOOH/MnO, solid solution
can undergo recrystallization into a less active form, resulting in a noticeable loss in cell
voltage under certain very slow discharge conditions.?

At a lower voltage, MNnOOH can then be discharged further, as in the following reaction:

3MnOOH + e — Mn,0, + OH~ + H,0 (10.2)

This reaction produces a flat discharge curve, but it is also slower than the first reduction
step and therefore is useful only under low-rate discharge conditions. No additional volume
change occurs in the cathode for this reaction. Note that this step provides only one-third of
the capacity of the first reaction based on MnO,. Even further reduction to Mn(OH), is
possible but not practical.

At its earliest stages, the anode discharge reaction in highly caustic electrolyte produces
the soluble zincate ion

Zn + 40H™ = Zn(OH),= + 2e (10.3)

At a point depending on the initial composition of the anode and the rate and depth of
discharge, however, the electrolyte becomes saturated with zincate, causing the product of
the reaction to change to Zn(OH),. In the water-starved environment of the alkaline anode,
zinc hydroxide then slowly dehydrates to ZnO in the following sequence:

Zn + 20H- = Zn(OH), + 2e (10.4)
Zn(OH), = ZnO + H,0 (10.5)

These forms of oxidized zinc are all equivalent oxidation states which are differentiated little
in potential. The transition from one form to another cannot usually be detected in the
discharge curve. Under some conditions, where the product of discharge is too densely
attached to the surface, passivation of the zinc can occur. Such conditions include high-rate
discharge, low temperature, and factors which limit the solubility of ZnO such as low KOH
and high zincate concentration. Passivation is not likely to occur with high surface area
anodes as these are. While the oxidation of zinc is a facile reaction on its own, contributing
little to the impedance of the cell, the addition of metallic mercury enhances the reaction
rate even more. The function of mercury in amounts over 0.5% is to promote the electronic
adsorption of OH™ ions through facilitation of water adsorption.

Therefore the total reaction of the cell on continuous discharge to the depth of one electron
per mole of MnQO, is

2MnO, + Zn + 2H,0 = 2MnOOH + Zn(OH), (10.6)

Since water is a reactant in this expression, its availability in a water-starved environment is
crucial in high-rate discharges. To avoid service limitations, care must be taken to manage
the exchange of the water supply from one cell region to another over the short term.
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Some battery manufacturers have included additives to the cell (e.g., TiO, and BaSO,)
to assist in water management for high drain applications. Although the actual mechanisms
of these additives are unknown, they are believed to assist in concentration polarization
within the cell as evident in the improvement in performance made in these high drain
applications.

In contrast, the total cell reaction for light or intermittent drains to 1.33 electrons per
mole may be written

3MnO,+ 2Zn = Mn,0, + 2ZnO (10.7)

Under these conditions, there is no water management problem.

The initial open-circuit potential of the zinc/alkaline-MnO, cell is about 1.5 to 1.65 V,
depending on the purity and activity of the cathode material and the ZnO content of the
anode. The average voltage during discharge to the functional end voltage of 0.75 V is about
12 V.

Besides the intended reactions in the alkaline cell, the anode can undergo undesirable
gas-generating reactions as well. Zinc metal is so active that it can reduce water to produce
hydrogen gas. Gassing can occur both on long-term storage before the cell is used as well
as after partial discharge in proportion to the depth and rate of discharge. In addition to
buildup of gas pressure, which causes dimensional distortion and eventual leakage of the
cell, this corrosion of zinc causes loss of anode capacity and chemical self-discharge of the
cathode by hydrogen gas. The rate of gassing of pure zinc is quite low, but the presence of
heavy-metal impurities in trace quantities promotes the gassing rate dramatically by acting
as cathodic sites for hydrogen evolution. Gassing may be reduced in several ways: (1) ad-
dition of ZnO to the anode to reduce the driving force of the zinc by mass action; (2) addition
to the anode of inorganic inhibitors such as certain metal oxides, or use of organic inhibitors,
usually end-substituted polyethylene oxide compounds; (3) reduction of impurity levels in
cell components; (4) “alloying” of zinc with certain elemental inhibitor metals such as lead
or indium; and (5) amalgamation of the zinc with mercury. (This alternative is sharply
decreasing in current practice.)

Finally, reaction (10.3) is important to the performance of the anode in another way as
well. The expression represents a dynamic equilibrium between zinc and its ions, and it
indicates that zinc is continually dissolving and replating throughout the anode at open
circuit. The following benefits occur as a result of this action: (1) gas-promoting impurities
on the surface of the zinc are coated over, thus diminishing their activity; (2) the particle-
to-particle contact of zinc is maintained and improved by the building of zinc metal bridges
between them; and (3) the gas-promoting surface of the bare metal collector is coated with
zinc, thus reducing its activity. Since many of these functions were once performed by
mercury, the importance of the zinc replating reaction is increased as mercury is eliminated.

10.3 CELL COMPONENTS AND MATERIALS

10.3.1 Cathode Components

The composition of a typical alkaline cathode and the purpose of each component are listed
in Table 10.3. The cathode is made from a mixture of manganese dioxide and carbon. Other
materials may also be added, such as binders (to help hold the cathode together) and water
or electrolyte solution (to aid in forming the cathode).

Manganese Dioxide. Manganese dioxide is the oxidizing component in the cell. To pro-
duce an alkaline cell of satisfactory power and long shelf life, the manganese dioxide must
be highly active and very pure. The only type of manganese dioxide that is used in com-
mercial alkaline cells is electrolytic manganese dioxide (EMD).
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TABLE 10.3 Composition of Typical Cathode

Component Range, % Function
Manganese dioxide 79-90 Reactant
Carbon 2-10 Electronic conductor
35-52% aqueous KOH 7-10 Reactant, ionic conductor
Binding agent 0-1 Cathode integrity (optional)

The process for making EMD involves dissolving a manganous compound in acid to
produce a solution of manganous ions. If the starting material is a manganese dioxide ore,
the ore is first reduced to manganous oxide, then dissolved in sulfuric acid to produce
manganous sulfate solution. The solution is treated to remove various harmful impurities,
then introduced into a plating cell and electrolyzed. EMD is plated onto an anode, typically
made of graphite or titanium, according to the reaction

Mn2* + 2H,0 = MnO, + 4H* + 2e (10.8)

At the same time hydrogen is generated at the cathode, which may be made of copper,
graphite, or lead,

2e + 2H" = H, (10.9)
The overall reaction in the EMD plating battery is then
Mn2* + 2H,0 = MnO, + 2H" + H, (10.10)

A typical analysis of EMD is shown in Table 10.4. The extremely low level of heavy-metal
impurities helps minimize hydrogen gassing at the zinc anode, which might otherwise occur
if such impurities were present and were able to migrate to the anode. Other impurities will
combine with the manganese sulfate solution during electrolysis, forming undesirable man-
ganese oxide compounds (e.g., cryptomelane) that will reduce the overall effectiveness of
the MnO during discharge in the alkaline cell.

