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PRINCIPLES OF OPERATION
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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).
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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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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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1.6 CHAPTER ONE

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.”
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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
e

Load

Flow of anions
.

Anode
Cathode

Flow of cations
——————

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 — 7Zn** + 2e

Positive electrode: cathodic reaction (reduction, gain of electrons)
Cl, + 2¢ — 2C1~

Overall reaction (discharge):

Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.
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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/Cl, cell, the reaction on charge can be written as follows:

Negative electrode: cathodic reaction (reduction, gain of electrons)
Zn*" + 2¢ — Zn

Positive electrode: anodic reaction (oxidation, loss of electrons)
2C1- = Cl, + 2e

Overall reaction (charge):

Zn** 4+ 2ClI- — Zn + Cl,

—_ DC +
power supply
Electron flow "

- pothaliihy
— I
Flow of anions
——
) v
°
£ J:
< <
o .
Flow of cations
-
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,O + ¢ — 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,0O + ¢

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
0, + 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.)

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** + 2 —(—0.76 V)
Cl, — 2CI- — 2e 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 + ClL, — 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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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’}
Anode materials
H, 2.01 0 2 — — 26.59 0.037
—0.83F
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
—2.697
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
—2.35¢
Fe 55.8 -0.44 2 1528 7.85 0.96 1.04 7.5
—0.887F
Zn 65.4 -0.76 2 419 7.14 0.82 1.22 5.8
—1.25%
Cd 112.4 -0.40 2 321 8.65 0.48 2.10 4.1
—0.817
Pb 207.2 -0.13 2 327 11.34 0.26 3.87 2.9
(LI)CP 72.06 ~—2.8 1 — 2.25 0.37 2.68 0.84
MH® 116.2 —0.83F 2 — — 0.45 2.21 —
CH,0H 32.04 — 6 — — 5.02 0.20 —
Cathode materials
(7]
§ 0, 32.0 1.23 4 — — 3.35 0.30
9—; 0.407F
£ Cl, 71.0 1.36 2 — — 0.756 1.32
;( SO, 64.0 — 1 — — 0.419 2.38
5 MnO, 86.9 1.28% 1 — 5.0 0.308 3.24 1.54
% NiOOH 91.7 0.49% 1 — 7.4 0.292 342 2.16
s CuCl 99.0 0.14 1 — 3.5 0.270 3.69 0.95
% FeS, 119.9 — 4 — — 0.89 1.12 4.35
5 AgO 123.8 0.57F 2 — 7.4 0.432 2.31 3.20
8 Br, 159.8 1.07 2 — — 0.335 2.98
2 HgO 216.6 0.10% 2 — 111 0.247 4.5 2.74
= Ag,0 231.7 0.35F 2 — 7.1 0.231 4.33 1.64
z PbO, 239.2 1.69 2 — 9.4 0.224 4.45 2.11
6]
‘E)' Li,CoO,® 98 ~2.7 0.5 — — 0.137 7.29 —
é‘ L 253.8 0.54 2 — 4.94 0.211 4.73 1.04
g *See also Appendixes B and C.
g T Basic electrolyte: all others, aqueous acid electrolyte.
§ +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 Voltage, Capacity and Specific Energy of Major Battery Systems—Theoretical and Practical Values

Theoretical valuest

Practical battery#

Specific Nominal Specific Energy

energy  voltage  energy density
Battery type Anode Cathode Reaction mechanism v g/Ah  Ah/kg Wh/kg v Wh/kg Wh/L

Primary batteries
Leclanché Zn MnO, Zn + 2MnO, — ZnO - Mn,0, 1.6 4.46 224 358 1.5 85@ 165@
Magnesium Mg MnO, Mg + 2MnO, + H,0 — Mn,0; + Mg(OH), 2.8 3.69 271 759 1.7 100® 195®
Alkaline MnO, Zn MnO, Zn + 2MnO, — ZnO + Mn,0, 1.5 4.46 224 358 1.5 145@ 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 55© 230©
Silver oxide Zn Ag,0 Zn + Ag,0 + H,0 — Zn(OH), + 2Ag 1.6 5.55 180 288 1.6 135©@ 525@©
Zinc/O, Zn 0, Zn + 20, — ZnO 1.65 1.52 658 1085 — — —
Zinc/air Zn Ambient air Zn + (20,) — ZnO 1.65 1.22 820 1353 1.5 370©  1300©
Li/SOCl, Li SOCl, 4Li + 2SOCl, — 4LiCl + S + SO, 3.65 325 403 1471 3.6 590%  1100®
Li/SO, Li SO, 2Li + 2S0, — Li,S,0, 3.1 2.64 379 1175 3.0 260® 415®
LiMnO, Li MnO, Li + Mn'VO, — Mn'"VO,(Li") 35 3.50 286 1001 3.0 230 535®
Li/FeS, Li FeS, 4Li + FeS, — 2Li,S + Fe 1.8 1.38 726 1307 1.5 260 500
Li/(CF), Li (CF), nLi + (CF), — nLiF + nC 3.1 1.42 706 2189 3.0 250 635
Li/L,® Li L(P2VP) Li + 'Al, — Lil 2.8 4.99 200 560 2.8 245 900
Reserve batteries

Cuprous chloride Mg CuCl Mg + Cu,Cl,— MgCl, + 2Cu 1.6 4.14 241 386 1.3 607 807
Zinc/silver oxide Zn AgO Zn + AgO + H,0 — Zn(OH), + Hg 1.81 3.53 283 512 1.5 30® 75®
Thermal Li FeS, See Section 21.3.1 2.1-1.6 138 726 1307 2.1-1.6 409 100



