FUEL CELLS AND BATTERIES LECTURE NO. 7

PRIMARY BATTERIES

The primary battery is a convenient source of power for portable electric and electronic devices,
lighting, photographic equipment, PDA’s (Personal Digital Assistant), communication
equipment, hearing aids, watches, toys, memory backup, and a wide variety of other
applications, providing freedom from utility power. Major advantages of the primary battery are
that it is convenient, simple, and easy to use, requires little, if any, maintenance, and can be sized
and shaped to fit the application. Other general advantages are good shelf life, reasonable energy
and power density, reliability, and acceptable cost.

Primary batteries have existed for over 100 years, but up to 1940, the zinc-carbon battery was the
only one in wide use. During World War Il and the postwar period, significant advances were
made, not only with the zinc-carbon system, but with new and superior types of batteries.
Capacity was improved from less than 50 Wh/kg with the early zinc-carbon batteries to more
than 400 Wh/kg now obtained with lithium batteries. The shelf life of batteries at the time of
World War 1l was limited to about 1 year when stored at moderate temperatures; the shelf life of
present-day conventional batteries is from 2 to 5 years. The shelf life of the newer lithium
batteries is as high as 10 years, with a capability of storage at temperatures as high as 70°C. Low-
temperature operation has been extended from 0 to 40°C, and the power density has been
improved many fold. Special low-drain batteries using a solid electrolyte have shelf lives in
excess of 20 years.

Some of the advances in primary battery performance are shown graphically in Figure 1.
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Figure 1: Advances in development of primary batteries. Continuous discharge at 20°C; 40-60-h
rate; AA or similar size battery.
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Many of the significant advances were made during the 1970-90 period and were stimulated

by the concurrent development of electronic technology, the new demands for portable power
sources and the support for the space, military and the environment improvement programs.
During this period, the zinc / alkaline manganese dioxide battery began to replace the zinc-
carbon or Leclanche battery as the leading primary battery, capturing the major share of the

US market. Environmental concerns led to the elimination of mercury in most batteries without
any impairment of performance, but also led to the phasing out of those batteries, zinc /mercuric
oxide and cadmium/mercuric oxide, that used mercury as the cathodic active material.
Fortunately, zinc / air and lithium batteries were developed that could successfully replace these
““mercury’’ batteries in many applications. A major accomplishment during this period was the
development and marketing of a number of lithium batteries, using metallic lithium as the anode
active material. The high specific energy of these lithium batteries, at least twice that of most
conventional aqueous primary batteries, and their superior shelf life opened up a wide range of
applications—from small coin and cylindrical batteries for memory backup and cameras to very
large batteries which were used for back-up power for missile silos.

Increases in the energy density of primary batteries has tapered off during the past decade as the
existing battery systems have matured and the development of new higher energy batteries is
limited by the lack of new and/or untried battery materials and chemistries. Nevertheless,
advances have been made in other important performance characteristics, such as power density,
shelf life and safety. Examples of these recent developments are the high power zinc / alkaline
/manganese dioxide batteries for portable consumer electronics, the improvement of the zinc / air
battery and the introduction of new lithium batteries.

These improved characteristics have opened up many new opportunities for the use of primary
batteries. The higher energy density has resulted in a substantial reduction in battery size and
weight. This reduction, taken with the advances in electronics technology, has made many
portable radio, communication, and electronic devices practical. The higher power density has
made it possible to use these batteries in PDA’s, transceivers, communication and surveillance
equipment, and other high-power applications, that heretofore had to be powered by secondary
batteries or utility power, which do not have the convenience and freedom from maintenance and
recharging as do primary batteries. The long shelf life that is now characteristic of many primary
batteries has similarly resulted in new uses in medical electronics, memory backup, and other
long-term applications as well as in an improvement in the lifetime and reliability of battery
operated equipment.

The worldwide primary battery market has now reached more than $20 billion annually, with a
growth rate exceeding 10% annually. The vast majority of these primary batteries are the
familiar cylindrical and flat or button types with capacities below 20 Ah. A small number of
larger primary batteries, ranging in size up to several thousand ampere-hours, are used in
signaling applications, for standby power and in other military and special applications where
independence from utility power is mandatory.
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TYPES AND CHARACTERISTICS OF PRIMARY BATTERIES

Although a number of anode-cathode combinations can be used as primary battery systems, only
a relatively few have achieved practical success. Zinc has been by far the most popular anode
material for primary batteries because of its good electrochemical behavior, high electrochemical
equivalence, compatibility with aqueous electrolytes, reasonably good shelf life, low cost, and
availability. Aluminum is attractive because of its high electrochemical potential and
electrochemical equivalence and availability, but due to passivation and generally limited
electrochemical performance, it has not been developed successfully into a practical active
primary battery system. It is now being considered in mechanically rechargeable or refuelable
aluminum/ air batteries and in reserve battery systems. Magnesium also has attractive electrical
properties and low cost and has been used successfully in an active primary battery, particularly
for military applications, because of its high energy density and good shelf life. Commercial
interest has been limited. Magnesium also is popular as the anode in reserve batteries. Now there
is an increasing focus on lithium, which has the highest gravimetric energy density and standard
potential of all the metals. The lithium anode battery systems, using a number of different
nonagueous electrolytes in which lithium is stable and different cathode materials, offer the
opportunity for higher energy density and other advances in the performance characteristics of
primary systems.

Characteristics of Primary Batteries
Typical characteristics and applications of the different types of primary batteries are
summarized in Table 1.

Zinc-Carbon Battery. The Leclanche” or zinc-carbon dry cell battery has existed for over
100 years and had been the most widely used of all the dry cell batteries because of its low
cost, relatively good performance, and ready availability. Cells and batteries of many sizes
and characteristics have been manufactured to meet the requirements of a wide variety of
applications. Significant improvements in capacity and shelf life were made with this battery
system in the period between 1945 and 1965 through the use of new materials (such as
beneficiated manganese dioxide and zinc chloride electrolyte) and cell designs (such as the
paper-lined cell). The low cost of the Leclanche” battery is a major attraction, but it has lost
considerable market share, except in the developing countries, because of the newer primary
batteries with superior performance characteristics.

Zinc/Alkaline/Manganese Dioxide Battery. In the past decade, an increasing portion of the
primary battery market has shifted to the Zn/ alkaline /MnO; battery. This system has become
the battery of choice because of its superior performance at the higher current drains and low
temperatures and its better shelf life. While more expensive than the Leclanche” battery on a unit
basis, it is more cost-effective for those applications requiring the high rate or low temperature
capability, where the alkaline battery can outperform the Leclanche” battery by a factor of 2 to
10. In addition, because of the advantageous shelf life of the alkaline cell, it is often selected for
applications in which the battery is used intermittently and exposed to uncontrolled storage
conditions (such as consumer flashlights and smoke alarms), but must perform dependably when
required. Most recent advances have been the design of batteries providing improved high rate
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performance for use in cameras and other consumer electronics requiring this high power

capability.

Table 1: Major Characteristics and Applications of Primary Batteries

System

Characteristics

Applications

Zinc-carbon (Leclanché)
Zinc /MnO,

Magnesivm (Mg/MnO,)

Mercury (Zn/HgO)

Mercad (Cd/HgO)

Alkaline (Zn/alkaline /MnO.)

Silver/zinc (Znf Ag.0)

Zinc/air (Znd0,)

Lithium/soluble cathode

Lithium/solid cathode

Lithium/solid electrolyte

Common, low-cost primary battery:
available in a variety of sizes

High-capacity primary battery: long shelf
life

Highest capacity (by volume) of
conventional types: flat discharge;
good shelf life

Long shelf life; good low- and high-
temperature performance; low energy
density

Maost popular general-purpose premium
battery; good low-temperature and
high-rate performance; moderate cost

Highest capacity (by weight) of
conventional tyvpes: flat discharge;
good shelf life, costly

Highest energy density, low cost: not
independent of environmental
conditions

High energy density; long shelf life;
good performance over wide
temperature range

High energy density: good rate
capability and low-temperature
performance; long shelf life;
competitive cost

Extremely long shelf life; low-power
battery

Flashlight, portable radios, tovs, novelties,
instruments

Military receiver-transmitters, aircraft
emergency transmitters

Hearing aids, medical devices
i pacemakers), photography, detectors,
military equipment but in limited vse
due to environmental hazard of
MErcury

Special applications requiring operation
under extreme temperature conditions
and long life; in limited use

Muost popular primary-battery: used in a
variety of portable battery operated
equipments

Hearing aids, photography, electric
watches, missiles, underwater and
space application (larger sizes)

Special applications, hearing aids, pagers,
medical devices, portable electronics

Wide range of applications (capacity from
I to 10,000 Ah) requiring high energy
density, long shelf life, e.g.. from
utility meters to military power
applications

Eeplacement for conventicnal button and
cylindrical cell applications

Medical electronics, memory circuits,
fusing

Zinc/Mercuric Oxide Battery. The zinc /mercuric oxide battery was another important zinc
anode primary system. This battery was developed during World War 1l for military
communication applications because of its good shelf life and high volumetric energy density.

In the postwar period, it was used in small button, flat, or cylindrical configurations as the power
source in electronic watches, calculators, hearing aids, photographic equipment, and similar
applications requiring a reliable long-life miniature power source. In the past decade, the use of
the mercuric oxide battery has about ended due mainly to environmental problems associated
with mercury and with its replacement by other battery systems, such as the zinc/air and lithium
batteries, which have superior performance for many applications.
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Cadmium/Mercuric Oxide Battery. The substitution of cadmium for the zinc anode (the
cadmium/mercuric oxide cell) results in a lower-voltage but very stable system, with a shelf
life of up to 10 years as well as performance at high and low temperatures. Because of the
lower voltage, the watt-hour capacity of this battery is about 60% of the zinc /mercuric oxide
battery capacity. Again, because of the hazardous characteristics of mercury and cadmium,
the use of this battery is limited.

Zinc/ Silver Oxide Battery. The primary zinc / silver oxide battery is similar in design to the
small zinc /mercuric oxide button cell, but it has a higher energy density (on a weight basis) and
performs better at low temperatures. These characteristics make this battery system desirable for
use in hearing aids, photographic applications, and electronic watches. However, because of its
high cost and the development of other battery systems, the use of this battery system, as a
primary battery, has been limited mainly to small button battery applications where the higher
cost is justified.

Zinc/Air Battery. The zinc / air battery system is noted for its high energy density, but it had
been used only in large low-power batteries for signaling and navigational-aid applications.
With the development of improved air electrodes, the high-rate capability of the system was
improved and small button-type batteries are now used widely in hearing aids, electronics,
and similar applications. These batteries have a very high energy density as no active cathode
material is needed. Wider use of this system and the development of larger batteries have been
slow because of some of their performance limitations (sensitivity to extreme temperatures,
humidity and other environmental factors, as well as poor activated shelf life and low power
density). Nevertheless, because of their attractive energy density, zinc / air and other metal/ air
batteries are now being seriously considered for a number of applications from portable
consumer electronics and eventually for larger devices such as electric vehicles, possibly in a
reserve or mechanically rechargeable configuration.

Magnesium Batteries. While magnesium has attractive electrochemical properties, there has
been relatively little commercial interest in magnesium primary batteries because of the
generation of hydrogen gas during discharge and the relatively poor storage ability of a partially
discharged cell. Magnesium dry cell batteries have been used successfully in military
communications equipment, taking advantage of the long shelf life of a battery in an
undischarged condition, even at high temperatures and its higher energy density. Magnesium is
still employed as an anode material for reserve type and metal/ air batteries.