TABLE 10.4 Typical Analysis of Electrolytic Manganese Dioxide (EMD)

Component Typical values* Component  Typical values*
MnO, 91.7% Fe 72 ppm
Mn 60.5% Ti <2 ppm
Peroxidation 95.7% Cr 6 ppm
H,0, 120°C 1.3% Ni 2 ppm
H,0, 120-400°C 3.2% Co 1 ppm
Real density 4.46g/cm? Cu 3 ppm
SO, 0.85% \Y 0.5 ppm
C 0.07% Mo 0.6 ppm
Na 2550 ppm As <0.5 ppm
K 235 ppm Sb <0.5 ppm

*Based on analysis of 10 samples of alkaline grade cell-grade EMD from five
manufacturers.
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Carbon. Since manganese dioxide itself is a poor conductor, carbon is used in the cathode
to provide electronic conductivity. The carbon is usually in the form of graphite, although
some acetylene black may also be used. The carbon must have low levels of those impurities
which might lead to corrosion in the cell. Some natural graphites have been used in alkaline
cells. However, with the trend toward making cells with ultralow levels of mercury, there
has been increasing use of very pure synthetic graphites. In some recent improvements,
thermal and/or chemical treatments of graphite have improved the conductivity of both
synthetic and natural graphites leading to higher conductivity of the cathode mixture. This
improvement is the result of reducing the number of carbon planes within the individual
carbon particles. Conductivity of carbon is lower across carbon planes (C direction) as com-
pared to within carbon planes (A and B directions). The treatments will “peel’” away the
carbon preferentially along the C direction, thereby decreasing the resistance drop across the
carbon particles. Traditional approaches have often improved service by increasing the in-
ternal volume of the battery available for active ingredients; however, the treatment of the
graphite to improve conductivity has allowed battery manufacturers to make service im-
provements to the cell within the same cell dimensions. With the increase in graphite con-
ductivity, a decrease in the graphite content can be made which enables an increase in the
active manganese dioxide content while maintaining the conductivity of the cathode.

Other Ingredients. The use of other materials (binders, additives, electrolyte) will depend
on the particular manufacturing process used by the battery maker. The ultimate goal is to
produce a dense, stable cathode, which has good electronic and ionic conductivity, and
discharges efficiently even at high discharge rates.

10.3.2 Anode Components

The composition of a typical alkaline anode and the purpose of each component are listed
in Table 10.5. The final three ingredients in the table are optional. Gelling agents are used
in nearly all types of alkaline cells, although there have been attempts to utilize pressed
powder or binders to form the anode mass as well. Amalgamation levels relative to zinc
range from 0 to nearly 6%, but the majority of the cells produced in the “industrialized”
countries have no added mercury.

TABLE 10.5 Composition of Typical Alkaline Anode

Component Range, % Function
Zinc powder 55-70 Reactant, electronic conductor
35-52% aqueous KOH 25-35 Reactant, ionic conductor
Gelling agent 0.4-2 Electrolyte distribution and immobilization, mix

processability

ZnO 0-2 Gassing suppressor, zinc-plating agent

Inhibitor 0-0.05 Gassing suppressor

Mercury 0-4 Gassing suppressor, electronic conductor, discharge
accelerator, mix processability
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Zinc Powder. Pure zinc is obtained commercially by either a thermal distillation process
or electroplating from an aqueous solution. This zinc is converted to battery-grade powder
by atomizing a thin stream of the molten metal with jets of compressed air. Particles range
in shape from “‘potatoes” to ““dog-bones,” and in size from 20 to 820 um in a log-normal
distribution. The median particle diameter ranges from 155 to 255 um, while the average
surface area is about 0.02 m2/g. Except for intentionally added alloyed metals, the purity of
battery-grade zinc is very high. A list of typical impurities is given in Table 10.6. Essentially
all battery-grade zinc contains about 500 ppm lead. Other metallic additives which have been
alloyed for gassing inhibition or improving mercury distribution are indium, bismuth, and
aluminum. Preamalgamated zinc is also available.

TABLE 10.6 Impurity Content of Typical Battery-Grade Zinc Powder

Typical Maximum Typical Maximum
level,* level,t level,* level,t
Element ppm ppm Element ppm ppm

Cd 4.4 21 Sn 0.10 0.44
Fe 4.2 14 Sh 0.090 0.26
Ag 1.6 5.4 Co 0.058 0.18
Cu 15 4.3 Mo 0.037 0.13
Ca 0.21 0.85 Mg 0.030 0.12
Si 0.21 0.73 As 0.010 0.044
Ni 0.20 0.58 Hg 0.007 0.025
Al 0.15 0.66 \Y/ 0.001 0.0025
Cr 0.12 0.48

*Based on analysis of 25 samples from seven producers (1990 data).
t Based on 99.7% (30) confidence level.

Anode Gel. Starch or cellulosic derivatives, polyacrylates, or ethylene maleic anhydride
copolymers are used as gelling agents. The anode cavity is filled with either the complete
well-blended anode mixture, or the dry ingredients (using preamalgamated zinc if mercury
is needed) to which the electrolyte is added later. As mercury levels are reduced throughout
the industry, electrolyte (and water) purity becomes of greater importance. Care must be
taken to minimize carbonate, chloride, and iron contamination in particular. Volume fractions
of zinc range from 18 to 33%. The lower limit of this range is required to maintain electronic
conductivity of the anode, while the upper limit is to avoid the condition where the accu-
mulation of reaction product can block ionic pathways. Densities of anode mixtures are
typically in the 2.5 to 3.2-g/cm?® range, while volume capacities vary from 1.2 to 1.8 Ah/
cmé. The maximum discharge efficiency which can be realized from the zinc ranges from
84 to 94%, depending on cell size and type of operating duty. To avoid hydrogen gassing
from the cathode, which would occur if its capacity were exhausted first, cell service is
normally designed to be anode limited. As a result of all these factors, anode input capacity
is usually established at 96 to 105% of the cathode undergoing a 1.33-electron change.

Elimination of Heavy Metals. Until recent times, the addition of mercury metal to the
anode has been widely used to perform several functions in the mix as well as on the
collector. These are listed in Table 10.5. However, the industry has reduced or eliminated
heavy metals from the battery. The absence of mercury from the anode can lead to reduced
service, increased sensitivity to mechanical shock, and increased gassing on initial storage
and after partial discharge. It has been necessary to find substitutes for each of the functions
of mercury. Such measures have been described in related sections of this chapter. In general,
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however, the successful elimination of mercury has been aided by the reduction of impurities,
particularly iron, in battery-grade materials. [Iron from the can is not normally a problem
because it is rendered passive and insoluble by contact with the highly oxidizing cathode
EMD (electrolytic manganese dioxide).] In addition, gassing is further controlled by using
alloys of zinc containing small amounts of indium, bismuth, aluminum, or calcium. Other
measures include modifications to the particle-size distribution and anode mix formulations
to reduce anode resistivity and improve zinc discharge reaction kinetics. Even further, some
zinc powder and battery manufacturers are developing lead-free alloys as well in order to
provide an alternative to the practice of using another heavy-metal additive, lead, for gassing
inhibition.

10.3.3 Anode Collectors

The anode collector material in cylindrical alkaline cells is usually cartridge brass in the
form of pins or strip. In miniature cells the anode collector is usually a stainless-steel cup
whose convex surface is an exterior terminal of the cell. The outer surface of the cup is
clad with nickel for good electrical contact while its interior, which encloses the anode, is
clad with copper metal. After assembly of either type of cell, the collector surface becomes
coated with zinc as a result of the anode plating action described above. Both the electronic
conductivity of the anode-to-collector interface and the suppression of gassing in the anode
compartment are dependent on this process. In addition to facilitating the zinc-plating action,
mercury, if present, would also fulfill this function. Other measures, such as special cleaning
methods and/or activator-coating the surface, are taken to promote the natural zinc coating
of the collector in mercury-free cells.