"€7:€G:9T 82-50-6T0C UO On Wolj pajesld

wo2°1sanboid [enuannooqa//:dny Wolj panallay ‘sauayeq Jo yoogpueH (T00z) L ‘Appay %® “*q ‘uspur

L'l

Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

Secondary batteries

Lead-acid Pb PbO, Pb + PbO, + 2H,SO, — 2PbSO, + 2H,0 2.1 8.32 120 252 2.0 35 7010
Edison Fe Ni oxide Fe + 2NiOOH + 2H,0 — 2Ni(OH), + Fe(OH), 1.4 4.46 224 314 1.2 30 5540
Nickel-cadmium Cd Ni oxide Cd + 2NiOOH + 2H,0 — 2Ni(OH), + Cd(OH), 1.35 5.52 181 244 1.2 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), 1.5 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 1.5 105 180
Silver-cadmium Cd AgO Cd + AgO + H,0 — Cd(OH), + Ag 1.4 4.41 227 318 1.1 70 12019
Zinc/chlorine Zn Cl, Zn + Cl, — ZnCl, 2.12 2.54 394 835 — — —
Zinc/bromine Zn Br, Zn + Br, — ZnBr, 1.85 4.17 309 572 1.6 70 60
Lithium-ion LiCy  Lig,,CoO, Li,C¢ + Liy_,,CoO, — LiCoO, + Cq 4.1 9.98 100 410 4.1 150 400®
Lithium/manganese dioxide  Li MnO, Li + Mn"VO, — Mn'VO,(Li") 3.5 3.50 286 1001 3.0 120 265
Lithium/iron disulfide® Li(Al)  FeS, 2Li(Al) + FeS, — Li,FeS, + 2Al 1.73 3.50 285 493 1.7 1804H 350U
Lithium/iron monosulfide®  Li(Al)  FeS 2Li(Al) + FeS — Li,S + Fe + 2Al 1.33 2.90 345 459 1.3 1304 2204
Sodium/ sulfur® Na S 2Na + 3S — Na,S; 2.1 2.65 377 792 2.0 17000 34500
Sodium/nickel chloride® Na NiCl, 2Na + NiCl, — 2NaCl + Ni 2.58 3.28 305 787 2.6 11540 190¢h
Fuel cells
H,/0, H, 0, H, + %0, —» H,0 1.23 0.336 2975 3660
H,/air H, Ambient air H, + (20,) —» H,0 1.23 0.037 26587 32702
Methanol/O, CH,0H O, CH,OH + %0, — CO, + 2H,0 1.24 0.50 2000 2480 — — —
Methanol / air CH,OH Ambient air CH,OH + (/0,) — CO, + 2H,0 1.24 0.20 5020 6225 — — —

FBased 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/, (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.

Cathode Anode
current current
collector collector

Anode
material

Cathode
material

Separator

FIGURE 1.3 Components of a cell.

Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

*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 1 [ ]
=
500 Theoretical
— — specific energy
300 - (active materials
c — _ only)
o 200
2 =
< Theoretical
2 100 — specific energy of
2 a practical battery
B ‘—‘
E
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-
MnO» mercuric SO2 acid silver ion
oxide oxide

}4——- Primary IReserve |~ 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
> Lithium (Cylindrical)
< 500 ) )
£ Zinc/Air
= Lithium (Coin)
>
E Alkaline MnO,
L
© Zn/AgO
.“(_—)
g 100
@ Zn/HgO
50 Carbon-Zinc
| | | |
100 500 1000 5000
Energy Density, Wh/L
(a)
400 Lithium Metal
Li-lon/SPE

w
o
o

Energy Density, Wh/L
S
o

Ni-MH
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

()]
o

1

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-MnQO2
Alkaline-MnQO2
High
Cerormance
Lead-Acid Ni-Cd
Leclanché ’_‘ ’_‘
I:I T T T T T T T

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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1.18 CHAPTER ONE

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
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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=E, — [(nJ, * ()] = [(m). + ()] — iR; = iR 2.1)

where E, = electromotive force or open-circuit voltage of cell
(M) (Me). = activation polarization or charge-transfer overvoltage at anode and cathode
(n.)a (n.). = concentration polarization at anode and cathode
i = operating current of cell on load
R, = internal resistance of cell