Aluminum Batteries. Aluminum is another attractive anode material with a high theoretical
energy density, but problems such as polarization and parasitic corrosion have inhibited the
development of a commercial product. It, too, is being considered for a number of applications,
with the best promise as a reserve or mechanically rechargeable battery.

Lithium Batteries. The lithium anode batteries are a relatively recent development (since
1970). They have the advantage of the highest energy density, as well as operation over a
very wide temperature range and long shelf life, and are gradually replacing the conventional
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battery systems. However, except for camera, watch, memory backup, military and other niche
applications, they have not yet captured the major general purpose markets as was anticipated
because of their high cost and concerns with safety. As with the zinc systems, there are a number
of lithium batteries under development, ranging in capacity from less than 5 mAh to 10,000 Ah,
using various designs and chemistries, but having, in common, the use of lithium metal as the
anode. The lithium primary batteries can be classified into three categories. The smallest are the
low-power solid-state batteries with excellent shelf life, and are used in applications such as
cardiac pacemakers and battery backup for volatile computer memory, where reliability and long
shelf life are paramount requirements. In the second category are the solid-cathode batteries,
which are designed in coin or small cylindrical configurations. These batteries have replaced the
conventional primary batteries in watches, calculators, memory circuits, photographic
equipment, communication devices, and other such applications where its high energy density
and long shelf life are critical. The soluble cathode batteries (using gases or liquid cathode
materials) constitute the third category. These batteries are typically constructed in a cylindrical
configuration, as flat disks, or in prismatic containers using flat plates. These batteries, up to
about 35 Ah in size, are used in military and industrial applications, lighting products, and other
devices where small size, low weight, and operation over a wide temperature range are
important. The larger batteries are being developed for special military applications or as standby
emergency power sources.

Solid Electrolyte Batteries. The solid-electrolyte batteries are different from other battery
systems in that they depend on the ionic conductivity, in the solid state, of an electronically
nonconductive compound rather than the ionic conductivity of a liquid electrolyte. Batteries
using these solid electrolytes are low-power (microwatt) devices, but have extremely long shelf
lives and the capability of operating over a wide temperature range, particularly at high
temperatures. These batteries are used in medical electronics, for memory circuits, and for other
such applications requiring a long-life, low-power battery. The first solid-electrolyte batteries
used a silver anode and silver iodide for the electrolyte, but lithium is now used as the anode for
most of these batteries, offering a higher voltage and energy density.

GENERAL COMPARISON OF THE PERFORMANCE CHARACTERISTICS OF
PRIMARY BATTERY SYSTEMS

A qualitative comparison of the various primary battery systems is given in Table 2. This listing
illustrates the performance advantages of the lithium anode batteries. Nevertheless, the
conventional primary batteries, because of their low cost, availability, and generally acceptable
performance in many consumer applications, still maintain a major share of the market.

The characteristics of the major primary batteries are summarized in Table 3. This table is
supplemented by Table 5 in lecture 6, which lists the theoretical and practical electrical
characteristics of these primary battery systems. A graphic comparison of the theoretical and
practical performance of various battery systems given in Figure 2 shows that only about 25% of
the theoretical capacity is attained under practical conditions as a result of design and discharge
requirements.

It should be noted, that most of these types of data and comparisons are based on the
performance characteristics of single-cell batteries and are necessarily approximations, with each
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system presented under favorable discharge conditions. The specific performance of a battery
system is very dependent on the cell and battery design and all of the specific conditions of use
and discharge of the battery.

Table 2: Comparison of Primary Batteries*

Specific Flat Low- High-

Enargy Power discharge temperature temperature Shelf
System Voltage (gravimetric) density  profile operation operation life  Cost
Zinc/ carbon 5 4 4 4 5 f 8 l
Zine/ alkaline / manganese dioxide 5 3 2 3 4 4 7 2
Magnesium/manganese dioxide 3 3 2 2 4 3 4 3
Zine/mercuric oxide 5 3 2 2 5 3 5 5
Cadminm/mercuric oxide fi 5 2 2 3 2 3 f
Zinc/silver oxide 4 3 2 2 4 3 fi f
Zinc/ air 5 2 3 2 5 5 — 3
Lithivm /soluble cathode L 1 1 L L 2 2 f
Lithivm /solid cathode L 1 2 2 2 3 2 4
Lithivm /solid electrolyte 2 1 5 2 f 1 l 7

#* | to 8—best to poorest.
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Figure 2: Theoretical and actual specific energy of battery systems.
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Table 3: Characteristics of Primary Batteries

LECTURE NO. 7

Zinc-carbon Zinc-carbon (zinc
System (Leclanché) chloride) Mg /My, Zn/ Alk. S My Zn/HgO Cd fHgOr
Chemistry:
Anode Zn Zn Mg Zn Zn Cd
Cathode MniO, MO, Mo, Mnil, Hgy Hgi
Electrolyte NH,C1 and ZaCl, ZaCl, MegBr. or MgiCl0,) KOH KOH or NaOH KOH
{aquenns solutiony (aquecus salution) (aquecus salution) (auenus solation) {aqueous solution) (aquecs solution)
Cell voltage, W§:
Mominal 1.5 1.5 L& 1.5 135 0.2
Open-cirauit 1.5-1.7 L& 1.9-20 L5-1.6 135 0.2
Wid it 1.25-1.1 1.25-1.1 LE-1L& 1.25-1.15 L.3-1.2 (LB5-0.75
End 0.9 0.9 1.2 09 0.6
Orperating
temperature, “C —5 1 45 —10 o 50 =20 to &0 —200) b 55 0 55 —55 to 80
Energy density at
ACE:
Bution size:
Whike B0 55
WhiL 360 30
Cylindrical size:
Whikg 63 83 100 145 105
WhiL 100 163 195 400 25
Discharge profile
{mElative) Sloping Sloping Mosderate slope Moderate slope Flat Flat
Power density Low Low to moderate Mlosderate Moderate Muoderate Moderate
Self-discharge
rate at 20°C, %
loss per yeard 10 7 3 4 4 3
Advantages Lowest cosb: good Low cost; better High capacity High capacity High volumelric oo
for noncritical performance compared with comparad with energy density; performance at
use under than regular zinc-carbon; good zinc-carton; flat discharge; high and low
moderate zinc-carbon shelf life gond low- stable vollge lEemperatures:
conditions; fundizcharged) temperature, long shelf life
variety of shapes high-rate
and sires: performance
availahility
Limitations Low energy High gassing rate: High gassing (H;) Moderate cost but Expensive Expensive. low-
density: poor performance on discharge; miost cost moderate enengy density
lors-be mpseratare, lower than delayed voltage effective at high aravimetric
high-rate prEminm rates energy density,
performance alkaline batteries poor-low-
temperatume
performance
Status High production, High production. Mosderate High production, Being phased out In limited
but losing but losing production. mainly most popular because of toxic production being
market =hare market share military primary battery METCUry phassd out
because of toxic
components
except for some
special
applications
Cylindrical single- Button cylindrical MNLA® MLA*®

Major types
availahle

Cylindrical single-
cell bobbin
and multicell
batteries (see
Tables 8.9 and
810

Cylindrical single-
cell bobhin

and multicell
batteries (see
Table 8.9)

cell bobbin and
multicell batteries
(sze Table 9%

and multicell
hateries (e
Tables 109 and
10,107

*Mo longer readily available commercially

tSea Chap. 14 for other lithium primary batteries.
FRate of self-discharge vsually decreases with time of storage.
& Dhata presented are for 20°C, under favorable discharge condition. See details in appropriate chapter.
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o/ Ag 0 Zinc [ air Liss0t Lif 8011 Li/ MnO,1 Li/FeS,t Solid state
Zn Li Li Li Li Li
Ag,0or AgO O, fair) 50, S0C/2 Mni, Fe5, LiFZVF)
FKOH or MalOH EKOH (agquemus Organic solvent, SOC], w i AT, Orrganic solvent. Organic solvent, Salid
(agquenus solution) solution salt solution =alt solution salt solution
1.5 1.5 LR 30 1.5 28
1.6 145 345 33 1.8 28
L.6—1.5 3-11 3633 27 Le-1.4 2.8-2.6
L0 0.9 LRI 20 L0 2.0
0t 55 0o 50 =55 T0 —6 o 85 —20 to 55 =20 o &0 0 b 200
135 370 0
530 1300 345
260 380 0 210-280
415 715 335 S0 E20- 1030
Flat Flat Very flat Flat Flat Initial drop than Moderately flat
flat medium to (at low discharge
high rates)
Moderate Liws High Medium (bt Moderate Medium o high Wery low
dependent on
specific design)
& 3 (is sealed) 2 1-2 1-2 1-2 e
High enerzy High valumetric High energy High energy High energy Replacement for Excellent shelf
density: good energy density; density; best densitty, long density: good Zu/alkaline f lifix {1020 %
high-rate long shelf life lonw-tem perature, shelf life lows -temperature, Mn(, batteries wide operating
performance (=aalad) high-rate becan=e of high-rate fior high rate tem perahire
performance; protective film performance: performance range (b0 200°0)

Expensive. but
cost-effective on
button battery
applications

In production

Button batteries
(se Table 12.3)

Mot independent
of
environment—
Aooding. drying
out: limited
power cniput

Moderate
production, key
use in hearing
aids

(See Tables 13.2
and 132, also
Chap. 38}

lomng shelf life

Pressurized
sy sbem
Potential safety
problems, toxic
components
Shipment
regulated
Modarate
production,
mainly military

Cylindrical
batteries (e
Table= 14.9 and

14,100

Woltage delay
after storage

Produced in wide

range of sizes
and designs,
mainly for
special
applications

Sew section 14.6
and Tables 14.11

o 14,13

cosl-affective

eplacement for

=mall
conventional
type cells

Available in small

sizes; larger
sizes being
considersd
Shipment
regulated

Increasing
CONSUTED
production

Button and small

cylindrizal
batteries (e

Tablzs 14.19 to

14213

Higher cost than
alkaline batteries

Produced in
VAN sime

Produced in
VAN size (pew
Table 14.18)

For very low
di=charge rates:
posor low
tem peratire
performance

In production for
special
applications

(See Table 15.6)
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COMPARISON OF THE VOLTAGE AND DISCHARGE PROFILE

A comparison of the discharge curves of the major primary batteries is presented in Figure 3.
The zinc anode batteries generally have a discharge voltage of between about 1.5 and 0.9 V.
The lithium anode batteries, depending on the cathode, usually have higher voltages, many on
the order of 3 V, with an end or cutoff voltage of about 2.0 V. The cadmium/mercuric oxide
battery operates at the lower voltage level of 0.9-0.6 V. The discharge profiles of these batteries
also show different characteristics. The conventional zinc-carbon and zinc / alkaline/manganese
dioxide batteries have sloping profiles; the magnesium/manganese dioxide and lithium
/manganese dioxide batteries have less of a slope (although at lower discharge rates the lithium
/manganese dioxide battery shows a flatter profile). Most of the other battery types have a
relatively flat discharge profile.

36
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Figure 3: Discharge profiles of primary battery systems 30-100 h rate.

COMPARISON OF THE SPECIFIC ENERGY AND SPECIFIC POWER

Figure 4 presents a comparison of the specific energy (also called gravimetric energy density) of
the different primary battery systems at various discharge rates at 20°C. This figure shows the
hours of service each battery type (normalized to 1-kg battery weight) will deliver at various
power (discharge current x midpoint voltage) levels to an end voltage usually specified for that
battery type. The energy density can then be determined by

Specific energy = specific power > hours of service
AV xh

Whikg = W/kg = h =
or o g h ks
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Figure 4: Comparison of typical performance of primary battery systems specific power
(power density) vs. hours of service.