10.3.4 Separators

Special properties are required of materials used as separators in alkaline-MnQO, cells. The
material must be ionically conductive but electronically insulating; chemically stable in con-
centrated alkali under both oxidizing and reducing conditions; strong, flexible, and uniform;
impurity-free; and rapidly absorptive. Materials fulfilling these requirements can be cast,
woven, or bonded, but most frequently are nonwoven or felted in structure. Accordingly, the
most commonly used materials are fibrous forms of regenerated cellulose, vinyl polymers,
polyolefins, or combinations thereof. Other types such as gelled, inorganic, and radiation-
grafted separators have been tried but have not gained much practical use. Cellulose film
such as cellophane is also used, particularly where there is a potential for dendrite growth
from the anode.

10.3.5 Containers, Seals, and Finishes

Cylindrical Cell. The cylindrical alkaline-manganese dioxide cell differs from the Leclan-
ché cell in that the cell container is not an active material in the cell discharge. It is merely
an inert container which allows electrical contact to the energy-producing materials inside.
The container is generally a can made of a mild steel. It is thick enough to provide adequate
strength, without taking up excessive room. It is produced by deep drawing from steel strip
stock, and must be of high quality (absence of inclusions or other imperfections).

The inside surface of the steel container makes contact to the cathode. For the cell to
discharge well, this must be a very good contact. Depending on the cell construction, the
contact to plain steel may or may not be adequate. Sometimes the can inner surface needs
to be treated to improve the contact. In some cases the steel is nickel-plated. Alternatively,
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conductive coatings containing carbon may be placed on the surface. Nickel plating may
also be present on the outside surface of the container, either for contact purposes or for
appearance.

The seal is typically a plastic material, such as nylon or polypropylene, combined with
some metal parts, including the anode collector, to make a seat assembly. It closes off the
open end of the cylindrical can, preventing leakage of electrolyte from the cell, and providing
electrical insulation between the cathode collector (can) and the anode collector contact.

The cylindrical alkaline cell has some additional parts, collectively referred to as finish.
There usually are metal pieces at each end for positive and negative contact. These may be
nickel- or tin-plated for appearance and corrosion resistance. There may be a metal jacket
around the cell, with a printed label on it. In many recent designs the finish is just a thin
plastic jacket or printed label. In the latter type of cell, the use of the thin plastic allows the
cell container to be made slightly larger in diameter, which results in a significant increase
in cell capacity.

Miniature Cell. The container, seal, and finish materials for the miniature alkaline-
manganese dioxide button cell are essentially the same as those for other miniature cells.
The can (container and cathode collector) is made of mild steel plated on both sides with
nickel. The seat is a thin plastic gasket. The anode cup makes up the rest of the exterior of
the cell. The outer surfaces of the can and anode cup are highly finished, with manufacturer
identification and cell number inscribed on the can. No additional finish is needed.

10.4 CONSTRUCTION

10.4.1

Cylindrical Configuration

Figure 10.2 shows the construction of typical cylindrical alkaline-manganese dioxide batter-
ies from two manufacturers. Figure 10.3 illustrates the process for assembling the battery. A
cylindrical steel can is the container for the cell. It also serves as the cathode current collector.
The cathode, a compressed mixture of manganese dioxide, carbon, and possibly other ad-
ditives, is positioned inside the can in the form of a hollow cylinder in close contact with
the can inner surface. The cathode can be formed by directly molding it in the can. Alter-
natively, rings of cathode material can be formed outside the cell and then pushed into the
can. Inside the hollow center of the cathode are placed layers of separator material. Inside
of that is the anode, with a metal collector contacting it, and making connection through a
plastic seal to the negative terminal of the cell. The cell has top and bottom covers and a
metal or plastic jacket applied. The covers serve a dual purpose. Besides providing a dec-
orative and corrosion-resistant finish, they also provide for the proper polarity of the battery.
This is necessary because the cylindrical alkaline manganese battery is used as a direct
replacement for Leclanché batteries. Leclanché batteries have a flat contact on the negative
(zinc can) end, and a button contact on the positive end to accommodate the carbon rod
used as current collector. The cylindrical alkaline-manganese dioxide cell is built “inside-
out” in relation to the Leclanché cell, with the cell container as the positive current collector
and the end of the negative collector protruding from the center of the seal. Therefore to
give it an external form similar to the Leclanché battery, the cylindrical alkaline battery must
use a flat cover to contact the terminus of the negative collector, and a bottom cover con-
taining the Leclanché positive protrusion in contact with the bottom of the can. (Some
manufacturers mold the protrusion into the can itself, and thus do not need the bottom cover.)
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FIGURE 10.2 Cross section of cylindrical alkaline-
manganese dioxide batteries. [(a) From Eveready Battery En-
gineering Data.® (b) From Duracell Technical Bulletin.*]
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FIGURE 10.3 Assembly process for AA-size cylindrical alkaline-manganese dioxide battery. (Courtesy
of Eveready Battery Company.)

10.4.2 Button Configuration

The construction of the miniature alkaline-manganese dioxide cell is shown in Fig. 10.4. It
is essentially the same as the construction of other miniature alkaline cells. There are a
bottom cup with a cathode pellet in it, an anode cup containing the anode mix, one or more
round disks of separator material between them, and a plastic seal that is compressed between
the bottom cup and the anode cup to prevent leakage.

Anode cup — copper-clad
stainless steel

Nylon gasket

Separator

Cathode

Cathode can

FIGURE 10.4 Cross section of miniature alkaline-manganese dioxide battery.
(From Eveready Battery Engineering Data.®)
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10.5 PERFORMANCE CHARACTERISTICS

10.5.1 General Characteristics, Comparison with Leclanché Batteries

Alkaline-manganese dioxide batteries have a relatively high theoretical capacity, considerably
higher than Leclanché batteries of the same size. There are several reasons for this. The
alkaline-manganese dioxide cell uses manganese dioxide of much higher purity and activity
than is used in most Leclanché cells. Moreover, the alkaline-manganese dioxide cell can
function with a very dense cathode, which contains only a small amount of electrolyte.
Furthermore the space taken up by other cell components (separator, current collectors, and
S0 on) is minimized.

In addition to having a high input capacity, these batteries use that capacity very effi-
ciently. The KOH electrolyte has a very high conductivity, and the zinc anode is in the form
of a high-area powder (compared to the low-area zinc can used in the Leclanché cell).
Consequently the internal resistance of the battery is very low at the beginning of discharge
and remains quite low up to the end of its service life (see Sec. 10.5.4).