i

As shown in Eq. (2.1), the useful voltage delivered by the cell is reduced by polarization
and the internal /R 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
~~~~~~~~~ i (Met)a, +—(nct)c
______ Activation polarization
Operating .~ (Mela, + Meke
voltage Concentration polarization

Cell voltage increasing ————»

Current increasing ————

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 /R 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.

Linden, D., & Reddy, T. (2001). Handbook of batteries. Retrieved from http://ebookcentral.proquest.com
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TABLE 2.1 Conductivity Ranges of Various
Electrolytes at Ambient Temperature

Specific conductivity,

Electrolyte system Q'em™!
Aqueous electrolytes 1-5 x 107!
Molten salt ~107!
Inorganic electrolytes 2 X 1072-107"
Organic electrolytes 1073-1072
Polymer electrolytes 1077-1073
Inorganic solid electrolytes 1078-10°

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.

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.

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.

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

The overall reaction in the cell is given by addition of these two half-cell reactions

aA + bB = cC + dD

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

AG® = —nFE°

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

g
iﬁ Electrode reaction E°V Electrode reaction E°V
2 Li* + ¢ = Li -3.01 TIY + e =Tl —0.34
< Rb* + ¢ = Rb -2.98 Co** + 2e = Co -0.27
£ Cs* + e = Cs -2.92 Ni2* + 2¢ = Nj -0.23
5 K'+e=K -2.92 Sn2* + 2¢ = Sn -0.14
5 Ba** + 2¢ = Ba -2.92 Pb*>* + 2¢ = Pb -0.13
5 St + 2¢ = Sr -2.89 D" + e = 1D, —-0.003
g Ca®* + 2¢ = Ca —-2.84 H' + ¢ = 15H, 0.000
g Na* + ¢ = Na -2.71 Cu®* + 2¢ = Cu 0.34
S Mg>* + 2e¢ = Mg -2.38 %0, + H,0 + 2¢ = 20H" 0.40
: Ti* + 2¢ = Ti -1.75 Cu* + e = Cu 0.52
g Be** + 2¢ = Be -1.70 Hg>* + 2e = 2Hg 0.80
z AP* + 3e = Al —~1.66 Agt +e= Ag 0.80
§ Mn?* + 2e = Mn —1.05 Pd*" + 2e¢ = pPd 0.83
) Zn** + 2e = 7Zn -0.76 I +3e=1r 1.00
) Ga’* + 3¢ = Ga -0.52 Br, + 2¢ = 2Br~ 1.07
§ Fe?* + 2¢ = Fe —0.44 O, + 4H* + 4e = 2H,0 1.23
Cd** +2¢ =d —-0.40 Cl, + 2¢ = 2C1- 1.36
In** + 3¢ =Tn —0.34 F, + 2¢ = 2F 2.87
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When conditions are other than in the standard state, the voltage E of a cell is given by the
Nernst equation,

RT c 4d

E=E° - o 2.6)

nF  aid

where a, = activity of relevant species
R = gas constant
T = absolute temperature

The change in the standard free energy AG° 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.! 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,

m=a=* blogi 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= exp<i g) expg (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,C. 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)

i, = nFAk,Cy @2.11)

4

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 «F 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

_ 10 —anFE
k; = kj exp “RT (2.12)
(1 — a)nFE
kb = k(g exXp T (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 e, 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 «F. 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

S — (2.14)
m, + m,

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
(Cu?*/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.#

TABLE 2.3 Values of Transfer Coefficient

a at 25°C#

Metal System a
Platinum Fe’* + ¢ — Fe?* 0.58
Platinum Ce** + e — Ce?* 0.75
Mercury Ti** + e — Ti** 0.42
Mercury 2H" + 2¢ — H, 0.50
Nickel 2H" + 2¢ — 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 [Eq. (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\ iy (2.15)

where i, is the exchange current. From Egs. (2.10)-(2.13), together with Eq. (2.15), the

following relationship is established:

—ankFE,
RT

ib

(1 — @nFE,

RT (2.16)

Cok9 exp = Crk$ exp

where E, is the equilibrium potential.
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Rearranging,

RT k% RT. C
E ="+ e 2.17
T aF "k T aF e, @17

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

RT . k9
0 = — —
E¢=-"ln & (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,

RT C
E,=E%+—1In—° 2.1
= ELH g (2.19)
except that this expression is written in terms of concentrations rather than activities.
From Egs. (2.10) and (2.12), at equilibrium conditions,
—anFE,
iy = i; = nFAC,k® exp % (2.20)

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),

iy = nFAKCU=2C4 (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

. —anFn
1= nFAkCO exp T (2.22)
Now when n = 0, i = i,, then
.. —anFn
= —_— 2.2
i =iy exp —pr (2.23)
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FIGURE 2.6 Schematic representation of relation-
ship between overvoltage and current.

and

RT . RT .
n= M‘ In Ly onF In i (2.24)

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;—1, (2.25)
substitute Egs. (2.10), (2.13), and (2.18),

—anFEY.

RT Cr ex

(2.26)

1 - FE?
i = nFAk [Co exp ) %]

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

y = hosr (2.27)
2
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 2.8 Close-up of mercury-electro-
lyte interface in a capillary immersed in an  FIGURE 2.9 Generalized representation of an electro-cap-
electrolyte solution illary curve.
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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

D
OR
S

Electrode Electrolyte Electrode Electrolyte

OOOO®

OOOHOOOOO®

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
Helmholtz 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 ¢p>.

* 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 kinetic equations. Species which are in the electrical double layer
are in a different energy state from those in bulk solution. At equilibrium, the concentration
C¢ 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

_ZFd)e
RT

Ce = CBexp (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

i —ZoE ¢ —anF(E — ¢°)
nFak - CoSXP TRy ©XP RT
_ —zxF ¢ (I — onF(E - ¢9)
Cr exp RT exp RT (2.29)

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

o — N =2Zx (2.30)
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yields

(an — z,)Fpe [ —anFE (1 — a)nFE
C, exp ——— — p——

nFAk P RT T RT ] 231

In experimental determination, the use of Eq. (2.26) will provide an apparent rate constant

k.op» 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 — z,)Fo°
k., = k exp B — (2.32)
For the exchange current the same applies,