The conventional zinc-carbon battery has the lowest energy density of the primary batteries
shown, with the exception, at low discharge rates, of the cadmium/mercuric oxide battery due to
the low voltage of the latter electrochemical couple. The zinc-carbon battery performs best at
light discharge loads. Intermittent discharges, providing a rest or recovery period at intervals
during the discharge, improve the service life significantly compared with a continuous
discharge, particularly at high discharge rates.
The ability of each battery system to perform at high current or power levels is shown
graphically in Figure 4 by the drop in slope at the higher discharge rates. The 1000 Wh/kg line
indicates the slope at which the capacity or energy density of the battery remains constant at all
discharge rates. The capacity of most battery systems decreases with increasing discharge rate,
and the slope of the linear portion of each of the other lines is less than that of the theoretical
1000-Wh/kg line. Furthermore, as the discharge rate increases, the slope drops off more sharply.
This occurs at higher discharge rates for the battery types that have the higher power capabilities.
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The performance of the zinc-carbon battery falls off sharply with increasing discharge rate,
although the heavy-duty zinc chloride version of the zinc-carbon battery gives better
performance under the more stringent discharge conditions. The zinc / alkaline /manganese
dioxide battery, the zinc /mercuric oxide battery, the zinc / silver oxide battery, and the
magnesium/manganese dioxide battery all have about the same specific energy and

performance at 20°C. The zinc / air system has a higher specific energy at the low discharge
rates, but falls off sharply at moderately high loads, indicating its low specific power. The
lithium batteries are characterized by their high specific energy, due in part to the higher cell
voltage. The lithium / sulfur dioxide battery and some of the other lithium batteries are
distinguished by their ability to deliver this higher capacity at the higher discharge rates.
Volumetric energy density is, at times, a more useful parameter than gravimetric specific energy,
particularly for button and small batteries, where the weight is insignificant. The denser batteries,
such as the zinc /mercuric oxide battery, improve their relative position when compared on a
volumetric basis, as shown in Table 4 and Figure 10.

Table 4: Comparison of Primary Batteries (Button Configuration)*

Yoltage, ¥ Capacityf Energy densityt
Weight,

System MNominal Working mAh mWh E mWh/g Wh/L
Zn/alk /MnO, 1.5 [.25 145 180 23 B 360
Zn/HgO 1.35 1.3 [BO-230 260 2.6 L0 470
Zn/Agl0 1.5 [.55 190 205 2.2 L35 575
InfAgD 1.5 [.55 245 380 22 L7 (]
Zn/air [.25 [.25 600 750 1.8 415 1450
Li/Fes, 1.5 1.4 160 220 1.7 L 30 400
Li/CuD L.5 L4 225 315 1.7 L35 570
Li/MnO,§ 30 285 160 450 A3 L55 395
Lif Ag, Cr0, 3 3o 27 130 370 1.7 215 670

#44 TEC, 1154 11.6-mm diam.; 5.4-mm high; 0.55-cm® volume; these batteries may no longer be available in
all chemical systems.

T At approximately C/500 rate, 200C.

4N size, equivalent to two 44-size batteries, 11.6-mm diam. by 10.8 mm high.

COMPARISON OF PERFORMANCE OF REPRESENTATIVE PRIMARY BATTERIES
Table 4 compares the performance of a number of primary battery systems in a typical button
configuration, 1EC size 44, size 44 IEC standard. The data are based on the rated capacity at
20°C at about the C/500 rate. The performance of the different systems can be compared, but one
should recognize that battery manufacturers may design and fabricate batteries, in the same size
and with the same electrochemical system, with differing capacities and other characteristics,
depending on the application requirements and the particular market segment the manufacturer is
addressing. The discharge curves for these batteries are given in Figure 5.

Table 5 summarizes the typical performance obtained with the different primary battery systems
for several cylindrical type batteries. The discharge curves for the AA size batteries are shown in
Figure 6, those for the ANSI 1604 9 V batteries in Figure 7.
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Figure 5: Typical discharge curves for primary battery systems, 11.6 mm diameter, 5.4 mm high,
20°C. (Li /MnO; battery is 1/3N size).

Table 5: Comparison of Cylindrical-type Primary Batteriest

Zinc-carbon Li/50CI,
Zinc-carbon (heavy-duty Zn/MnO, (hobbin
(standard) ZnCl,) (alkaline) Zn/HgO Mg/ MnO, LifSO, type) Li/MnO, Li/FeS,
Working 1.2 1.2 1.2 1.25 175 2.8 33 28 1.5

voltage, V

D-size cells (54 em?)

Ah 4.5 7.0 15 14 7 8 102
Wh 54 84 1.8 17.5 122 224 34
feight, g 85 03 138 165 105, 85 100
Whig 65 o0 130 105 115 260 340
WhiL 100 160 320 325 225 415 675
N-size cells (3.0 cm?)
Ah 0.40 0.8 0.8 0.5 L.0#%
Wh 048 095 1.0 0.87 28
Weight, g 6.3 9.5 1z 5.0 13
Whikg 75 100 83 170 215
Whi/L 145 320 330 290 410
AAsize cells (7.7 cm?)
Ah 0.8 1.05 2.85 25 1.0 1.6 1.4 2.6
Wh 0.96 1.25 345 il 2. 52 3o 4.35
Weight, g 14.7 15 236 30 14 19 17 14.5
Whikg 65 84 145 103 200 275 235 300
WhiL 125 162 400 400 360 670 525 500
*IM size.
T2 A size.

$These batteries may no longer be available in all chemistries.
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Figure 6: Typical discharge curves for primary battery systems. AA size cells, approx. 20 mA
discharge rate.* 2/3A size battery.
10

—— LMnO;—>
Alkaline-MnO o, —»

Zinc-Carbon

g I | I | ] i
0 10 20 a0 40 ] &0 7
Hours of Service

Figure 7: Typical discharge curves ANSI 1604 battery, 9V, 500 ohm discharge load 20°C.

COMPARISON OF THE EFFECT OF DISCHARGE LOAD AND DUTY CYCLE

The effect of the discharge load on the battery’s capacity was shown in Figure 4 and is again
illustrated for several primary battery systems in Figure 8. The Leclanche” zinc-carbon battery
performs best under light discharge loads, but its performance falls off sharply with increasing
discharge rates. The zinc/ alkaline /manganese dioxide system has a higher energy density at
light loads which does not drop off as rapidly with increasing discharge loads. The lithium
battery has the highest energy density with reasonable retention of this performance at the higher
discharge rates. For low-power applications the service ratio of lithium:zinc (alkaline):zinc-
carbon is on the order of 4:3:1. At the heavier loads, however, such as those required for toys,
motor-driven applications, and pulse discharges, the ratio can widen to 24:8:1 or greater. At
these heavy loads selection of premium batteries is desirable on both a performance and a cost
basis.
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Figure 8: Comparison of primary battery systems under various continuous discharge loads at
20°C.
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COMPARISON OF THE EFFECT OF TEMPERATURE

The performance of the various primary batteries over a wide temperature range is illustrated in
Figure 9 on a gravimetric basis and in Figure 10 on a volumetric basis. The lithium /soluble
cathode systems (Li /SOCI, and Li/SO,) show the best performance throughout the entire
temperature range, with the higher-rate Li/SO, system having the best capacity retention at the
very low temperatures. The zinc / air system has a high energy density at normal temperatures,
but only at light discharge loads. The lithium / solid-cathode systems, represented by the
Li/MnO; system, show high performance over a wide temperature range, superior to the
conventional zinc anode systems. Figure 10 shows an improvement in relative position of the

denser, heavier battery systems when compared on a volumetric basis.
400
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Figure 9: Specific energy of primary battery systems.
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Figure 10: Volumetric energy density of primary battery systems.

COMPARISON OF THE SHELF LIFE OF PRIMARY BATTERIES

The shelf-life characteristics of the major primary battery systems are plotted in Figure 11 and
show the rate of loss (in terms of percentage capacity loss per year) from 20 to 70°C. The
relationship is approximately linear when log capacity loss is plotted against log 1/T
(temperature, Kelvin). The data assume that the rate of capacity loss remains constant throughout
the storage period, which is not necessarily the case with most battery systems. For example, for
several lithium batteries, the rate of loss tapers off as the storage period is extended. The data are
also a generalization of the capability of each battery system under manufacturer-rated
conditions because of the many variations in battery design and formulation. The discharge
conditions and size also have an influence on charge retention. The capacity loss is usually
highest under the more stringent discharge conditions.

The ability to store batteries improves as the storage temperature is lowered. Cold storage

of batteries is used to extend their shelf life. Moderately cold temperatures, such as 0°C, was
usually used as freezing could be harmful for some battery systems or designs. As the shelf life
of most batteries has been improved, manufacturers are no longer recommending cold storage
but suggest room temperature storage is adequate provided that excursions to high temperature is
avoided.
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Figure 11: Shelf-life characteristics of primary battery systems.

COMPARISON OF THE COST

In the selection of the most cost-effective battery for a given application, other factors should
also be considered in addition to the initial cost of the battery. These include the battery’s
performance under the specific conditions of use, operation under other temperature and
environmental conditions (if applicable), shelf life, and other parameters that could affect the
battery’s capabilities. The impact of the discharge rate and duty cycle on the cost of battery
operation (cost per hour of service) is shown in Table 6, which compares the service life and cost
per hour of service of the general-purpose and premium (zinc-chloride) zinc-carbon batteries
with the zinc /alkaline-manganese dioxide battery under various regimes.

Based on the unit battery cost shown in the table, the general-purpose zinc-carbon battery has the
most competitive hourly service cost only on the low-drain intermittent radio application, the
conditions most to its liking. However, even with its higher unit cost, the alkaline battery is, by
far, the more economical battery to use under stringent high-drain applications such as in toys
and electronic games. The use of the zinc-carbon battery is not recommended in the high drawn
photoflash or digital camera applications. A similar analysis should be made when evaluating the
performance of any candidate battery against the application requirement to determine which
battery is the most cost-effective.
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Table 6: Comparison of Battery Performance and Cost: Zinc-Carbon vs. Alkaline Manganese
Dioxide AA size Batteries

Performance Cost per hour of service, §
Alkaline- Alkaline-
General-purpose  Premium manganese  General-purpose  Premium Mmanganese
Type of test zinc-carbon zinc-carbon dioxide zinc-carbon zinc-carbon dioxide
3.9-0) toy® 0.5h .2 h 5h 0.60 0.23 0.15
43-01 radic® 14 h 27h 60 h 0.016 0015 0.013
10-£2 tape 25h 47h 135 h 0.12 0085 0.056
1000 mA photo flash MR MR 210 pulses MR MR 0.036
test”
24-0) remote control® I1h i3 h — 0.036 0.023
250 mA electronic games® lh 6 h — 0.40 0.13
Approximate unit
cell cost, $ 0.30 0.40 0.75 — — —

*Toy test: 1 h/day to 0.8 W

" Transistor radio t2st: 4 hiday to 0.0 W,

=Tape player and cassette test: 1 h/day to 0.9 V.
4Photo flagh test: 10 s/m, | hiday to 0.9 V.
*Remote control test 15 s/m, 8 h/day to 1.0V,
fElectronic game test 1 h/day to 0.9 V.