Alkaline-manganese dioxide batteries perform better than Leclanché batteries under a
wide range of conditions. Figure 10.5a compares the discharge curve for an alkaline-
manganese dioxide battery with that for a Leclanché battery under a single light-drain con-
tinuous discharge condition. In this case both types of batteries function efficiently, delivering
a significant part of their theoretical capacity. The alkaline-manganese battery outperforms
the Leclanché battery simply because of its higher theoretical capacity. Figure 10.5b shows
a similar comparison of an alkaline-manganese dioxide battery and a Leclanché battery under
heavy-drain continuous discharge conditions. Again, the alkaline-manganese dioxide battery
outperforms the Leclanché battery, but this time the difference is much larger. The alkaline-
manganese dioxide battery still functions quite efficiently due to its superior high-rate ca-
pability, but the Leclanché battery is unable to deliver more than a fraction of its theoretical
capacity. Other comparisons of these two types of cells are covered in Chap. 7.
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FIGURE 10.5 Performance comparison of D-size alkaline-manganese dioxide and
zinc-carbon batteries. (a) Typical light drain test (30 mA continuous test at 20°C).
(b) Typical heavy drain test (500 mA continuous test at 20°C). (Courtesy of Eveready
Battery Company.)
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10.5.2 Discharge Profile

The voltage profiles for the cylindrical and button alkaline-manganese dioxide batteries are
similar. The voltage starts above 1.5 V and decreases gradually during discharge. This occurs
because of the nature of the homogeneous-phase discharge of manganese dioxide, discussed
in Sec. 10.2. Figure 10.5 illustrates the sloping discharge characteristic of the alkaline-
manganese dioxide battery but that it is flatter than that of the zinc-carbon cell. While not
necessarily an advantageous characteristic, most devices that use cylindrical alkaline-
manganese dioxide batteries at low to moderate drains (radios, flashlights, toys, etc.) are
generally tolerant of this discharge characteristic. The sloping discharge can also be advan-
tageous because the gradual decrease in voltage gives the user advance warning of when the
battery is nearing the end of its useful life.

Other types of applications and devices that use miniature alkaline batteries are often less
tolerant of a sloping discharge profile. Many devices are designed for a particular type of
battery, such as zinc/silver oxide. These devices may not function properly when used with
miniature alkaline-manganese dioxide batteries which have a sloping discharge profile. But
for those devices that will tolerate the voltage profile of the alkaline-manganese dioxide
battery, it can provide an economical source of power.

Tables 10.7 and 10.8 present typical service for a particular size, the AA alkaline-
manganese dioxide battery, under various resistive loads and discharge schedules. Discharge
curves for the AA-size alkaline-manganese dioxide battery under continuous resistive dis-
charge conditions at 20°C are shown in Fig. 10.6. The service to several cutoff voltages as
a function of the resistive load is summarized in Fig. 10.7.

Similar curves for constant-current discharges are presented in Fig. 10.8, which shows
the discharge curves at rates ranging from the C/3 to C/250. Figure 10.9 shows the hours
of service delivered to various cutoff voltages over a range of discharge currents. Figure
10.10 shows the capacity service hours of the AA-size and D-size batteries as a function of
the constant-current load to various cutoff voltages. The midpoint voltages for these dis-
charges are plotted in Fig. 10.11.

TABLE 10.7 Estimated Average Service at 21°C for an AA-Size Alkaline-Manganese Dioxide

Battery
Typical
drains at Cutoff voltage, V
1.2V, Load,
Schedule mA Q 0.75 0.8 0.9 1.0 11 1.2 1.3
Hours
24 h/d 0.8 1500 3300 3200 3100 2400 2100 1800 1200
24 h/d 8 150 325 320 310 240 210 180 138
8 h/d 8 150 325 320 310 240 210 180 138
2h/d 8 150 330 325 310 240 210 180 138
24 h/d 80 15 33 32 28 24 20 13 5
8 h/d 80 15 33 32 28 24 21 14 5
2 h/d 80 15 34 32 28 24 21 15 7
Minutes
24 h/d 800 1.5 120 115 86 54 25 12 3
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TABLE 10.8 Estimated Average Service at 21°C for Simulated Application Tests for an AA-Size
Alkaline-Manganese Dioxide Battery

Cutoff voltage, V

Typical drains at  Load,

Schedule 1.2 V, mA Q 075 08 09 10
Hours
Radio, 4 h/d 16 75 169 167 155 125
Calculator, 1 h/d 80 15 33 29 26 21
Cassette, 1 h/d 120 10 21 19 17 14
Minutes
Camera, 4 min/15 min, 8 h/d, 16 h rest 250 mA constant 368
current
Minutes
Portable light, 4 min/h, 8 h/d, 16 h rest 308 39 404 372 338 292
Toy, continuous 308 39 425 399 339 273
Compact disk/TV, 1 h/d 308 3.9 446 404 348 282
Pulses
Pulse 15 s/min, 24 h/d 667 1.8 584
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FIGURE 10.6 Typical discharge performance characteristics for AA-size
alkaline-manganese dioxide battery. (a) continuous moderate-drain discharge
at 20°C. (b) Continuous heavy-drain discharge at 21°C. (Courtesy of Eveready
Battery Company.)
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FIGURE 10.7 Typical continuous discharge service to various cutoff
voltages at various loads for AA-size alkaline-manganese dioxide battery
at 21°C. (Courtesy of Eveready Battery Company.)

Voltage

C/4-C/5

L C/10 ¢/25 C/250

0 T T T T T
0 20 40 60 80 100

Percent of capacity discharged

FIGURE 10.8 Typical constant-current discharge curves at 20°C for an AA-size
alkaline-manganese dioxide battery; voltage vs. percent of capacity at various dis-
charge rates. (Courtesy of Duracell, Inc.)
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FIGURE 10.9 Typical constant-current discharge performance at 20°C of
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FIGURE 10.10 Capacity of typical AA-size alkaline battery
on constant-current discharge at 20°C vs. current drain for var-
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alkaline battery at various discharge currents at 20°C, 0.8-V end voltage.
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Intermittent Discharge

The capacity of the alkaline-manganese dioxide battery is dependent on the duty cycle during
the discharge. As shown in Fig. 10.12, on a light drain the battery delivers almost the same
capacity on a continuous discharge as on a highly intermittent one. On heavy drains, however,
the battery delivers less capacity on a continuous discharge than on an intermittent discharge
as it can recover during the off-periods. In contrast to the Leclanché batteries, where there
is a big difference between continuous and intermittent service, the capacity difference for
the alkaline batteries is much smaller.

Percent of 2-h/d capacity

-
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©
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Typical heavy drain

] | | ] | |
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8 12 16 20 24 28
Duty cycle, h/d

Internal Resistance

FIGURE 10.12 Comparison of typical output capacities for alkaline-
manganese dioxide batteries as a function of duty cycle at light and
heavy drains. Highly intermittent schedule of 2 h/d equals 100%.
(From Eveready Battery Engineering Book.?)

The alkaline-manganese dioxide batteries, because of their construction and highly conduc-
tive electrolyte, have a relatively low internal resistance. This low internal resistance
is a benefit in applications involving high current pulses. As shown in Fig. 10.13 for two
different-size batteries, the internal resistance increases slowly as the voltage decreases

during discharge, but more rapidly towards the end of the discharge.
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FIGURE 10.13 Internal resistance of typical alkaline-

manganese dioxide batteries as a function of service life at 20°C.
(a) AA-size battery, 62-Q discharge.
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FIGURE 10.13 (b) C-size battery, 20-Q discharge. (From Dur-
acell Technical Bulletin.#) (Continued).