, . (an — z,)F¢p*
(i0)app = 1o €XP R—; (2.33)

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 ¢. The flux is proportional to the concentration gradient
and is represented by the expression:
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8C
— 2.34
q o (2.34)
where ¢ = flux
D = diffusion coefficient
C = concentration
The rate of change of concentration with time is defined by
6C 562C
o D e (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 ¢ is the flux through a plane of unit area. Thus,

DA(C; — C)

= nF
l n 5

(2.36)
where symbols are defined as before, and C; = bulk concentration of electroactive species,
C, = concentration at electrode, A = electrode area, 6 = 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 §, = 6 and Eq. (2.36) may be rewritten as

i—<1—g§iL 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 7., produced from the change of concentration
across the diffusion layer, may be written as

_RT G
N =% In C, (2.39)
From Eq. (2.38) we have
m—ﬂm(”> (2.40)
nkF ip — 1

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).
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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™').
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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

2.6.1

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.

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 — vt (2.41)
where E; = initial potential

= 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.'#-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

;= 0447 F3/2 An3/2 D1/2 C() v1/2
P 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

Congentration

Distance from electrode x

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

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=E —vt+r(i, +i) (2.44)

where r = cell resistance

i, = faradic current

i, = 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

AE = 2.3 RT (2.45)
nF

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

E Potential E

Current i

AE Potential E

Current i

FIGURE 2.20 Cyclic voltammogram of areversible =~ FIGURE 2.21 Cyclic voltammogram of electro-
diffusion-controlled process. reduction and reoxidation of a deposited, insoluble
film.
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Current i

Potential E

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'’

F
i, = 0.22nFC, k,, exp [—a ’;—T (E, — E")] (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 « 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.

Linden, D., & Reddy, T. (2001). Handbook of batteries. Retrieved from http://ebookcentral.proquest.com
Created from uc on 2019-05-28 16:53:43.



Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

2.24

CHAPTER TWO

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
t, 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 7 was related into the diffusion coefficient of the electroactive
species,

F12 =

Wl/anCODl/Z

- (2.47)

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

Cbulk

Concentration

Distance x

FIGURE 2.25 Concentration profiles extending into bulk so-
lution during constant-current depletion of species at an elec-
trode surface, t; > f,,.
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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 TI/Z — t1/2
E=E, , + ﬁ In T (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 7 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

1/2
g = BT nFCokyy , RT | [1 - (i) ] (2.49)
an, F i an, F T

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_,,.

/ /
_ 2
= =
é é E7/4
z ]
o a
a
| Transition
| time 7
|
|
|
|
7/4 Time T Time
FIGURE 2.26 Potential curve at constant current FIGURE 2.27 Construction of transition time 7 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®'** and is

7' >nFD}°C,

(71+72+'“+Tn)]/z_(Tl+72+'“+Tn—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 /R 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®***

_ WI/ZHFCODSI,/Z
201 = 1) (231

1/2

where D, is the diffusion coefficient of the salt (not the ion) and ¢, 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,”’—*! 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®”-*® and Barker®®
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/wC 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,,

w, = 2.52
m ,‘ClCVnf ( )
-1
ret Cnf
I —| 3
Cht
> ———
fe W w=0
— T L+,
Cs fs © F e o

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)app. 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, + 282C,; (2.53)
where
RTL
S=—— 2.54
n? F2\/2 2:54)
and
1 1

= + .

L cD. T D, (2.55)
D, being the diffusion coefficient of the oxidized species and D, 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.

A1y +282 Cy

W= /
il
le To + It
[

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.

— — AW

fe

Cs Is Warburg impedance

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,*’—*°
to characterize battery electrode reactions, as well as for a simple nondestructive check of
the state of charge of batteries.**=* 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>*->° 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.®*¢!

1, = 607TnD/2Cm?"t}/6 (2.56)

where i,, = mean diffusion current, uA

= number of electrons involved in overall electrode process
= diffusion coefficient of electroactive species
concentration of electroactive species, mmol/L

= mercury flow rate, mg/s

t, = mercury drop time, s

3

SO0z
Il

* 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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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.
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>
§ 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.®

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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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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(a) (b)

Micrometer-driven

syringe
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(c) drop etectrode
FIGURE 2.36 Working electrodes with nonplanar
surfaces.
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FIGURE 2.37 Dropping mercury electrode complete with polaro-
graphic H cell.
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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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CHAPTER THREE