ME battery not recommended for this application.
Source: Data based on specification requirements, ANSI C18. 1M (20000 “Portable primary cells and batteries with aqueous electro-
Iyte—general and specifications™

RECHARGING PRIMARY BATTERIES

Recharging primary batteries is a practice that should be avoided because the cells are not
designed for that type of use. In most instances it is impractical, and it could be dangerous

with cells that are tightly sealed and not provided with an adequate mechanism to permit

the release of gases that form during charging. Such gassing could cause a cell to leak, rupture,
or explode, resulting in personal injury, damage to equipment, and other hazards. Most primary
batteries are labeled with a cautionary notice advising that they should not be recharged.
Technically some primary cells can be recharged for several cycles under carefully controlled
charging conditions and usually at low charge rates. However, even if successful, they may not
deliver full capacity and may have poor charge retention after recharge. Primary batteries are not
designed to be recharged, and charging should not be attempted with any primary battery, unless
one is fully aware of the charging conditions, equipment, and risks.

Several of the typical primary battery systems, such as the zinc / alkaline /manganese dioxide
system, have been designed in a rechargeable configuration.
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Battery (Ancient) History

1800

1836

1859

1868

1888

1898

1899

1946

Voltaic pile: silver zinc

Daniell cell: copper zinc

Planté: rechargeable lead-acid cell
Leclanché: carbon zinc wet cell
Gassner: carbon zinc dry cell
Commercial flashlight, D cell
Junger: nickel cadmium cell

Neumann: sealed NiCd

1960s Alkaline, rechargeable NiCd

1970s Lithium, sealed lead acid

1990

1991

1992

1999

Nickel metal hydride (NiMH)
Lithium ion
Rechargeable alkaline

Lithium ion polymer

LECTURE NO. 7
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ZINC-CARBON BATTERIES (Leclanche” and Zinc Chloride Cell Systems)

Dry Cells

Invented by George Leclanche, a French Chemist in the 1860’s, The common dry cell or
LeClanche cell, has become a familiar household item. An active zinc anode in the form of a can
house a mixture of MnO, and an acidic electrolytic paste, consisting of NH,Cl, ZnCl,, H,O and
starch powdered graphite improves conductivity. The inactive cathode is a graphite rod.

Anode (oxidation):
ZI’](S) — Zn2+(aq) + 2¢

Cathode (reduction):
The cathodic half-reaction is complex and even today, is still being studied. MnOg) is reduced
to Mn,Oss) through a series of steps that may involve the presence of Mn** and an acid-base
reaction between NH," and OH":
2MnO; () + 2NHy 2y + 26" — MnyO03(5) + 2NHzq) + H20 g
The ammonia, some of which may be gaseous, forms a complex ion with Zn?*, which crystallize
in contact ClI" ion:

Zn*" (ag) + 2NHg (ag) + 2C1 (ag) — Zn(NHz),Clys

Overall Cell reaction:
2MnO, Ol 2NH4C|(aq) + Zn(s) — Zn(NH3)2C|2(5) + H,0 mt Mn203(5) Ecn =15V

Uses: common household items, such as portable radios, toys, flashlights,

Advantage; Inexpensive, safe, available in many sizes

Disadvantages: At high current drain, NHz(g) builds up causing drop in voltage, short shelf life
because zinc anode reacts with the acidic NH;" ions.

Features:

Inexpensive, widely available
Inefficient at high current drain

Poor discharge curve (sloping)

Poor performance at low temperatures

The major advantages and disadvantages of Leclanche” and Zinc-Chloride batteries are listed in
Table 7 below.
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Table 7: Major Advantages and Disadvantages of Leclanche” and Zinc-Chloride Batteries

Standard Leclanché battery

Advantages Disadvantages General comments

Low cell cost Low energy density Good shelf life if refrigerated
Low cost per watt-hour Poor low temp service For best capacity the discharge should
Large variety of Poor leakage resistance be intermittent

shapes, sizes, under abusive conditions Capacity decreases as the discharge

voltages. and Low efficiency under high drain increases

capacities current drains Steadily falling voltage is vseful if
Various formulations Comparatively poor shelf life early warning of end of life is
Wide distribution and Voltage falls steadily with important

availability discharge

Long tradition of
reliability

Standard Zinc-chlorde battery

Advantages Disadvantages General comments
Higher energy density High gassing rate Steadily falling voltage with discharge
Better low-temperature Requires excellent sealing Good shock resistance
service system due to increased Low to mediom initial cost
Good leak resistance OXVEEN Sensitivity

High efficiency under
heavy discharge
loads

TYPES OF CELLS AND BATTERIES

During the last 125 years the development of the zinc-carbon battery has been marked by gradual
change in the approach to improve its performance. It now appears that zinc-carbon batteries are
entering a transitional phase. While miniaturization in the electrical and electronic industries has
reduced power demands, it has been offset by the addition of new features requiring high power,
such as motors to drive compact disc players or cassette recorders, halogen bulbs in lighting
devices, etc. This has increased the need for a battery that can meet heavy discharge
requirements. For this reason, as well as competition from the alkaline battery system for heavy
drain applications, many manufacturers are no longer investing capital to improve the Leclanche”
or zinc-carbon technology. The traditional Leclanche “ cell construction, which utilizes a starch
paste separator, is being gradually phased out and replaced by zinc chloride batteries utilizing
paper separators. This results in increased volume available for active materials and increased
capacity. In spite of these conversion efforts by manufacturers, a number of third world countries
still continue the demand for pasted Leclanche” product because of its low cost. The size of that
market has prevented a complete conversion. It appears that this situation will continue for the
near future. During this transitional phase, the zinc-carbon batteries can be classified into two
types, Leclanche” and zinc chloride. These can, in turn, be subdivided into separate general
purpose and premium battery grades, in both pasted and paper-lined constructions:
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1. Leclanche” Batteries
General Purpose. Application: Intermittent low-rate discharges, low cost. The traditional,
regular battery, which is not too different from the one introduced in the late nineteenth century,
uses zinc as the anode, ammonium chloride (NH4Cl) as the main electrolyte com ponent along
with zinc chloride, a starch paste separator, and natural manganese dioxide (MnO,) ore as the
cathode. Batteries of this formulation and design are the least expensive and are recommended
for general-purpose use and when cost is more important than superior service or performance.

Industrial Heavy Duty. Application: Intermittent medium- to heavy-rate discharges, low to
moderate cost. The industrial **heavy-duty’” zinc-carbon battery generally has been converted

to the zinc chloride system. However, some types continue to include ammonium chloride and
zinc chloride (ZnCly,) as the electrolyte and synthetic electrolytic or chemical manganese dioxide
(EMD or CMD) alone or in combination with natural ore as the cathode. Its separator may be of
starch paste but it is typically a paste-coated paper liner type. This grade is suitable for heavy
intermittent service, industrial applications, or medium-rate continuous discharge.

2. Zinc Chloride Batteries
General Purpose. Application: Low-rate discharges both intermittent and continuous, low cost.
This battery has replaced the Leclanche” general-purpose battery in all Western countries. It is a
true ““zinc-chloride’” battery and possesses some of the ‘“heavy-duty’’ characteristics of the
premium type. The electrolyte is zinc chloride; however, some manufacturers may add small
amounts of ammonium chloride. Natural manganese dioxide ore is used as the cathode. Batteries
of this formulation and design are competitive in cost to the Leclanche” general-purpose
batteries. They are recommended for general-purpose use on both continuous and intermittent
discharges and when cost is an important consideration. This battery exhibits a low leakage
characteristic.

Industrial Heavy Duty. Application: Low to intermediate-continuous and intermittent heavy-rate
discharges; low to moderate cost. This battery has generally replaced the industrial Leclanche”
heavy-duty battery. It is a true ““zinc-chloride’’ cell and possesses the heavy-duty characteristics
of the premium zinc chloride type. The cell electrolyte is zinc chloride; however, some
manufacturers may add small amounts of ammonium chloride. Natural manganese dioxide ore is
used along with electrolytic manganese dioxide as the cathode. These cells use paper separators
coated with cross-linked or modified starches, which enhance their stability in the electrolyte.
Batteries of this formulation and design are competitive in cost to the Leclanche” heavy-duty
industrial batteries. They are recommended for heavy-duty applications where cost is an
important consideration. This battery also exhibits a low leakage characteristic.

Extra/Super Heavy Duty. Application: Medium and heavy continuous, and heavy intermittent
discharges; higher cost than other zinc-chloride types. The extra /super heavy-duty type of
battery is the premium grade of the zinc-chloride line. This cell is composed mainly of an
electrolyte of zinc chloride with perhaps a small amount of ammonium chloride, usually not
exceeding 1% of the cathode weight. The ore used for the cathode is exclusively electrolytic
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manganese dioxide (EMD). These cells use paper separators coated with cross-linked or
modified starches, which enhance their stability in the electrolyte. Many manufacturers use
proprietary separators in almost all their zinc-carbon type batteries. This battery type is
recommended when good performance is desired but at higher cost. It also has improved low-
temperature characteristics and reduced electrolyte leakage. In general, the higher the grade or
class of zinc-carbon batteries the lower the cost per minute of service. The price difference
between classes is about 10 to 25%, but the performance difference can be from 30 to 100% in
favor of the higher grades depending upon the application drain.

CONSTRUCTION
The zinc-carbon battery is made in many sizes and a number of designs but in two basic
constructions: cylindrical and flat. Similar chemical ingredients are used in both constructions.

1. Cylindrical Configuration
In the common Leclanche” cylindrical battery (Figures 13 and 14), the zinc can serves as the cell
container and anode. The manganese dioxide is mixed with acetylene black, wet with electrolyte,
and compressed under pressure to form a bobbin. A carbon rod is inserted into the bobbin. The
rod serves as the current collector for the positive electrode. It also provides structural strength
and is porous enough to permit the escape of gases, which accumulate in the cell, without
allowing leakage of electrolyte. The separator, which physically separates the two electrodes and
provides the means for ion transfer through the electrolyte, can be a cereal paste wet with
electrolyte (Figure 13) or a starch or polymer coated absorbent Kraft paper in the “*paper-lined”’
cell (Figure 14). This provides thinner separator spacing, lower internal resistance and increased
active materials volume. Single cells are covered with metal, cardboard, plastic or paper jackets
for aesthetic purposes and to minimize the effect of electrolyte leakage through containment.
Construction of the zinc chloride cylindrical battery (Figure 15) differs from that of the
Leclanche” battery in that it usually possesses a resealable, venting seal. The carbon rod serving
as the current collector is sealed with wax to plug any vent paths (necessary for Leclanche”
types). Venting is then restricted to only the seal path. This prevents the cell from drying out and
limits oxygen ingress into the cell during shelf storage. Hydrogen gas evolved from corrosion of
the zinc is safely vented as well. In general, the assembly and finishing processes resemble that
of the earlier cylindrical batteries.

2. Inside Out Cylindrical Construction
Another cylindrical cell is the *“inside-out’” construction shown in Figurel6. This construction
does not use the zinc anode as the container. This version resulted in more efficient zinc
utilization and improved leakage, but has not been manufactured since the late 1960s. In this cell,
an impact-molded impervious inert carbon wall serves as the container of the cell and as the
cathode current collector. The zinc anode, in the shape of vanes, is located inside the cell and is
surrounded by the cathode mix.
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Figure 13: Typical cutaway view of cylindrical Leclanche” battery (‘‘Eveready’’) paste

separator, asphalt seals.