10.5.5 Type of Discharge

Figure 10.14 shows a group of discharge curves illustrating the relative performance obtained
from an AA-size alkaline battery under conditions of constant resistance, constant current,
and constant power. The values for resistance, current, and power were chosen so that the
power provided by the battery at the end-point voltage (0.8 V) was the same in all three
cases. As discussed in Sec. 3.2.3, the constant-resistance discharge runs the shortest, because
the voltage and current are higher during the earlier stages of discharge. Hence the battery
is providing a higher power level earlier in the discharge, with a higher average current and
power level during the total discharge. The constant-power discharge runs the longest because
the current is lower throughout the discharge. The constant-current discharge is intermediate
between the constant-resistance and constant-power curves.

Figure 10.15 shows the power that can be obtained from a typical AA-size alkaline battery
as a function of load voltage at various depths of discharge. For any given depth of discharge
the maximum power is obtained when the external load resistance equals the battery internal
resistance, and this occurs with an output voltage of half the open-circuit voltage. At higher
output voltages the available power is less than this maximum power. The height of the
curve, hence the power available at a given voltage and depth of discharge, depends largely
on the internal resistance of the battery. It also depends on the open-circuit voltage of the
battery. As a battery discharges, its open-circuit voltage decreases, and its internal resistance
tends to increase. These effects combine to decrease the available power from the battery,
as illustrated in Fig. 10.15.
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FIGURE 10.15 Typical power removed from AA-size alkaline battery as a function
of load voltage, measured at various depths of battery discharge. Total capacity of
battery is 2.4 Ah. 0, 0 Ah (fresh); @, 0.54 Ah; ¢, 1.04 Ah; A, 1.54 Ah; X, 1.82 Ah.
(Courtesy of Duracell, Inc.)

10.5.6 Effect of Operating Temperature on Discharge Performance

Batteries tend to discharge more efficiently as the operating temperature is increased, at least
up to a point. Alkaline-manganese dioxide batteries can be operated at temperatures up to
55°C. As the temperature is decreased, performance decreases accordingly. The lower tem-
perature limit is determined in part by the temperature at which the electrolyte freezes. The
alkaline-manganese dioxide battery can operate at temperatures as low as —30°C. The op-
erating range for these batteries is wider than for Leclanché batteries. Moreover there is less
variation in output capacity for alkaline-manganese dioxide cells than for Leclanché batteries.
Figure 10.16 shows the capacity (service hours) for AA-size and D-size alkaline-manganese
dioxide batteries under constant resistance discharges at several temperatures.

A comparison of the performance of the AA-size and D-size batteries in both Figs. 10.9
and 10.16 illustrates the relatively better performance of the AA-size cell under the higher
drain and lower temperature discharges. Due to the thinner cross section of the AA-size
battery, its internal resistance is relatively lower and, hence, performs proportionally better
under these more stringent conditions (also see Sec. 3.2.11). This is shown more clearly in
Fig. 10.17 which shows the effect of discharge current on the battery’s performance. Com-
paring the two 20°C curves illustrates the more pronounced drop in capacity for the D-size
battery at the higher discharge rates. A similar plot at lower temperatures would confirm the
relatively poorer performance of the D-size battery compared to the AA-size cell.
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10.5.7 Effect of Storage at Various Temperatures on Subsequent
Discharge Performance

Undesirable chemical reactions, including self-discharge, corrosion, and degradation of bat-
tery materials, can occur during storage of a battery. These reactions will proceed more
rapidly if the battery is stored at high temperatures and more slowly at low temperatures.
The result of these reactions is decreased battery performance after storage. Alkaline-
manganese dioxide batteries tend to maintain their capacity well during storage. In this
respect, they are superior to Leclanché batteries. Figure 10.18 shows the projected percent
service maintenance for typical alkaline-manganese dioxide batteries on moderate-drain dis-
charge, after being stored for different times at various temperatures. Figure 10.19 shows
the storage time needed for a 90% retention of discharge capacity (on moderate-drain dis-
charge) as a function of storage temperature. Over a wide range of temperatures (0-50°C)
the plot of the logarithm of storage time vs. storage temperature (as illustrated in Fig. 10.19)
is linear. Thus the storage temperature has an exponential effect on the rate of capacity loss
of the battery.
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FIGURE 10.18 Effect of time and storage temperature on relative dis-
charge performance (on moderate drain) of alkaline-manganese dioxide
batteries. (From Eveready Battery Engineering Book.?)
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alkaline-manganese dioxide battery. (From Eveready Battery
Engineering Book.?)

While the previous two graphs indicate typical effects of storage on performance, the
effects in particular cases will depend, as well, on the specifics of the discharge including
the cutoff voltage and the discharge rate. Figure 10.20 illustrates this situation. The percent
capacity retention is shown to depend on the discharge rate (capacity retention is higher for
lower-rate discharges) as well as on the cutoff voltage (usually the capacity retention is better
as the voltage is lower, but not in all cases). In general the more stringent the discharge
condition, the greater the loss of capacity.
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10.6 BATTERY TYPES AND SIZES

Alkaline-manganese dioxide primary cells and batteries are available in a variety of sizes,
in both cylindrical and miniature (button-cell) configurations, as listed in Table 10.9. Some
of the unit cell sizes listed are not available as single cells, but are used as components in
multiple-cell batteries. Figure 10.21 shows the nominal capacity of various-size batteries as
a function of weight and cell volume.

The cylindrical batteries are generally known by the nomenclature of D, C, AA, and so
on. In addition, battery manufacturers often have their own identification codes for these
batteries. For miniature batteries, manufacturers tend to have their own codes. For both types
of batteries there are also nomenclature codes that have been established by different stan-
dards agencies, such as the IEC and ANSI.

Multiple-cell batteries (Table 10.10) are made using either miniature or cylindrical cells.
In addition, some special multicell batteries are made using flat cells of a type not used in
single cell batteries.

TABLE 10.9 Characteristics of 1.5-V Standard Alkaline-Manganese Dioxide Batteries*

Nominal dimensions

Capacity,t Diameter, Height, Weight, \Volume,
Size IEC ANSI Ah mm mm g cm?
Cylindrical types

AAAA LR61t 25A 0.56 8 42 65 2.2

N LR1 910A 0.8 12 29 9 3.3

LR50 0.56 16 16 11 3.6

AAA LRO3 24A 1.1-1.25 10 44 11 38

AA LR6 15A 2.5-2.85 14 50 23 7.5
C LR14 14A 7.1-8.4 26 50 66 26

D LR20 13A 14.3-18 34 61 138 54.4
F LR25 22 33 91 200 80

Button types

LR41 0.035 7.9 3.6 0.6 0.2
LR43 1167A 0.100 11.6 4.2 14 0.3
LR44 1166A 0.145 11.6 54 2.3 0.5
LR48 0.060 7.9 5.4 0.9 0.3
LR53 1129AP 0.160 23.0 5.9 6.8 2.3
LR54 1168A 0.072 11.6 31 11 0.3
LR55 1169A 0.040 11.6 2.1 0.9 0.2

*Values are typical figures based on data from different manufacturers.
t Capacity values based on typical output on rating drain; higher capacity batteries are marketed by some manufacturers.
$Proposed IEC Nomenclature: LR8D425
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FIGURE 10.21 Capacity vs. weight and volume for variety of
sizes of alkaline-manganese dioxide batteries. (Data from Table
10.9; courtesy of Eveready Battery Company.)