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.
7. 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
2.1 V, 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 /R 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

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 ———e-

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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® *
¢ © g,
~ «
) =
3 @ 5} End
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=MXxC,

*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 (/) shall be expressed as

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

where I = 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 (Cs (Ah)) and discharged
at 0.17,(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 I = 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:

I 0.050
A47570%07Q2

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:

0.1 C;

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),
n = time, in hours, at which the battery was rated
M = multiple or fraction of E.

For example, the power level at the 0.5E5 or ES/2 rate for a battery rated at 1200 mWh, at
the 0.2F 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:

I1=VIR

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:

I1=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, I X V or V?/R, drops even
more rapidly, following the square of the battery voltage (Fig. 3.6¢). 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. (¢) 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, —jil—; and 235 milliwatts, —f—. 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. 3.7¢, 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. 3.7¢ 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¢ 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).

3.2.5 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 (7, 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.

/
&

T4> T,

Elapsed time of discharge ——

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
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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.

V)i

N
N\

I
\

1.0 10 100 1000 10,000
Hours of service

Discharge current, A/kg
Discharge current, A/L

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=2C
or nlogl + logt=1logC

where [ is the discharge rate and ¢ 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 Voltage 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.? 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.
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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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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).
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FIGURE 3.18 Characteristics of a voltage regulator. Battery output—1 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.
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—

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.
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FIGURE 3.20 Protective circuits for memory backup applications. (a) Using two diodes. (b)
Using diode and resistor.
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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. 3.21¢). 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 modification 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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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.
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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

Heavy
load

Voltage —

Very light load
1
% 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 ——=

[¢] Time of discharge =

FIGURE 3.25 Voltage 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

1IEC 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

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

Zinc-carbon, mercury
Various

Lead-acid
Alkaline-manganese dioxide
Magnesium

Lithium/sulfur dioxide
Nickel-cadmium
Nickel-cadmium
Lithium/manganese dioxide
Lithium/thionyl chloride
Nickel-cadmium
Nickel-cadmium
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MIL-PRF-49471 Batteries, Non-Rechargeable, High Performance 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:

1. Efficiently meet the requirements of the global marketplace

2. Ensure maximum use of its standards and conformity assessment schemes

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

5. Increase the efficiency of electrotechnical industrial processes

6. Contribute to the improvement of human health and safety

7. Work towards protection of the environment

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.

4.41 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 1EC Nomenclature System for Primary Batteries, Example

System
Number letter Shape Diameter, Height,
Nomenclature of cells (Table 4.2¢) (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 4.2¢
(Li/MnQO,)

TABLE 4.2b IEC 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 1.5
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 1.5
G Lithium Organic Copper dioxide 1.5
A® L Zinc Alkali metal hydroxide Manganese dioxide 1.5
z® 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
) 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 IEC Nomenclature for Typical Primary Round, Flat, and Square Cells or Batteries*
3 Nominal battery dimensions, mm
% IEC ANSI Common
4 designation Diameter Height Length Width Thickness designation designation
5
<=‘; Round batteries
g RO3 10.5 44.5 24 AAA
E Rl 12.0 30.2 — N
s R6 14.5 50.5 15 AA
§ R14 26.2 50.0 14 C
2 R20 34.2 61.5 13 D
o R25 32.0 91.0 — F
I
g Flat cells
3
=
g F22 24 13.5 6.0
o F80 43 43 6.4
g 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

l)

System C,

Groups
Number letter Shape Cell S, i

s in

>

Nomenclature of cells (Table 4.2¢) (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 4.2¢

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

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

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¢

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¢

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

Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

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
1 IC Carbon Organic Lithium cobalt oxide 3.6