Top washer —f

Wax ring seal ———

Asphall seal _—

Anode {zing can) —,

Paste separator

Carbon electrode

Paper
flgur, starch,
alectrolyte

Jacket-labeled
polyethylens

honded tube

Cup and star bottom

One-piece metal cover (+)

L——— Support washer

Cathode mix—

manganese

dioxide, carbon,

electralyle

— Aur space
Zinc can

Kraft
Label

Plastic film
Paper separator

LECTURE NO. 7

Cup and star bottom

Figure 14: Typical cutaway view of cylindrical Leclanche” battery (‘*Eveready’’) paper
liner separator, asphalt seal.
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Figure 15: Typical cutaway view of cylindrical zinc chloride battery (‘‘Eveready’’)
paste separator, plastic seal.
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Figure 16: Typical cutaway view of cylindrical Leclanche “ battery (“*Eveready’’) inside-out
construction.

3. Flat Cell and Battery
The flat cell is illustrated in Figure 17. In this construction, a duplex electrode is formed by
coating a zinc plate with either a carbon-filled conductive paint or laminating it to a carbon filled
conductive plastic film. Either coating provides electrical contact to the zinc anode, isolates the
zinc from the cathode of the next cell, and performs the function of cathode collector. The
collector function is the same as that performed by the carbon rod in cylindrical cells. When the
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conductive paint method is used, an adhesive must be placed onto the painted side of the zinc
prior to assembly to effectively seal the painted surface directly to the vinyl band to encapsulate
the cell. No expansion chamber or carbon rod is used as in the cylindrical cell. The use of
conductive polyisobutylene film laminated to the zinc instead of the conductive paint and
adhesive usually results in improved sealing to the vinyl; however, the film typically occupies
more volume than the paint and adhesive design. These methods of construction readily lend
themselves to the assembly of multi-cell batteries.

Flat cell designs increase the available space for the cathode mix because the package and
electrical contacts are minimized, thereby increasing the energy density. In addition, a
rectangular construction reduces wasted space in multi-cell assemblies, (which is, in fact, the
only application for the flat cell). The volumetric energy density of an assembled battery using
flat cells is nearly twice that of cylindrical cell assemblies.

Metal contact strips are used to attach the ends of the assembled battery to the battery terminals;
(e.g., 9-V transistor battery). The orientation of the stack subassembly (cathode up or anode up)
is only important for each manufacturer’s method of assembly. The use of contact strips allows
either design mode. The entire assembly is usually encapsulated in wax or plastic. Some
manufacturers also sleeve the assembly in shrink film after waxing. This aids the assembly
process cleanliness and provides additional insurance against leakage. Cost, ease of assembly,
and process efficiencies usually dictate the orientation during the assembly process.

Positive contact

Megalive contact

Lithagraphed stesl jacket

Sactional view
of unit cell

Wax coating
Connector strp
Wax coating

\%(

anvelops

Cathode mix=
manganese dioxida,
carbon, electrolyla

Separator
Ancde (Zmna)
Carbon conductive coating

Figure 17 : Typical cutaway view of Leclance” flat cell and battery. (e.g. ““‘Eveready’” #216).

4. Special Designs (Flat-Pack Zinc/Manganese Dioxide P-80 Battery)
Designs for special applications are currently in use. These designs demonstrate the levels of
innovation that can be applied to unusual application and design problems. In the early 1970s,
Polaroid introduced a new instant camera-film system, the SX-70. A major innovation in that
system was the inclusion of a battery in the film pack rather than in the camera. The film pack
contained a battery designed to provide enough energy for the pictures in the pack. The concept
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was that the photographer would not have to be concerned about the freshness of the battery as it
was changed with each change of film.

CELL COMPONENTS

Zinc

Battery grade zinc is 99.99% pure. Classical zinc can alloys contained 0.3% cadmium and 0.6%
lead. Modern lubrication and forming techniques have reduced these amounts. Currently, zinc
can alloys with cadmium contain 0.03% to 0.06% cadmium and 0.2% to 0.4% of lead. The
content of these metals varies according to the method used in the forming process. Lead, while
insoluble in the zinc alloy, contributes to the forming qualities of the can, although too much lead
softens the zinc. Lead also acts as a corrosion inhibitor by increasing the hydrogen overvoltage
of the zinc in much the same manner as does mercury.

Cadmium aids the corrosion-resistance of zinc to ordinary dry cell electrolytes and adds
stiffening strength to the alloy. For cans made by the drawing process, less than 0.1% of
cadmium is used because more would make the zinc difficult to draw. Zinc cans are commonly
made by three different processes:

1. Zinc is rolled into a sheet, formed into a cylinder, and, with the use of a punched-out zinc disk
for the bottom, soldered together. This method is obsolete except for the most primitive of
assemblies. Last use of this method in the U.S. was during the 1980s in 6 inch cells.

2. Zinc is deep-drawn into a can shape. Rolled zinc sheet is shaped into a can by forming
through a number of steps. This method was used primarily in cell manufacturing in the U.S.
prior to the relocation and consolidation of U.S. zinc-carbon manufacturing overseas.

3. Zinc is impact extruded from a thick, flat calot. This is now the method of choice. Used
globally, this method reshapes the zinc by forcing it to flow under pressure, from the calot shape
into the can shape. Calots are either cast from molten zinc alloy or punched from a zinc sheet of
the desired alloy.

Metallic impurities such as copper, nickel, iron, and cobalt cause corrosive reactions with the
zinc in battery electrolyte and must be avoided particularly in ““zero’” mercury constructions.

In addition, iron in the alloy makes zinc harder and less workable. Tin, arsenic, antimony,
magnesium, etc., make the zinc brittle.

U.S. federal environmental legislation prohibits the land disposal of items containing cadmium
and mercury when these components exceed specified leachable levels. Some states and
municipalities have banned land disposal of batteries, require collection programs, and prohibit
sale of batteries containing added cadmium or mercury. Some European have similarly
prohibited the sale and disposal of batteries containing these materials. For these reasons, levels
of both of these heavy metals have been reduced to near zero. This impacts directly upon global
zinc can manufacture due to importation of battery products to the U.S. and Europe. Manganese
IS a satisfactory substitute for cadmium, and has been included in the alloy at levels similar to
that of cadmium to provide stiffening. The handling properties of zinc, alloyed with manganese
or cadmium are equivalent; however, no corrosion resistance is imparted to the alloy with
manganese as is the case with cadmium.
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Bobbin

The bobbin is the positive electrode and is also called the black mix, depolarizer, or cathode. It is
a wet powder mixture of MnO,, powdered carbon black, and electrolyte (NH,Cl and/or ZnCls,,
and water). The powdered carbon serves the dual purpose of adding electrical conductivity to the
MnO,, which itself has high electrical resistance. It also acts as a means of holding the
electrolyte. The cathode mixing and forming processes are also important since they determine
the homogeneity of the cathode mix and the compaction characteristics associated with the
different methods of manufacture. This becomes more critical in the case of the zinc-chloride
cell, where the cathode contains proportions of liquid that range between 60% and 75% by
volume. Of the various forming methods available, mix extrusion and compaction-then-insertion
are the two used most widely. On the other hand, there is a wide variety of techniques for
mixing. The most popular methods are ““Cement’’-style mixers and rotary mullor mixers. Both
techniques offer the ability to manufacture large quantities of mix in relatively short times and
minimize the shearing effect upon the carbon black, which reduces its ability to hold solution.
The bobbin usually contains ratios of manganese dioxide to powdered carbon from 3:1 to as
much as 11:1 by weight. Also, 1:1 ratios have been used in batteries for photoflash applications
where high pulses of current are more important than capacity.

Manganese Dioxide (MnO,)

The types of manganese dioxide used in dry cells are generally categorized as natural manganese
dioxide (NMD), activated manganese dioxide (AMD), chemically synthesized manganese
dioxide (CMD), and electrolytic manganese dioxide (EMD). EMD is a more expensive material,
which has a gamma-phase crystal structure. CMD has a delta-phase structure and NMDs the
alpha and beta phases of MnO,. EMD, while more expensive, results in a higher cell capacity
with improved rate capability and is used in heavy or industrial applications. The polarization is
significantly reduced using electrolytic material compared to the chemical or natural ores.
Naturally occurring ores (in Gabon Africa, Greece, and Mexico), high in battery-grade material
(70% to 85% MnO,), and synthetic forms (90% to 95% MnO,) generally provide electrode
potentials and capacities proportional to their manganese dioxide content. Manganese dioxide
potentials are also affected by the pH of the electrolyte. Performance characteristics depend upon
the crystalline state, the state of hydration, and the activity of the MnO,. The efficiency of
operation under load depends heavily upon the electrolyte, the separator characteristics, the
internal resistance and the overall construction of the cell.

Carbon Black

Because manganese dioxide is a poor electrical conductor, chemically inert carbon or carbon
black is added to the cathode mix to improve its conductivity. This is achieved by coating the
manganese dioxide particles with carbon during the mixing process. It provides electrical
conductivity to the particle surface and also serves the important functions of holding the
electrolyte and providing compressibility and elasticity to the cathode mix during processing.
Graphite was once used as the principal conductive media and is still used to some extent.
Acetylene black, by virtue of its properties, has displaced graphite in this role for both
Leclanche” and zinc chloride cells. One great advantage of acetylene black is its ability to hold
more electrolyte in the cathode mix. Caution must be used during the mixing process so as to
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prevent intense shearing of the black particles as this reduces its ability to hold electrolyte. This
is critical for zinc-chloride cells, which contain much higher electrolyte levels than the
Leclanche” cell. Cells containing acetylene black usually give superior intermittent service,
which is the way most zinc-carbon batteries are used. Graphite, on the other hand, serves well for
high flash currents or for continuous drains.

Electrolyte

The ordinary Leclanche” cell uses a mixture of ammonium chloride and zinc chloride, with the
former predominating. Zinc-chloride cells typically use only ZnCl2, but can contain a small
amount of NH4CI to ensure high rate performance. Examples of typical electrolyte formulation
for the zinc-carbon battery systems are listed in Table 8.

Table 8: Electrolyte Formulations

Constituent Weight %
Electrolyte 1
NH,CI 26.0
ZnCl, A
H.O 65.2
Finc-corrosion inhibitor 0.25-1.0
Electrolyte 11
ZnCl, T
H,O al—85
Zinc-corrosion inhibitor 0.02-1.0

Corrosion Inhibitor

The classical zinc-corrosion inhibitor has been mercuric or mercurous chloride, which forms an
amalgam with the zinc. Cadmium and lead, which reside in the zinc alloy, also provide zinc
anode corrosion protection. Other materials like potassium chromate or dichromate, used
successfully in the past, form oxide films on the zinc and protect via passivation. Surface-active
organic compounds, which coat the zinc, usually from solution, improve the wetting
characteristic of the surface unifying the potential. Inhibitors are usually introduced into the cell
via the electrolyte or as part of the coating on the paper separator. Zinc cans could be pretreated;
however, this is ordinarily not practical. Environmental concerns have generally eliminated the
use of mercury and cadmium in these batteries. These restrictions are posing problems for
battery manufacturers in the areas of sealing, shelf storage reliability, and leakage. This is critical
for zinc-chloride cells in that the lower pH electrolyte results in the formation of excessive
hydrogen gas due to zinc dissolution. Certain classes of materials considered for use to supplant
mercury include gallium, indium, lead, tin and bismuth either alloyed into the zinc or added to
the electrolyte from their soluble salts. Other organic materials, like glycols and silicates, offer
protection alternatives. Additional restrictions on lead use, which are already stringent, may also
be imposed in the future.
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Carbon Rod

The carbon rod used in round cells is inserted into the bobbin and performs the functions of
current collector. It also performs as a seal vent in systems without a positive venting seal. It is
typically made of compressed carbon, graphite and binder, formed by extrusion, and cured by
baking. It has, by design, a very low electrical resistance. In Leclanche” and zinc-chloride cells
with asphalt seals, it provides a vent path for hydrogen and carbon dioxide gases, which might
build up in and above the cathode during heavy discharge or elevated temperature storage. Raw
carbon rods are initially porous, but are treated with enough oils or waxes to prevent water loss
(very harmful to cell shelf-life) and electrolyte leakage. A specific level of porosity is maintained
to allow passage of the evolved gases. Ideally, the treated carbon should pass internally evolved
gases, but not pass oxygen into the cell, which could add to zinc corrosion during storage.
Typically this method of venting gases is variable and less reliable then the use of venting seals.
Zinc-chloride cells using plastic, resealable, venting seals utilize plugged, non-porous electrodes.
Their use restricts the venting of internal gas to only the designed seal path. This prevents the
cell from drying out and limits oxygen ingress into the cell during shelf-storage. Hydrogen gas
evolved from wasteful corrosion of the zinc is safely vented as well.