TABLE 10.10 Characteristics of Multiple-Cell Standard Alkaline-Manganese Dioxide

Batteries
Nominal dimensions
\oltage, Dimensions, Weight, \Volume, Capacity,
\Y IEC ANSI mm g cm? Ah
3 2LR53 1202AP 24d, 12h 14 5.4 0.16
3 2LR50 1308AP 17d, 42.5h 22 7.4 0.56
4.5 1313AP 41, 17, 115 12.2 7.4 0.17
45 3LR50 1306AP 17d, 50h 31 11 0.55
45 3LR50 1307AP* 17d, 58h 325 115 0.55
6 4LR44 1414A 13d, 25h 11 3.3 0.15
6 4LR61 1412AP 48, 35.6, 9 32 15 0.57
6 4LR25Y 915AT 110, 67, 67 885 434 22
6 4LR25X 908A%| 105, 67, 67 885 434 22
612 434 13
6 918A 137, 125, 73 1900 1123 44
1270 1123 27
6 4LR20-2 930A 140, 118, 67 1120 883 22
9 6LR61 1604A 49, 26, 17.5 46 21 0.58
12 10.3d, 28.5h 7.4 2.37 0.034

*Similar to battery above, but has snap contacts.

T Screw contacts.
1 Spring contacts.

||Commercially produced batteries using either D- or F-size unit cells. The larger values for capacity

and weight are for the batteries containing the larger unit cells.
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10.7 PREMIUM ZINC/ALKALINE/MANGANESE DIOXIDE HIGH-
RATE BATTERIES

Recently introduced in 1999, these specially designed alkaline-manganese dioxide batteries
are capable of better performance at higher discharge rates than the standard batteries. They
are marketed to meet the more stringent high power requirements of portable electronic
devices (i.e., digital cameras, cell phones, PDAs, etc.) The performance characteristics of the
premium AA-size batteries are summarized in Figs. 10.22(a) to (e) and 10.23(a) to (c).
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FIGURE 10.22 Performance characteristics of premium zinc/alkaline/
manganese dioxide primary batteries AA-size at 20°C. (a) Discharge char-
acteristics at various power drains. (b) Discharge characteristics at various
current drains.
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(Continued).
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CHAPTER 11
MERCURIC OXIDE BATTERIES

Denis Naylor*

11.1 GENERAL CHARACTERISTICS

The alkaline zinc/mercuric oxide battery is noted for its high capacity per unit volume,
constant voltage output, and good storage characteristics. The system has been known for
over a century, but it was not until World War Il that a practical battery was developed by
Samuel Ruben in response to a requirement for a battery with a high capacity-to-volume
ratio which would withstand storage under tropical conditions.*2

Since that time, the zinc/mercuric oxide battery has been used in many applications where
stable voltage, long storage life or high energy-to-volume ratios were required. The char-
acteristics of this battery system were particularly advantageous in applications such as hear-
ing aids, watches, cameras, some early pacemakers and small electronic equipment where it
was widely used. The battery has also been used as a voltage reference source and in
electrical instruments and electronic equipment, such as sonobuoys, emergency beacons,
rescue transceivers, radio and surveillance sets, small scatterable mines and early satellites.
These applications, however, did not become widespread, except for military and special
uses, because of the relatively higher cost of the mercuric oxide system.

The use of cadmium in place of zinc results in a very stable battery with excellent storage
and performance at extreme temperatures due to the low solubility of cadmium in caustic
alkali over a wide range of temperatures. However, the cost of the material is high and the
cell voltage is low, less than 1.0 V. Hence, the cadmium/mercuric batteries were used, but
to a lesser degree, in special applications requiring the particular performance capabilities of
the system. These include gas and oil well logging, telemetry from engines and other heat
sources, alarm systems, and for operation of remote equipment such as data-monitoring,
surveillance buoys, weather stations and emergency equipment.®

During the last several years, the market for mercuric oxide batteries has almost com-
pletely evaporated, due mainly to environmental problems associated with mercury and cad-
mium and few are manufactured. They have been removed from the International Electro-
technical Commission (IEC) and the American National Standards Institute (ANSI)
standards. In applications, they have been replaced by alkaline-manganese dioxide, zinc/air,
silver oxide and lithium batteries.

The major characteristics of these two battery systems are summarized in Table 11.1.

*The chapter on Mercuric Oxide Batteries was written by Denis Naylor, now deceased,
for the 1t and 2" Editions. His work was updated and modified for the 3™ Edition by
David Linden.
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TABLE 11.1 Characteristics of the Zinc/Mercuric Oxide and Cadmium/Mercuric Oxide Batteries

Advantages Disadvantages

Zinc/mercuric oxide battery

High energy-to-volume ratio, 450 Wh/L Batteries were expensive; although widely used in
Long shelf life under adverse storage conditions miniature sizes, but only for special applications in
. . . the larger sizes
Over a wide range of current drains recuperative .
periods are not necessary to obtain a high capacity After long periods of storage, l_:ell electrolyte_tends to
from the battery seep out of seal which is evidenced by white

carbonate deposit at seal insulation
Moderate energy-to-weight ratio
Poor low-temperature performance

Disposal of quantities of spent batteries creates
environmental problems

High electrochemical efficiency

High resistance to impact, acceleration, and vibration
Very stable open-circuit voltage, 1.35 V

Flat discharge curve over wide range of current drains

Cadmium/mercuric oxide battery

Long shelf life under adverse storage conditions Batteries are more expensive than zinc/mercuric oxide
Flat discharge curve over wide range of current drains batteries due to high cost of cadmium
Ability to operate efficiently over wide temperature System has low output voltage (open-circuit voltage =
range, even at extreme high and low temperatures 0.90 V)
Can be hermetically sealed because of inherently low Moderate energy-to-volume ratio
gas evolution level Low energy-to-weight ratio

Disposal of spent batteries creates environmental
problem, with both cadmium and mercury being
toxic

11.2 CHEMISTRY

It is generally accepted that the basic cell reaction for the zinc/mercuric oxide cell is
Zn + HgO — ZnO + Hg

For the overall reaction, AG® = 259.7 kJ. This gives a thermodynamic value for E° at 25°C
of 1.35 V, which is in good agreement with the observed values of 1.34 to 1.36 V for the
open-circuit voltage of commercial cells.* From the basic reaction equation it can be cal-
culated that 1 g of zinc provides 819 mAh and 1 g of mercuric oxide provides 247 mAh.

Some types of zinc/mercuric oxide cells exhibit open-circuit voltages between 1.40 and
1.55 V. These cells contain a small percentage of manganese dioxide in the cathode and are
used where voltage stability is not of major importance for the application.

The basic cell reaction for the cadmium/mercuric oxide cell is

Cd + HgO + H,0 — Cd(OH), + Hg

For the overall reaction, AG® = —174.8 kJ. This gives a thermodynamic value for E° at
25°C of 0.91 V, which is in good agreement with the observed values of 0.89 to 0.93 V.
From the basic reaction it can be calculated that 1 g of cadmium should provide 477 mAh.
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11.3 CELL COMPONENTS

11.3.1 Electrolyte

Two types of alkaline electrolyte are used in the zinc/mercuric oxide cell, one based on
potassium hydroxide and one on sodium hydroxide. Both of these bases are very soluble in
water and highly concentrated solutions are used; zinc oxide is also dissolved in varying
amounts in the solution to suppress hydrogen generation.