I IN Carbon Organic Lithium nickel oxide 3.6
I M Carbon Organic Lithium manganese 3.6
oxide
M Proposed for portable batteries.
TABLE 4.4b IEC 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: 1EC 60285.

4.5 TERMINALS

Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

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

BATTERY STANDARDIZATION 4.9

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

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

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)

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 1.5 1.5 1.5
Load, Daily End

Application Q period  point Minimum average durationf

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

Tape recorders 39 1h 0.9 9h 13 h 4h 25 h

Radios 10 4h 0.9 30h 35h 18 h 81 h

Toys 22 lh 0.8 40h 6h 2h 15h

Portable lighting (2) 1.5 *E 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.

+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 4.2¢) S
Nominal voltage (Refer to Table 4.2¢) 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.
F Value 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 XX 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.
F X X—on battery or package.
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4.8 CROSS-REFERENCES OF ANSI IEC BATTERY STANDARDS

4.11

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.

Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.
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TABLE 4.8a ANSI/IEC Cross-Reference for Primary

Batteries

ANSI 1IEC ANSI 1EC
13A LR20 1137SO SR48
13AC LR20 1138SO SR54
13C R20S 1139SO SR42
13CD R20C 1158S0O SR58
13D R20C 1160SO SR55
13F R20S 1162S0O SR57
14A LR14 1163S0O SR59
14AC LR14 1164SO SR59
14C R14S 1165S0O SR57
14CD R14C 1166A LR44
14D R14C 1170SO SR55
14F R14S 117580 SR60
15A LR6 1179S0O SR41
15AC LR6 1181S0O SR48
15C R6S 1184SO SR44
15CD R6C 1406SOP 4SR44
15D R6C 1412AP 4LR61
15F R6S 1414A 4L.R44
24A LRO3 1604 6F22
24AC LRO3 1604A 6LR61
24D RO3 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
1131SO SR44 7000ZD PR48
113280 SR43 7001ZD PR43
1133S0O SR43 7002ZD PR41
1134S0O SR41 7003ZD PR44
113580 SR41 7005ZD PR70
1136SO SR48

TABLE 4.8b ANSI/IEC Select Cross-

References for Rechargeable Batteries

ANSI IEC
1.2K1 KRO03
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

RO3 10.5
R1 12.0
R6 14.5
R14 26.2
R20 34.2
R41
R42
R43
R44
R48
R54
R55
R56
R57
R58
R59
R60
R62
R63
R64
R65
R66
R67
R68
R69
R1220
R1620
R2016 20 .
R2025 20 19.
R2032 20 19.7
R2320 23 22.6
R2430 24.5 242
R11108 11.6 11.4
R12600 12.0 10.7

44.5 433
30.2 29.1
50.5 49.2
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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
designationf designation designation Maximum Minimum Maximum Minimum
KRO3 AAA 1.2K1 10.5 9.5 44.5 43.3
KR6 AA 1.2K2 14.5 13.5 50.5 49.2
KR14 C 1.2K3 26.2 24.9 50.0 48.5
KR20 D 1.2K4 343 322 61.5 59.5

*JEC 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.

fFrom IEC Standard 60285.

4.10 STANDARD SLI AND OTHER LEAD-ACID BATTERIES

Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.
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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

BCI group numbers, dimensional specifications and ratings

Performance ranges

Maximum overall dimensions CO]fi
cranking Reserve
. erformance capacit
BIC Millimeters Inches Assembly ’ amps. mIi)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)
21 208 173 222 8%16 6'%16 8% 10 310-400 50-70
21R 208 173 222 8%1e6 6'%16 8% 11 310-500 50-70
22F 241 175 211 9V, 67 8%16 11F 220-425 45-90
22HF 241 175 229 9% 674 9 11F 400 69
22NF 240 140 227 96 5% 8% 11F 210-325 50-60
22R 229 175 211 9 67 8%16 11 290-350 45-90
24 260 173 225 10% 6'%16 87 10 165-625 50-95
24F 273 173 229 10% 6'%6 9 11F 250-585 50-95
24H 260 173 238 10%4 6'%16 9% 10 305-365 70-95
24R 260 173 229 10v4 6'%16 9 11 440-475 70-95
24T 260 173 248 10% 6'%16 9V 10 370-385 110
25 230 175 225 96 6% 87 10 310-490 50-90
26 208 173 197 6%16 6'%16 ¥4 10 310-440 50-80
26R 208 173 197 6%16 6'%16 T4 11 405-525 60-80
27 306 173 225 12%6 6'%6 8% 10 270-700 102-140
27F 318 173 227 12 6'%16 8% 11F 360-660 95-140
g 27H 298 173 235 11% 6'%16 9V 10 440 125
2 29NF 330 140 227 13 5% 81%e 11F 330-350 95
] 27R 306 173 225 12%16 6'%16 8% 11 270-700 102-140
£ 33 338 173 238 13%6 6'%16 9% 11F 1050 165
2 34 260 173 200 10% 6'%16 7% 10 375-650 100-110
< 34R 260 173 200 10% 6'%16 7% 11 675 110
.g 35 230 175 225 9%e 6% 8% 11 310-500 80-110
2 36R 263 183 206 10% 74 8% 19 650 130
& 40R 278 175 175 10'%6 6% 6% 15 600-650 110-120
g 41 293 175 175 11%e6 6% 6% 15 235-650 65-95
‘2 42 242 175 175 9Ys 6'%6 6'%6 15 260-495 65-95
% 43 334 175 205 13% 674 816 15 375 115
= 45 240 140 227 96 5% 8%16 10F 250-470 60-80
i; 46 273 173 229 10%4 6'%16 9 10F 350-450 75-95
s 47 242 175 190 9% 6% 7Y% 24(AF) ¢ 370-550 75-85
2 48 278 175 190 12%16 6% %6 24 450-895 85-95
d 49 353 175 190 13% 6% %6 24 600-810 140-150
& 50 343 127 254 13% 5 10 10 400-600 85-100
9 51 238 129 223 9% 5%e 81%16 10 405-435 70
5 51R 238 129 223 9% 5%e 81316 11 405-435 70
g 52 186 147 210 %6 5% 84 10 405 70
© 53 330 119 210 13 46 84 14 280 40
54 186 154 212 76 6%16 8% 19 305-330 60
55 216 154 212 8% 6Y16 8% 19 370-450 75
56 254 154 212 10 6%16 8% 19 450-505 90
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries (Continued)

BATTERY STANDARDIZATION

4.15

BCI group numbers, dimensional specifications and ratings

Performance ranges

Maximum overall dimensions CO]fi
cranking Reserve
o performance capacity
BIC Millimeters Inches Assembly amps. min @
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%e6 7% 6'%6 22 310 60
58 255 183 177 10%46 %6 6 Y6 26 380-540 75
58R 255 183 177 10%6 7% 6'%6 19 540-580 75
59 255 193 196 10%6 7% Uz 21 540 100
60 332 160 225 13%46 6%16 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%6 6% 8% 20 450 90
64 296 162 225 1116 6% 8% 20 475-535 105-120
65 306 192 192 12%6 72 7% 21 650-850 130-165
66 306 192 194 12%6 %6 7% 13 650-750 130-140
70 208 179 196® 8%i6 716 716® 17 260-525 60-80
71 208 179 216 8%16 Y16 82 17 275-430 75-90
72 230 179 210 9% 716 84 17 275-350 60-90
73 230 179 216 916 716 3%) 17 430-475 80-115
. 74 260 184 222 10%4 7Va 8% 17 350-550 75-140
Eé 75 230 179 196® 9%16 716 T16® 17 430-690 90
3 76 334 179 216@  13% 7Y16 8@ 17 750-1075 150-175
@ 78 260 179 196®  10Y4 716 716® 17 515-770 105-115
5 79 307 179 188 12%6 716 7% 35 880 140