Separator

The separator physically separates and electrically insulates the zinc (negative) from the bobbin
(positive), but permits electrolytic or ionic conduction to occur via the electrolyte. The two major
separator types in use are either the gelled paste or paper coated with cereal or other gelling
agents such as methycellulose. In the paste type, the paste is dispensed into the zinc can. The
preformed bobbin (with the carbon rod) is inserted, pushing the paste up the can walls between
the zinc and the bobbin by displacement. After a short time, the paste sets or gels. Some paste
formulations need to be stored at low temperatures in two parts. The parts are then mixed; they
must be used immediately as they can gel at room temperature. Other paste formulations need
elevated temperatures (60°C to 96°C) to gel. The gelatinization time and temperature depend
upon the concentration of the electrolyte constituents. A typical paste electrolyte uses zinc
chloride, ammonium chloride, water, and starch and/or flour as the gelling agent. The coated-
paper type uses a special paper coated with cereal or other gelling agent on one or both sides.
The paper, cut to the proper length and width, is shaped into a cylinder and, with the addition of
a bottom paper, is inserted into the cell against the zinc wall. The cathode mix is then metered
into the can forming the bobbin, or, if the bobbin is preformed in a die, it is pushed into the can.
At this time, the carbon rod is inserted into the center of the bobbin and the bobbin is tamped or
compressed, pushing against the paper liner and carbon rod. The compression releases some
electrolyte from the cathode mix, wetting the paper liner to complete the operation. By virtue of
the fact that a paste separator is relatively thick compared with the paper liner, about 10% or
more manganese dioxide can be accommodated in a paper-lined cell, resulting in a proportional
increase in capacity.

Seal
The seal used to enclose the active ingredients can be asphalt pitch, wax and resin, or plastic
(polyethylene or polypropylene). The seal is important to prevent the evaporation of moisture
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and the phenomenon of *“air line’” corrosion from oxygen ingress. Leclanche” cells typically
utilize thermoplastic materials for sealing. These methods are inexpensive and easily
implemented. A washer is usually inserted into the zinc can and placed above the cathode
bobbin. This provides an air space between the seal and the top of the bobbin to allow for
expansion. Melted asphalt pitch is then dispensed onto the washer and is heated until it flows and
bonds to the zinc can. One drawback to this method of sealing is that it occupies space that could
be used for active materials. A second fault is that this type of seal is easily ruptured by
excessive generation of evolved gases and is not suitable for elevated temperature applications.
Premium Leclanche” and almost all zinc-chloride cells use injection molded plastic seals. This
type of seal lends itself to the design of a positive venting seal and is more reliable. Molded seals
are mechanically placed onto a swaged zinc can. Many manufacturers have designed locking
mechanisms into the seal, void spaces for various sealants and resealable vents. Several wrap the
seal and can in shrink wrap or tape to prevent leakage through zinc can perforations. It is very
important to prevent moisture loss in the zinc-chloride system, and to vent the evolved gases
generated during discharge and storage. The formation of these gases disrupts the separator
surface layer significantly and affects cell performance after storage. Use of molded seals in the
zinc-chloride cell construction has resulted in the good shelf storage characteristics evidenced by
this design.

Jacket

The battery jacket can be made of various components: metal, paper, plastic, polymer films,
plain or asphalt-lined cardboard, or foil in combination or alone. The jacket provides strength,
protection, leakage prevention, electrical isolation, decoration, and a site for the manufacturer’s
label. In many manufacturers’ designs, the jacket is an integral part of the sealing system. It
locks some seals in place, provides a vent path for the escape of gases, or acts as a supporting
member to allow seals to flex under internal gas pressures. In the inside-out construction, the
jacket was the container in which a carbon-wax collector was impact molded (Figure 4).

Electrical Contacts

The top and bottom of most batteries are capped with shiny, tin-plated steel (or brass) terminals
to aid conductivity, prevent exposure of any zinc and in many designs enhance the appearance of
the cell. Some of the bottom covers are swaged onto the zinc can, others are locked into paper
jackets or captured under the jacket crimp. Top covers are almost always fitted onto the carbon
electrode with interference. All of the designs try to minimize the electrical contact resistance.

TYPES AND SIZES OF AVAILABLE CELLS AND BATTERIES

Zinc-carbon batteries are made in a number of different sizes with different formulations to meet
a variety of applications. The single-cell and multicell batteries are classified by electrochemical
system, either Leclanche” or zinc chloride, and by grade; general purpose, heavy duty, extra
heavy duty, photoflash, and so on. These grades are assigned according to their output
performance under specific discharge conditions. Table 9 lists the more popular battery sizes
with typical performance at various loads under a two-hour per day intermittent discharge,
except for the continuous toy battery test. The performance of these batteries, under several
intermittent discharge conditions, is given in Table 10. The AA-size battery is becoming the
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predominant one and is used in penlights, photoflash and electronic applications. The smaller
AAA-size is used in remote control devices and other small electronic applications. The C and
D-size batteries are used mainly in flashlight applications and the F-size is usually assembled
into multicell batteries for lanterns and other applications requiring these large batteries. Flat cell
are used in battery assemblies, in particular, the 9-volt battery used in smoke detectors and
electronic applications. Table 11 lists some of the major multicell zinc-carbon batteries that are
available commercially. The performance of these batteries can be estimated by using the IEC
designation to determine the cell compliment (e.g. NEDA 6, IEC 4R25 battery consists of four F-
size cells connected in series).

Table 9: Characteristics of Zinc-Carbon Batteries

Typical service, 2 h/d*¥

Maximum
dimensions, Leclanché Zinec-chloride
T
AMNSIL Weight Drrain Service Dirain Service
Size [EC NEDA E Diameter Height mA h m& h
N Rl 910 6.2 12 30.2 1 480
10 45
15 20
AAA RO3 24 8.5 10.5 44.5 1 — 1 520
10 — 10 55
20 — 2 26
AA R& L5 L5 14.5 50.5 1 Q50 1 1200
10 B0 10 110
100 4 100 B8
300 0.6 300 1
C R14 14 41 26.2 50 5 380 5 8O0
25 75 2 150
100 6 100 20
300 1.7 300 535
D R20 13 90 3z 61.5 10 400 10 T
50 70 50 135
100 25 100 55
500 3 500 6
F R25 &0 L& RE S 924 25 300 25 400
100 G0 100 85
500 5.5 500 9
G 26 — ] 2% 105+ —
MNo. & R40 905 Q00 67 170.7 5 BO00
50 TO0
100 350
500 70

*Typical values of service to 0.9-V cutoff,
FTypical values.
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Specification requirements

Alkaline-

Zinc-carbon M Aanganese
batteries  dioxide batteries
Cutoff

Size e Ohms Schedule voltage Imitial* [mitial®

Qo Q104
Portable lighting 51 5 min/d 0.9 NA 100 min

Pager (100 5 =ec/hr, 0.9 NA 888 hr

then 3000.0 3595 zec/h)

AAA 24 244
Pulze test A6 15 =ec/min 24 heid 0.9 150 pulses 450 pulses
Portahble lighting 51 4 min/hr 8 hr/d 0.9 48.0 min 1’300 min
Recorder 10.0 1 heid 0.9 L.5 hr 55 hr
Radio 750 4 heid 0.9 24.0 hr 48.0 hr

AA 15D 154
Pulze test 1.8 15 =ec/min 24 hedd 0.9 100 pulses 450 pulses
Mlator) toy 39 1 hrid 0.8 1.2 hr 5hr
Recorder 0.0 1 heid 0.9 5.0 hr 135 hr
Radio 430 4 heid 0.9 27.0 he &l hr

L4 144
Portable lighting 39 4 min/hr 8 hr/d 0.9 350 min 230 min
Towy 39 1 hrid 0.8 55 hr 14.5 hr
Recorder 6.8 1 hrid 0.9 0.0 hr 24.0 hr
Radio 200 4 heid 0.9 30 hr &0.0 hr

13D 134
Portable lighting 1.5 4 min/15 min & heed 09 150 min 5410 min
Portable lighting 22 4 min/hr 8 hr/d 0.9 120 min Q50 min
M abor) boy 22 1 hrid 0.8 55 hr 17.5 hr
Recorder 39 1 hrid 0.9 10 hr 26.0 hr
Radio 0.0 4 heid 0.9 33 hr 0.0 hr

9 Walt L 404D 4044
Calculator 180 30 min/d 4.8 380 min &30 min
Towy 270 | heid 54 T hr 14 hr
Radio 620 2 heid 54 23 hr 38 hr
Electronic 1300 24 heid f.0 MNA MNA
Smoke detector  Currently under consideration.

6 Wall qosh DOEA
Portable lighting 39 4 minfhr 8 hr/d A6 5hr 21 hr
Portable lighting 39 1 hrid LY 50 hr 80 hr
Barricade 6.8 1 hrid Ah &5 hr 300 hr

*Perfommance after 12 monih storage

zinc-carbon batteries: B of initial requirsment
alkaline-manganess dioxides batteries: $0% of initial requirermesni

Table 10: ANSI Standards for Zinc-Carbon and Alkaline-Manganese Dioxide Batteries
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Table 11: ANSI/NEDA Dimensions of Zinc-Carbon Batteries

Diameter. Orverall height, Length, Width,
num mim mim mim

ANSI IEC Max Min Max Min Max Min Max Min
13C R208 342 323 6l.5 50.5

L3CD R20C 4.2 323 61.5 59.5

13D R20C 342 323 6l.5 50.5

I3F R205 4.2 323 61.5 59.5

14 R145 26.2 249 50.0 48.5

14CD R14C 26.2 249 50.0 48.5

140 R14C 26.2 249 50.0 48.5

14F R 145 26.2 249 50.0 48.5
15C RA6S 14.5 135 50.5 492
15CD Ra6C 14.5 3.5 50.5 40.2
15D RaC 14.5 3.5 50.5 49.2
I5F RAS 14.5 3.5 50.5 40.2
24D R0O3 10.5 9.5 44.5 43.3
903 — 163.5 158.8 185.7 181.0 103.2 1000
Q04 — 163.5 158.8 2179 2149 1032 1000
908 4R25X 115.0 107.0 68.2 (5.0 68.2 65.0
Q08C 4R25X 115.0 107.0 A8.2 (5.0 68.2 65.0
QORCD 4R25X 115.0 107.0 68.2 (5.0 68.2 65.0
908D 4R25X 115.0 107.0 A8.2 (5.0 68.2 65.0
915 4R25Y 112.0 107.0 68.2 (5.0 68.2 65.0
915C 4R25Y 112.0 107.0 A8.2 (5.0 68.2 65.0
915D 4R25Y 112.0 107.0 68.2 (5.0 68.2 65.0
918 4R25-2 127.0 — 136.5 132.5 T3.0 (9.0
918D 4R25.2 127.0 — 136.5 132.5 T30 6.0
926 — 1254 122.2 136.5 132.5 T3.0 (9.0
160 aF22 48.5 46.5 26.5 24.5 17.5 15.5
1604C 6F22 48.5 46.5 26.5 24.5 17.5 15.5
1604CD 6F22 48.5 46.5 26.5 24.5 17.5 15.5
16040 6F22 48.5 46.5 26.5 24.5 17.5 15.5
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ALKALINE-MANGANESE DIOXIDE BATTERIES

The alkaline battery (see Figure 18 below) is an improved dry cell. The half-reactions are
similar, but the electrolyte is a basic KOH paste, which eliminates the buildup of gases and
maintains the Zn electrode. Its applications are the same as for dry cell.