Potassium hydroxide electrolytes generally contain between 30 and 45% w/w KOH and
up to 7% w/w zinc oxide. They are more widely used than the sodium hydroxide electrolytes
because of their greater operating temperature range and ability to support heavier current
drains. For low temperature operation, both the potassium hydroxide and the zinc oxide
contents are reduced, and this introduces some instability at higher temperatures with respect
to hydrogen generation in the cell.

Sodium hydroxide electrolytes are prepared in similar concentration ranges and are used
in cells where low temperature operations or high current drains are not required. These
electrolytes are suitable for long-term discharge applications because of the reduced tendency
of the electrolyte to seep out of the cell seal after long periods of storage.

Generally only potassium-based alkaline electrolytes are used in the cadmium/mercuric
oxide cell. As cadmium is practically insoluble in all concentrations of aqueous potassium
hydroxide solutions, the electrolyte can be optimized for low-temperature operation.

The freezing-point curve for caustic potash solutions is shown in Fig. 11.1. It shows that
the eutectic with a freezing point below —60°C is 31% w/w KOH, which is the electrolyte
most frequently used. Improvements in low-temperature performance have been made in
some cases by the addition of a small percentage of cesium hydroxide to the electrolyte.

90

70

50

Liquid

Temperature, °C

ST T T W T T\ I Y O O I
0 10 20 30 40 50 60 70

KOH, % w/w

FIGURE 11.1 Freezing-point curve for aqueous caustic
potash solutions.
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11.3.2 Zinc Anode

Alkaline electrolytes act as ionic carriers in the cell reactions. The reaction at the zinc
negative electrode may be written

Zn + 40H™ — Zn(OH),2~ + 2e
Zn(OH),2~ — ZnO + 20H" + H,O

These reactions imply the dissolution of the zinc electrode, with the crystallization of zinc
oxide from the electrolyte. The reaction at the anode can be simplified to

Zn + 20H™ — ZnO + H,0 + 2e

Direct solution of the zinc electrode in the alkaline solution on open circuit is minimized by
dissolving zinc oxide in the electrolyte and amalgamating the zinc in the electrode. Mercury
levels used in zinc electrodes are usually in the range of 5 to 15% w/w. Great attention is
also paid to the impurity levels in the zinc since minor cathodic inclusions in the electrode
can drive the hydrogen generation reaction despite the precautions indicated.>®

11.3.3 Cadmium Anode

The reaction at the anode is
Cd + 20H~ — Cd(OH), + 2e

This implies the removal of water from the electrolyte during discharge, necessitating an
adequate quantity of electrolyte in the cell and the desirability of a high percentage of water
in the electrolyte. Cadmium has a high hydrogen overvoltage in the electrolyte, and so
amalgamation is neither necessary nor desirable, since the electrode potential is some 400
mV less electropositive than zinc.

Cadmium metal powders as produced conventionally are unsuitable for use as electrode
materials. Activated cadmium anodes are produced by (1) electroforming the anode, (2)
electroforming powder by a special process followed by pelleting, or (3) precipitating by a
special process as a low-nickel alloy and pelleting. All of these processes have been used
by different manufacturers to give cells with various performance parameters.”

11.3.4 Mercuric Oxide Cathode

At the cathode, the overall reaction may be written
HgO + H,0 + 2e — Hg + 2(OH)~

Mercuric oxide is stable in alkaline electrolytes and has a very low solubility. It is also a
nonconductor, and adding graphite is necessary to provide a conductive matrix. As the dis-
charge proceeds, the ohmic resistance of the cathode falls and the graphite assists in the
prevention of mass agglomeration of mercury droplets. Other additives which have been used
to prevent agglomeration of the mercury are manganese dioxide, which increases the cell
voltage to 1.4-1.55 V, lower manganese oxides, and silver powder, which forms a solid-
phase amalgam with the cathode product.

Graphite levels usually range from 3 to 10% and manganese dioxide from 2 to 30%.
Silver powder is used only in special-purpose cells because of cost considerations, but may
be up to 20% of the cathode weight. Again, great care is taken to obtain high-purity materials
for use in the cathode. Trace impurities soluble in the electrolyte are liable to migrate to the
anode and initiate hydrogen evolution. An excess of mercuric oxide capacity of 5 to 10% is
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MERCURIC OXIDE BATTERIES 115

usually maintained in the cathode to “balance” the cell and prevent hydrogen generation in
the cathode at the end of discharge.

11.3.5 Materials of Construction

Materials of construction for the zinc/mercuric oxide cells are limited not only by their
ability to survive continuous contact with strong caustic alkali, but also by their electro-
chemical compatibility with the electrode materials. As far as the external contacts are con-
cerned, these are decided by corrosion resistance, compatibility with the equipment interface
with respect to galvanic corrosion, and, to some degree, cosmetic appearance. Metal parts
may be homogeneous, plated metal, or clad metal. Insulating parts may be injection-, com-
pression-, or transfer-molded polymers or rubbers.

With the exception of the anode contact (where slight modification of the top/anode
interface is necessary), materials for the cadmium/mercuric oxide cell are generally the same
as for the zinc/mercuric oxide cell. However, because of the wide range of storage and
operating conditions of most applications, cellulose and its derivatives are not used, and low-
melting-point polymers are also avoided. Nickel is usually used on the anode side of the
cell and also, conveniently, at the cathode.

11.4 CONSTRUCTION

The mercuric oxide batteries were manufactured in three basic structures—button, flat, and
cylindrical configurations. There are several design variations within each configuration.

11.4.1 Button Configuration

The button configuration of the zinc/mercuric oxide battery is shown in Fig. 11.2. The top
is copper or copper alloy on the inner face and nickel or stainless steel on the outer face.
This part may also be gold plated, depending on the application. Within the top is a dispersed

Top (negative terminal}

Electrolyte

Can {(positive terminal)

Cathode

FIGURE 11.2 Zinc/mercuric oxide battery—button con-
figuration. (Courtesy of Duracell, Inc.)
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mass of amalgamated zinc powder (“gelled anode”), and the top is insulated from the can
by a nylon grommet. The whole top-grommet-anode assembly presses down onto an ab-
sorbent which contains most of the electrolyte, the remainder being dispersed in the anode
and cathode. Below the absorbent is a permeable barrier, which prevents any cathode material
from migrating to the anode. The cathode of mercuric oxide and graphite is consolidated
into the can, and a sleeve support of nickel-plated steel prevents collapse of the cathode
mass as the battery discharges. The can is made of nickel-plated steel, and the whole cell is
tightly held together by crimping the top edge of the can as shown.
The cadmium/mercuric oxide button battery uses a similar configuration.

11.4.2 Flat-Pellet Configuration

A form of a larger-sized zinc/mercuric oxide battery is shown in Fig. 11.3. In these cells
the zinc powder is amalgamated and pressed into a pellet with sufficient porosity to allow
electrolyte impregnation. A double top is used, with an integrally molded polymer grommet,
as a safeguard to relieve excessive gas pressures and maintain a leak-resistant structure. The
outer top is of nickel-plated steel, and the inner top is nickel-plated steel but tin plated on
its inner face. This cell also uses two nickel-plated steel cans with an adaptor tube between
the two, the seal being effected by pressing the top-grommet assembly against the inner can
and crimping over the outer can. A vent hole is pierced into the outer can so that if gas is
generated within the cell, it can escape between the inner and outer cans, any entrained
electrolyte being absorbed by the paper adaptor tube.