z 85 230 173 203 9%16 6'%6 8 11 550-630 90
= 86 230 173 203 9%16 6'%16 8 10 430-525 90
5 90 242 175 175 9%, 6% 6% 24 520 80
§ 91 278 175 175 11 6% 67 24 600 100
= 92 315 175 175 12'> 6% 67 24 650 130
§ 93 353 175 175 1374 6% 67 24 800 150
é 94R 315 175 190 1234 6% 7Y 24 640 135
a 95R 394 175 190 15%s6 6% 7Y 24 900 190
z 96R 242 173 175 9% 6'%16 67 15 590 95
: 97R 252 175 190 9% 6% 7V 15 550 90
9 98R 283 175 190 11%6 6% 7 15 620 120
f 99 207 175 175 8%16 6% 67 34 360 50
8 100 260 179 188 10v4 7 76 35 770 115
° 101 260 179 170 10%4 7 616 17 690 115
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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 COlfi
cranking Reserve
- performance capacity
BIC Millimeters Inches Assembly amps. min @
group figure @ O°F 80°F
number L W H L W H no. (—18°C) (27°C)
Passenger car and light commercial batteries 6-volt (3 cells)
1 232 181 238 9% T% 9% 2 475-650 135-230
2 264 181 238 10% 7% 9% 2 475-650 136-230
2E 492 105 232 19%6 4% 9% 5 485 140
2N 254 141 227 10 5% 816 1 450 135
17HF- 187 175 229 7% 67 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%4 10 10V 8 750 310
8D 527 283 250 20% 11% 9% 8 850-1250 235-465
28 261 173 240 10%6 6'%16 9% 18 400-535 80-135
29H 334 171 232 13% 64 9% 10 525-840 145
30H 343 173 235 13% 6'%6 9V 10 380-685 120-150
) 31 330 173 240 13 6'%16 9% 18(A,T) ¢ 455-950 100-200
B
2
2 Heavy-duty commercial batteries 6-volt (3 cells)
= 3 298 181 238 11% 7Y% 9% 2 525-660 210-230
2 4 334 181 238 13% 7% 9% 2 550-975 240-420
g 5D 349 181 238 13% 7% 9% 2 720-820 310-380
% 7D 413 181 238 16Y4 7% 9% 2 680-875 370-426
&
g Special tractor batteries 6-volt (3 cells)
§ 3EH 491 111 249 19%16 434 9'%6 5 740-850 220-340
= 4EH 491 127 249 19%16 5 9136 5 850 340-420
3
(PE; Special tractor batteries 12-volt (6 cells)
=
% 3EE 491 111 225 19%6 4% 874 9 260-360 80-105
© 3ET 491 111 249 19%6 4% 96 9 355-425 130-135
g 4DLT 508 208 202 20 8%16 76 16L 650-820 200-290
2 12T 177 177 202 716 6'%6 7% 10 460 160
§ 16TF 421 181 283 16%6 7% 1'% 10F 600 240
17TF 433 177 202 1716 6'%6 76 11L 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]fi
cranking
o performance Reserve
BIC Millimeters Inches Assembly amps. capacity min
group figure @ O°F @ 80°F
number L \%% H L W H no. (—18°C) 27°C)
General-utility batteries 12-volt (6 cells)
Ul 197 132 186 ) 5%6 T%6 10(X) ¢ 120-295 23-40
UIR 197 132 186 Ta 5% 7% 11(X) ¢ 220-235 25-37
U2 160 132 181 6%16 5% 7Y% 10(X) ¢ 120 17
Electric golf car/utility batteries 6-volt (3 cells)
GC2 264 183 290 10% 736 1176 2 ® ®
GC2H® 264 183 295 1034 7% 1194 2 ® ®
Electric golf car/utility batteries 8-volt (4 cells)
GC8 264 183 290 10% 736 1176 31 — —
Electric vehicle batteries 8-volt (4 cells)
202 388 116 175 154 4% 67 30 — —
Electric vehicle batteries 12-volt (6 cells)
201 388 116 175 154 4% 674 29 — —
Electric vehicle batteries 12-volt (10 cells)
203 388 116 175 15V 4%s¢ 67/ 32 — —
203R 388 116 175 154 4% 674 33 — —
Ordnance batteries 12-volt (6 cells)
2H 260 135 230 10% 5%e6 Y6 28 — 75
6T 286 267 230 11Va 102 Y6 27 600 200

# Letter in parentheses indicates terminal type.

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

+Ratings 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 ¥ 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

6-VOLT ASSEMBLIES — TERMINAL POSITIONS & CELL LAYOUTS
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries (Continued)

419

BCI ASSEMBLY NUMBERS, CELL LAYOUTS, HOLDDOWNS AND POLARITY

12-VOLT ASSEMBLIES — TERMINAL POSITIONS & CELL LAYOUTS
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TABLE 4.10 Standard SLI and Other Lead-Acid Batteries (Continued)

BCI ASSEMBLY NUMBERS, CELL LAYOUTS, HOLDDOWNS AND TERMINALS
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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
1IEC 60086-4
IEC 60086-5
1IEC 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

Created from uc on 2019-05-28 16:53:43.

Retrieved from http://ebookcentral.proquest.com



Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

4.22

NOTE

CHAPTER FOUR

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).> 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 (ICAO),® 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.

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.
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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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5.2.1

CHAPTER FIVE

Some of the most common causes for battery failure are:

1. Short-circuiting of battery terminals
2. Excessive high rate discharge or charge
3. Voltage reversal, that is, discharging the cells of the battery below 0 V
4. Charging of primary batteries
5. Improper charge control when charging secondary batteries
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.

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.

—
N
Blocking diode
T
‘
—

—®- (0)
FIGURE 5.1 Battery circuit incorporating a block- FIGURE 5.2 Series/parallel battery. (a) Without
ing diode to prevent charge. diode protection. () 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

1
I =-2x2
e N

where I, = device operating current
N = 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
/ : recessed in case

Female contacts of different diameters
to ensure proper connection

(b)
FIGURE 5.3 Design of battery terminals.

Linden, D., & Reddy, T. (2001). Handbook of batteries. Retrieved from http://ebookcentral.proquest.com
Created from uc on 2019-05-28 16:53:43.



Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

5.4

CHAPTER FIVE

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 I, + I,, 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
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3 ———|_ h=2A | Load
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2 Load
1 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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Lithium battery

IH

Vee P RAM Vee bt RAM
Diode Diode
Diode Resistor
Lithium battery

(@) (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.

2.

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

¢. 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

Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

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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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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FIGURE 5.9 Series/parallel circuit; cell 4 being FIGURE 5.10 One cell reversed in a series stack;