Figure 18: Alkaline batteries.

Since its introduction in the early 1960s, the alkaline-manganese dioxide (zinc /KOH/MnQO,)
battery has become the dominant battery system in the portable battery market. This came about
because the alkaline system is recognized as having several advantages over its acidic electrolyte
counterpart, the Leclanche” or zinc-carbon battery, the former market leader with which it
competes. Table 12 summarizes the advantages and disadvantages of alkaline manganese dioxide
batteries compared to zinc-carbon batteries.

The alkaline-manganese dioxide battery is available in two design configurations, (1) as
relatively large-size cylindrical batteries and (2) as miniature button batteries. There are also
multiple-cell batteries made from various sizes of unit cells. While the alkaline cell is still
undergoing change, some developments in the evolution of the present cylindrical cell
technology are particularly notable. After the initial concepts of a gelled /amalgamated zinc
powder anode in a central compartment and use of vented plastic seals had been established, the
first major advance was the butt-seam metal finish which allowed the cell to have greater internal
volume. Next came the discovery that organic inhibitors could reduce the rate of gassing caused
by contaminants in the zinc anode, resulting in a product with diminished bulge and leakage.
Another major development was the introduction of the plastic label finish and lower profile
seal, which permitted a further large increase in the internal volume available for active material
and a substantial increase in the capacity of the battery. Perhaps the most significant change to
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the alkaline cell began in the early 1980s with the gradual reduction of the amount of mercury in
the anode and the development of cells containing no added mercury. This trend, which was
aided by a substantial improvement in the reliability of cell materials resulting from reduced
impurity levels, was driven by worldwide concern over the environmental impact of the
materials used in batteries after their disposal.

Developments such as these have enabled the alkaline-MnO, battery to gain as much as a 60%
increase in specific energy output since its introduction to keep pace with the needs of the
consumer. Its leadership position should support further technological improvements, which will
ensure continued market dominance.

Table 12: Major Advantages and Disadvantages of Cylindrical Alkaline-Manganese Dioxide
Batteries (Compared to Carbon-Zinc Batteries).

Advantages Disadvantages

Higher energy density Higher nitial cost
Better service performance:
Continuous and intermittent
Low and high rate
Ambient and low temperature
Lower internal resistance
Longer shelf life
Greater resistance to leakage
Better dimensional stability

The more familiar types of primary alkaline systems are the zinc /manganese dioxide, zinc/
mercuric oxide, and zinc / silver oxide batteries. These, typically, use potassium or sodium
hydroxides, in concentrations from 25 to 40% by weight, as the electrolyte, which functions
primarily as an ionic conductor and is not consumed in the discharge process. In simple form, the
overall discharge reaction for these metal oxide cells can be stated as:

MO +2Zn— M+ ZnO

During the discharge, the metal oxide (MO) is reduced, either to the metal as shown or to a lower
form of an oxide. Zinc is oxidized and, in the alkaline electrolyte, usually reacts to form ZnO.
Thus it can be seen that, at 100% efficiency, electrochemically equivalent amounts of metal
oxide and zinc must be present. Therefore, an increase in capacity of any cell must be
accompanied by an equivalent increase in both cathodic and anodic materials. The alkaline-
manganese dioxide battery has the chemistry of:

Anode (oxidation):

ZI’](S) + 20H" (ag) — ZHO(S) + H,0 mt 2e

Cathode (reduction):

2Mn0O, Ol 2H,0 m+t 26— Mn(OH)z(S) + ZOH_(aq)

Overall Cell reaction:

2Mn0O, Ol H,O O ZI’](S) — ZnO(S) + Mn(OH)z(S) Ecen =15V
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CELL COMPONENTS AND MATERIALS

Cathode Components

The composition of a typical alkaline cathode and the purpose of each component are listed in
Table 13. The cathode is made from a mixture of manganese dioxide and carbon. Other materials
may also be added, such as binders (to help hold the cathode together) and water or electrolyte
solution (to aid in forming the cathode).

Table 13: Composition of Typical Cathode.

Component Range. % Function
Manganese dioxide 7990 Reactant
Carbon 2-10 Electronic conductor
35-52% aqueous KOH T-10 Reactant, ionic conductor
Binding agent 01 Cathode integrity (optional )

Manganese Dioxide. Manganese dioxide is the oxidizing component in the cell. To produce an
alkaline cell of satisfactory power and long shelf life, the manganese dioxide must be highly
active and very pure. The only type of manganese dioxide that is used in commercial alkaline
cells is electrolytic manganese dioxide (EMD).

The process for making EMD involves dissolving a manganous compound in acid to produce a
solution of manganous ions. If the starting material is a manganese dioxide ore, the ore is first
reduced to manganous oxide, then dissolved in sulfuric acid to produce manganous sulfate
solution. The solution is treated to remove various harmful impurities, then introduced into a
plating cell and electrolyzed. EMD is plated onto an anode, typically made of graphite or
titanium, according to the reaction:

Mn?* + 2H,0 <> MnO, + 4H" + 2¢

At the same time hydrogen is generated at the cathode, which may be made of copper, graphite,
or lead,

2¢+2H" « H,

The overall reaction in the EMD plating battery is then,

Mn**+ 2H O <> MnO; + 2H" + H,

A typical analysis of EMD is shown in Table 14. The extremely low level of heavy-metal
impurities helps minimize hydrogen gassing at the zinc anode, which might otherwise occur if
such impurities were present and were able to migrate to the anode. Other impurities will
combine with the manganese sulfate solution during electrolysis, forming undesirable manganese
oxide compounds (e.g., cryptomelane) that will reduce the overall effectiveness of the MnO
during discharge in the alkaline cell.
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Table 14: Typical Analysis of Electrolytic Manganese Dioxide (EMD).

Component Typical values*® Component Typical values*
MnO, 01.7% Fe 72 ppm
Mn 605 Ti <2 ppm
Peroxidation 05.7% Cr & ppm
H,0. 120°C 1.3% Ni 2 ppm
H, O, 120-400°C 3.2% Co | ppm
Feal density 4.46 2/ em? Cu 3 ppm
80,2 (LR50 W 0.5 ppm
C 0,07 % Mo 0.6 ppm
Ma 2550 ppm As =05 ppm
K 235 ppim Sh <5 Ppm

* Based on analysis of 10 samples of alkaline grade cell-grade EMD from five manufacturers.

Carbon. Since manganese dioxide itself is a poor conductor, carbon is used in the cathode to
provide electronic conductivity. The carbon is usually in the form of graphite, although some
acetylene black may also be used. The carbon must have low levels of those impurities which
might lead to corrosion in the cell. Some natural graphites have been used in alkaline cells.
However, with the trend toward making cells with ultralow levels of mercury, there has been
increasing use of very pure synthetic graphites. In some recent improvements, thermal and/or
chemical treatments of graphite have improved the conductivity of both synthetic and natural
graphites leading to higher conductivity of the cathode mixture. This improvement is the result
of reducing the number of carbon planes within the individual carbon particles. Conductivity of
carbon is lower across carbon planes (C direction) as compared to within carbon planes (A and B
directions). The treatments will ‘‘peel’” away the carbon preferentially along the C direction,
thereby decreasing the resistance drop across the carbon particles. Traditional approaches have
often improved service by increasing the internal volume of the battery available for active
ingredients; however, the treatment of the graphite to improve conductivity has allowed battery
manufacturers to make service improvements to the cell within the same cell dimensions. With
the increase in graphite conductivity, a decrease in the graphite content can be made which
enables an increase in the active manganese dioxide content while maintaining the conductivity
of the cathode.

Other Ingredients. The use of other materials (binders, additives, electrolyte) will depend on the
particular manufacturing process used by the battery maker. The ultimate goal is to produce a
dense, stable cathode, which has good electronic and ionic conductivity, and discharges
efficiently even at high discharge rates.

Anode Components

The composition of a typical alkaline anode and the purpose of each component are listed in
Table 15. The final three ingredients in the table are optional. Gelling agents are used in nearly
all types of alkaline cells, although there have been attempts to utilize pressed powder or binders
to form the anode mass as well. Amalgamation levels relative to zinc range from 0 to nearly 6%,
but the majority of the cells produced in the “*industrialized’” countries have no added mercury.

Page 38 of 98



FUEL CELLS AND BATTERIES LECTURE NO. 7

Table 15: Composition of Typical Alkaline Anode.

Component Range, ™ Functicn
Zinc powder 55-70 Reactant, electronic conductor
35-52% aqueous KOH 25-35 Reactant, lonic conductor
Gelling agent 0.4-2 Electrolyte distribution and immobilization, mix
processability
Zn0 0-2 Gassing suppressor, zinc-plating agent
Inhibitor 0005 Gassing suppressor
Mercury 04 Gassing suppressor, electronic conductor, discharge

accelerator, mix processability

Zinc Powder. Pure zinc is obtained commercially by either a thermal distillation process or
electroplating from an aqueous solution. This zinc is converted to battery-grade powder by
atomizing a thin stream of the molten metal with jets of compressed air. Particles range in shape
from “*potatoes’” to ‘‘dog-bones,”” and in size from 20 to 820 um in a log-normal distribution.
The median particle diameter ranges from 155 to 255 pm, while the average surface area is about
0.02 m? /g. Except for intentionally added alloyed metals, the purity of battery-grade zinc is very
high. Essentially all battery-grade zinc contains about 500 ppm lead. Other metallic additives
which have been alloyed for gassing inhibition or improving mercury distribution are indium,
bismuth, and aluminum. Preamalgamated zinc is also available.

Anode Gel. Starch or cellulosic derivatives, polyacrylates, or ethylene maleic anhydride
copolymers are used as gelling agents. The anode cavity is filled with either the complete well-
blended anode mixture, or the dry ingredients (using preamalgamated zinc if mercury is needed)
to which the electrolyte is added later. As mercury levels are reduced throughout the industry,
electrolyte (and water) purity becomes of greater importance. Care must be taken to minimize
carbonate, chloride, and iron contamination in particular. Volume fractions of zinc range from 18
to 33%. The lower limit of this range is required to maintain electronic conductivity of the anode,
while the upper limit is to avoid the condition where the accumulation of reaction product can
block ionic pathways. Densities of anode mixtures are typically in the 2.5 to 3.2g /cm® range,
while volume capacities vary from 1.2 to 1.8 Ah/cm®. The maximum discharge efficiency which
can be realized from the zinc ranges from 84 to 94%, depending on cell size and type of
operating duty. To avoid hydrogen gassing from the cathode, which would occur if its capacity
were exhausted first, cell service is normally designed to be anode limited. As a result of all
these factors, anode input capacity is usually established at 96 to 105% of the cathode
undergoing a 1.33 electron change.