Inner top
Outer top
Integrally molded
grommet
Adaptor tube Anode
Absorbent
Barrier

Inner can

Outer can Cathode

Vent

FIGURE 11.3 Zinc/mercuric oxide battery—flat-pellet config-
uration. (Courtesy of Duracell, Inc.)

11.4.3 Cylindrical Configuration

The larger cylindrical zinc/mercuric oxide battery is constructed from annular pressings, as
shown in Fig. 11.4. The anode pellets are rigid and pressed against the cell top by the
neoprene insulator slug. A number of variations of the cylindrical cell were used with dis-
persed anodes, where contact with the anode is made either by a nail welded to the inner
top or a spring extending from the base insulator to the top.
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Outer top

Inner top

™ Grommet

|
[~~~
Adaptor tube —] Anodes

Absorbent — | - Barrier

Cathodes —

Inner can —

Insulating slug

FIGURE 11.4 Zinc/mercuric oxide battery cy-
lindrical configuration. (Courtesy of Duracell,
Inc.)

11.4.4 Wound-Anode Configuration

Another design of the zinc/mercuric oxide battery which operates better at low temperatures
is the wound-anode or jelly-roll structure shown in Fig. 11.5. Structurally the cell is similar
to the flat cell shown in Fig. 11.3, but the anode and absorbent have been replaced by a
wound anode which consists of a long strip of corrugated zinc interleaved with a strip of
absorbent paper. The paper edge protrudes at one side and the zinc strip at the other. This
provides a large surface area anode. The roll is held in a plastic sleeve and the zinc is
amalgamated in situ. The paper swells in the electrolyte and forms a tight structure, which
is compressed in the cell at the assembly stage with the zinc edge in contact with the top.

Electrolyte formulations can be adjusted for low-temperature operation, long storage life
at elevated temperature, or a compromise between the two. The performance is optimized
by careful adjustment of the anode geometry.

Outer top

Inner top

Outer can

\\‘
‘lh
||u

Barrier

Inner can

Adaptor tube

Vent Cathode

FIGURE 11.5 Zinc/mercuric oxide battery—wound-anode
configuration. (Courtesy of Duracell, Inc.)
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11.45 Low-Current-Drain Structures

Batteries designed for operation at low current drain require modification of the structure to
prevent internal electrical discharge paths from forming from the conductive materials in
both anode and cathode. After partial discharge, metallic mercury globules are particularly
troublesome in this respect. The problem can be minimized by the use of silver powder in
the cathode.

All available passages through which material could form an electrical track need to be
blocked if long-term discharge is to be realized. A typical button battery for watch appli-
cations used multiple barrier layers and a polymer insulator washer effectively sealing off
the anode from the cathode by compressing these layers against the support ring. These
batteries are discharged at the 1 to 2-year rate.®

11.5 PERFORMANCE CHARACTERISTICS OF ZINC/MERCURIC

OXIDE BATTERIES

11.5.1 Voltage

The open-circuit voltage of the zinc/mercuric oxide battery is 1.35 V. Its voltage stability
under open-circuit or no-load conditions is excellent, and these batteries have been widely
used for voltage reference purposes. The no-load voltage is nonlinear with respect to both
time and temperature. A voltage-time curve is shown in Fig. 11.6. The no-load voltage will
remain within 1% of its initial value for several years. A voltage-temperature curve is shown
in Fig. 11.7. Temperature stability is even better than age stability. From —20 to +50°C the
total no-load voltage range is in the region of 2.5 mV.

Batteries containing manganese dioxide as a cathode additive to the mercuric oxide do
not show the no-load voltage stability illustrated in Figs. 11.6 and 11.7.

1.360
1.355 —
3
g
$ 1350 L
hel
©
3
1
o
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1.345
1.340 I | L ]
0 6 12 18 24 30

Age, months
FIGURE 11.6 No-load voltage vs. time, zinc/mercuric oxide battery, 20°C.
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FIGURE 11.7 No-load voltage vs. temperature, zinc/mercuric oxide battery.

11.5.2 Discharge Performance

A flat discharge curve, characteristic of the zinc/mercuric oxide battery, is shown in Fig.
11.8 for a pressed-powder anode battery at 20°C. The end-point voltage is generally consid-
ered to be 0.9 V, although at higher current drains the batteries may discharge usefully below
this voltage. At low current drains the discharge profile is very flat and the curve is almost
“squared off.”

The capacity or service of the zinc/mercuric oxide battery is about the same on either
continuous or intermittent discharge regimes over the recommended current drain range,
irrespective of the duty cycle.

Under overload conditions, however, a considerable shift in available capacity can be
realized by the use of “rest” periods, which may increase service life considerably.

Problems are not encountered at low rates of discharge with batteries designed for the
purpose unless a high-current-drain pulse is superimposed on a continuous low-drain base
current; special designs are necessary to cope with this situation.

1.6

Voltage, V

5L 25Q 424 62.5 2 1250
08—

06 | | | |
20 40 60 80 100

Hours of service
FIGURE 11.8 Discharge curves, zinc/mercuric oxide battery, 1000 mAh size, 20°C.
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11.5.3 Effect of Temperature

11.5.4

The zinc/mercuric oxide battery is best suited for use at normal and elevated temperatures
from 15 to 45°C. Discharging batteries at temperatures up to 70°C is also possible if the
discharge period is relatively short. The zinc/mercuric oxide battery generally does not
perform well at low temperatures. Below 0°C, discharge efficiency is poor unless the current
drain is low. Figure 11.9 shows the effect of temperature on the performance of two types
of zinc/mercuric oxide batteries at nominal discharge drains.

The wound-anode or “dispersed”-powder anode structures are better suited to high rates
and low temperatures than the pressed-powder anode.

100 — |
90 |- :
80 -
70
60 [~ Wound
50 |— anode
40 | structures
30—
20 —
10—
0

Percent capacity
Water freezes

Room temperature

Pressed powder
: structures
1 1 ) L 1 1 | 1
-20 20 40 60 80°C

FIGURE 11.9 Effect of temperature on performance of zinc/mercuric
oxide batteries.
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Impedance

Impedance for the zinc/mercuric oxide button batteries was usually measured at a frequency
of 1 kHz because of their use in hearing-aids.®

The impedance curve is almost a mirror image of the voltage discharge curve, rising very
steeply at the end of the useful discharge life, as illustrated in Fig. 11.10. The value obtained
is frequency-dependent to some degree, particularly above 1 MHz, and a fixed frequency
has to be specified. A frequency versus impedance curve under no-load conditions is shown
in Fig. 11.11.
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FIGURE 11.10 Internal impedance, zinc/mercuric oxide bat-
tery, 350 mAh size, 20°C, 1 kHz, 250-Q) load.
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FIGURE 11.11 Variation of impedance with frequency, zinc/mercuric oxide
battery, 210 mAh size, 20°C.

11.5.5 Storage

Zinc/mercuric oxide batteries have good storage characteristics. In general they will store
for over 2 years at 20°C with a capacity loss of 10 to 20% and 1 year at 45°C with about a
20% loss. Storage at lower temperatures, such as down to —20°C, will, as with other battery
systems, increase storage life.

The storability will depend on the discharge load and also on the cell structure. Failure
in storage is usually due to the breakdown of cellulosic compounds within the cell which,
at first, results in a reduction of the limiting-current density at the anode. Further breakdown
produces low-drain internal electrical p