charged. cell 4 being 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
P @ B
A {
ERRES
G [ G . . )
| Dimensions Max. Min.
I A 50.5
0 max.
B ! A B 49.0
7.
Protruding : c 0
negative terminal | D 4.0
l
E 0.5
|
f | 5 F 55
i -
\
! —_ l — G 1.0
\Q f / Dl t N 4.2
~ “ o] 14.5 13.5
Recessed 1 C | Dimensions in mm.
negative terminal PN

(@) (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)

Resistance = - >
cross-sectional area (cm?)

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

_ -3
0635 x 00127~ > > 1070

for nickel-plated steel,

10 X 107¢ X 2.54
——————— =315X 1077 Q

0.635 X 0.0127 315 0
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.
5.12¢ 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.

Electrodes

— Q
Circular(

lead

] ]
@ ()

Upper

pp Tabs
electrode ~™——____ /7

I ]

Lower
electrode

(©

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.

1.

2.
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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:

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
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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 7., 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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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.> 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.

1.

1.
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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.sbs-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-Ion battery.
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CHARGE/DISCHARGE
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DISPLAY SMBus
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FIGURE 5.19 Schematic block diagram of a Lithium Ion 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:

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.

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

N=2- I - )|

10.

11.

12.

13.

14.

15.
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. 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 billion.

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 Vehicular

Applicances and household Auxillary and emergency Aircraft batteries
equipment (standby power) Electric vehicles, including golf

Audio and communication Electrical energy storage carts, bicycles
equipment Load leveling Engine starting

Cameras and photographic Munitions and missiles Industrial and commercial
equipment Navigations aids equipment

Computers and calculators, Oceanographic equipment Submarine and underwater
PDAs Railway signaling propulsion

Emergency transmitters Satellites and spacecraft Vehicle (SLI batteries)

Hearing aids Surveillance and detection

Implants Uninterruptible power systems

Lighting

Medical appliances

Memory back-up

Meteorological equipment

Meters, test equipment, and
instrumentation

Signals and alarms

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 39.1.1
Section 41.5.1 Section 40.3.2, 40.4.2
Chapter 43 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.

* 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.

» 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

Primary batteries

Secondary batteries

Nickel-metal

Zn/alkaline/MnO, Li/MnO, Li/SO, Nickel-cadmium Lead-acid hydride Lithium-ion
Nominal cell voltage, V 1.5 3.0 3.0 1.2 2.0 1.2 4.1
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 —20to 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.

Li/MnO, (P)

LSO, (P)

Alkaline-manganese
dioxide (P)
Zn/HgO (P)

100 Zinc-carbon (P)

Approximate capacity loss per year, %

200 Li-lon (S)

300

Sealed
500 [ hickel-cadmium
and nickel-metal
700 I~ hydride (S)
1000 L

Sealed lead-acid (S)

| L |
20 30 40 50 60
Temperature, °C

FIGURE 6.7 Shelf life (charge retention) characteristics of various batter-
ies—primary (P), secondary (S).
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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.
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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 22 17
T 8.0 0.5 17 13
g b. Comparison in a Walkman Radio
2 Ni-Cd
2 Change  Change battery
< Usage Ni-Cd alkaline payback
.g (hrs/week) (days) (days) (months)
g 1 21 49 25
g 3 7 16 9
2 5 4 10 54
;é 7 3 7 3.7
= 14 1.5 3.5 1.9
I 21 1 2.3 1.2
5 35 6 1.4 8
s
g
g
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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,cm®  Weight, g
@ Zinc-carbon 1120 1590
> O zinc_aikali
g YA Zinc-alkaline 1120 1700
£ R Magnesium-manganese
75 — 1 N dioxide 1120 1220
l @ Lithium /sulfur dioxide 560 540
>
o Nickel-cadmium 1120 1760 %
o
= _
50 & . Sealed lead-acid 1120 2080

Service hours

25

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

Voltage: 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) 22 1.75 31 62
BB-390 (NiMH) 4.6 1.82 65 135
BB-XX90 (Li-ion, 4.5 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—F\
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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).

Linden, D., & Reddy, T. (2001). Handbook of batteries. Retrieved from http://ebookcentral.proquest.com

Created from uc on 2019-05-28 16:53:43.



Copyright © 2001. McGraw-Hill Professional Publishing. All rights reserved.

6.20

CHAPTER SIX

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. 10.1» 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).
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FIGURE 6.13 Comparison of battery systems—weight vs. service life
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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
cycling

Frequent use, low drain
capacity
or

Infrequent use

2) Assuming high discharge
rates

Lower life-cycle cost ($/kWh)
if charging is convenient and
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

Lighter or smaller—or longer
service per ‘“‘charge” or
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
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. Dustbuster, shaver)
Cellular phone

PDAs, Palm devices
Radio

Pagers

Flashlight

Toys

Cameras

Instruments

Hearing aids

Implants

Smoke detectors

Remote controllers

Memory back-up PRIMARY
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