Elimination of Heavy Metals. Until recent times, the addition of mercury metal to the anode has
been widely used to perform several functions in the mix as well as on the collector. These are
listed in Table 4. However, the industry has reduced or eliminated heavy metals from the battery.
The absence of mercury from the anode can lead to reduced service, increased sensitivity to
mechanical shock, and increased gassing on initial storage and after partial discharge. It has been
necessary to find substitutes for each of the functions of mercury. In general, however, the
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successful elimination of mercury has been aided by the reduction of impurities, particularly
iron, in battery-grade materials. [Iron from the can is not normally a problem because it is
rendered passive and insoluble by contact with the highly oxidizing cathode EMD (electrolytic
manganese dioxide).] In addition, gassing is further controlled by using alloys of zinc containing
small amounts of indium, bismuth, aluminum, or calcium. Other measures include modifications
to the particle-size distribution and anode mix formulations to reduce anode resistivity and
improve zinc discharge reaction kinetics. Even further, some zinc powder and battery
manufacturers are developing lead-free alloys as well in order to provide an alternative to the
practice of using another heavy-metal additive, lead, for gassing inhibition.

Anode Collectors

The anode collector material in cylindrical alkaline cells is usually cartridge brass in the form of
pins or strip. In miniature cells the anode collector is usually a stainless-steel cup whose convex
surface is an exterior terminal of the cell. The outer surface of the cup is clad with nickel for
good electrical contact while its interior, which encloses the anode, is clad with copper metal.
After assembly of either type of cell, the collector surface becomes coated with zinc as a result of
the anode plating action described above. Both the electronic conductivity of the anode-to-
collector interface and the suppression of gassing in the anode compartment are dependent on
this process. In addition to facilitating the zinc-plating action, mercury, if present, would also
fulfill this function. Other measures, such as special cleaning methods and/or activator-coating
the surface, are taken to promote the natural zinc coating of the collector in mercury-free cells.

Separators

Special properties are required of materials used as separators in alkaline-MnO, cells. The
material must be ionically conductive but electronically insulating; chemically stable in
concentrated alkali under both oxidizing and reducing conditions; strong, flexible, and uniform;
impurity-free; and rapidly absorptive. Materials fulfilling these requirements can be cast, woven,
or bonded, but most frequently are nonwoven or felted in structure. Accordingly, the most
commonly used materials are fibrous forms of regenerated cellulose, vinyl polymers, polyolefins,
or combinations thereof. Other types such as gelled, inorganic, and radiation grafted separators
have been tried but have not gained much practical use. Cellulose film such as cellophane is also
used, particularly where there is a potential for dendrite growth from the anode.

Containers, Seals, and Finishes

Cylindrical Cell. The cylindrical alkaline-manganese dioxide cell differs from the Leclanche”
cell in that the cell container is not an active material in the cell discharge. It is merely an inert
container which allows electrical contact to the energy-producing materials inside.

The container is generally a can made of a mild steel. It is thick enough to provide adequate
strength, without taking up excessive room. It is produced by deep drawing from steel strip
stock, and must be of high quality (absence of inclusions or other imperfections). The inside
surface of the steel container makes contact to the cathode. For the cell to discharge well, this
must be a very good contact. Depending on the cell construction, the contact to plain steel may
or may not be adequate. Sometimes the can inner surface needs to be treated to improve the
contact. In some cases the steel is nickel-plated. Alternatively, conductive coatings containing
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carbon may be placed on the surface. Nickel plating may also be present on the outside surface
of the container, either for contact purposes or for appearance.

The seal is typically a plastic material, such as nylon or polypropylene, combined with some
metal parts, including the anode collector, to make a seat assembly. It closes off the open end of
the cylindrical can, preventing leakage of electrolyte from the cell, and providing electrical
insulation between the cathode collector (can) and the anode collector contact.

The cylindrical alkaline cell has some additional parts, collectively referred to as finish. There
usually are metal pieces at each end for positive and negative contact. These may be nickel- or
tin-plated for appearance and corrosion resistance. There may be a metal jacket around the cell,
with a printed label on it. In many recent designs the finish is just a thin plastic jacket or printed
label. In the latter type of cell, the use of the thin plastic allows the cell container to be made
slightly larger in diameter, which results in a significant increase in cell capacity.

Miniature Cell. The container, seal, and finish materials for the miniature alkaline manganese
dioxide button cell are essentially the same as those for other miniature cells.

The can (container and cathode collector) is made of mild steel plated on both sides with nickel.
The seat is a thin plastic gasket. The anode cup makes up the rest of the exterior of the cell. The
outer surfaces of the can and anode cup are highly finished, with manufacturer identification and
cell number inscribed on the can. No additional finish is needed.

CONSTRUCTION

Cylindrical Configuration

Figure 19 shows the construction of typical cylindrical alkaline-manganese dioxide batteries
from two manufacturers. Figure 20 illustrates the process for assembling the battery. A
cylindrical steel can is the container for the cell. It also serves as the cathode current collector.
The cathode, a compressed mixture of manganese dioxide, carbon, and possibly other additives,
is positioned inside the can in the form of a hollow cylinder in close contact with the can inner
surface. The cathode can be formed by directly molding it in the can. Alternatively, rings of
cathode material can be formed outside the cell and then pushed into the can. Inside the hollow
center of the cathode are placed layers of separator material. Inside of that is the anode, with a
metal collector contacting it, and making connection through a plastic seal to the negative
terminal of the cell. The cell has top and bottom covers and a metal or plastic jacket applied. The
covers serve a dual purpose. Besides providing a decorative and corrosion-resistant finish, they
also provide for the proper polarity of the battery. This is necessary because the cylindrical
alkaline manganese battery is used as a direct replacement for Leclanche” batteries. Leclanche”
batteries have a flat contact on the negative (zinc can) end, and a button contact on the positive
end to accommodate the carbon rod used as current collector. The cylindrical alkaline-
manganese dioxide cell is built “‘insideout’” in relation to the Leclanche” cell, with the cell
container as the positive current collector and the end of the negative collector protruding from
the center of the seal. Therefore to

give it an external form similar to the Leclanche” battery, the cylindrical alkaline battery must
use a flat cover to contact the terminus of the negative collector, and a bottom cover containing

Page 41 of 98



FUEL CELLS AND BATTERIES

LECTURE NO. 7

the Leclanche” positive protrusion in contact with the bottom of the can. (Some manufacturers

mold the protrusion into the can itself, and thus do not need the bottom cover.)

Button Configuration

The construction of the miniature alkaline-manganese dioxide cell is shown in Figure 21. It is
essentially the same as the construction of other miniature alkaline cells. There are a bottom cup
with a cathode pellet in it, an anode cup containing the anode mix, one or more round disks of
separator material between them, and a plastic seal that is compressed between the bottom cup

and the anode cup to prevent leakage.
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Figure 19: Cross section of cylindrical alkaline manganese dioxide batteries. [(a) From Eveready

Battery EngineeringData (b) From Duracell Technical Bulletin].
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Figure 21: Cross section of miniature alkaline-manganese dioxide battery. (From Eveready
Battery Engineering Data).

BATTERY TYPES AND SIZES

Alkaline-manganese dioxide primary cells and batteries are available in a variety of sizes, in both
cylindrical and miniature (button-cell) configurations, as listed in Table 16. Some of the unit cell
sizes listed are not available as single cells, but are used as components in multiple-cell batteries.
Figure 22 shows the nominal capacity of various-size batteries as a function of weight and cell
volume. The cylindrical batteries are generally known by the nomenclature of D, C, AA, and so
on. In addition, battery manufacturers often have their own identification codes for these
batteries. For miniature batteries, manufacturers tend to have their own codes. For both types of
batteries there are also nomenclature codes that have been established by different standards
agencies, such as the IEC and ANSI. Multiple-cell batteries (Table 17) are made using either
miniature or cylindrical cells. In addition, some special multicell batteries are made using flat
cells of a type not used in single cell batteries.
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Table 16: Characteristics of 1.5-V Standard Alkaline-Manganese Dioxide Batteries.

Mominal dimensions

Capacity. Diameter, Height. Weight, Yolume,
Size [EC ANSI Ah mim nmm E cm?
Cvlindrical types

AAAA LE&1: 25A .56 & 42 65 2.2

M LE1 9104 0.8 12 29 Q 33

LES0 .56 L& L& 11 A6

AAA LRO3 244 L.1-1.25 10 44 11 A8

AA LE& 15A 2.5-2.85 14 50 23 1.5
C LE 14 144 7.1-84 26 50 il 26

D LE20 13A 14.3-18 34 61 138 544
F LR25 22 a3 o1 200 &0

Button types

LE41 0.035 19 A6 0.6 0.2

LE43 11674 0,100 1.6 4.2 1.4 0.2

LE44 1664 0.145 1.6 54 2.3 0.5

LE48 .06 19 54 0.9 0.2

LE53 1129AP 0,160 23.0 59 6.8 2.3

LRS54 L1684 0.072 1.6 Al l.1 0.2

LRSS 11694 (.04 1.6 2.1 0.9 0.2

T Capacity values based on typical output on rating drain; higher capacity batteries are marketed

by some manufacturers.

1 Proposed IEC Nomenclature: LR8D425.
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Figure 22: Capacity vs. weight and volume for variety of sizes of alkaline-manganese dioxide
batteries. (Data from courtesy of Eveready Battery Company.)

LECTURE NO. 7

Table 17: Characteristics of Multiple-Cell Standard Alkaline-Manganese Dioxide Batteries

Mominal dimensions

Voltage, Dimensions, Weight, Volume, Capacity,
v [EC ANSI i E cm? Ah
3 2LR53 1202AF 24d, 12h 14 54 0.16
3 2LR50 1308AF 17d, 42.5h 22 T4 0.56
4.5 1313AP 41, 17, 11.5 2.2 T4 0.17
4.5 3LES0 1306AP 17d. 50h 3l 11 0.55
4.5 3LRS0 1307AP* 17d, 58h 325 1.5 0.55
6 4LE4 14144 13d. 25h [ 33 0.15
6 4LR61 1412AP 48, 35.6,9 32 15 0.57
6 4LR25Y O15A7 110, 67, 67 BES 434 22
fi 4LR25X Q08AL 105, 67, 67 BES 434 22

612 434 13
f 0184 137, 125, 73 LS00 1123 44
1270 1123 27
6 4LR20-2 9304 140, 118, 67 1120 883 22
9 6LR61 16044 49, 26, 17.5 46 2 .58
12 10.3d, 28.5h 7.4 2.37 0.034

* Similar to battery above, but has snap contacts.
T Screw contacts.
 Spring contacts.

Commercially produced batteries using either D- or F-size unit cells. The larger values for capacity

and weight are for the batteries containing the larger unit cells.
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PREMIUM ZINC/ALKALINE/MANGANESE DIOXIDE HIGHRATE BATTERIES
Recently introduced in 1999, these specially designed alkaline-manganese dioxide batteries are
capable of better performance at higher discharge rates than the standard batteries. They are
marketed to meet the more stringent high power requirements of portable electronic devices (i.e.,
digital cameras, cell phones, PDAs, etc.) The performance characteristics of the premium AA-
size batteries are summarized in Figures 23(a) to (e) and 24(a) to (c).
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Figure 23: Performance characteristics of premium zinc / alkaline /manganese dioxide primary
batteries AA-size at 20°C. (a) Discharge characteristics at various power drains. (b) Discharge
characteristics at various current drains. (c) Service hours vs. power drain to specified end
voltage. (d ) Ampere-hours vs. power drain to specified end voltage. (e) Energy (Wh) vs. power
drain to specified end voltage. (Courtesy of Duracell, Inc.)
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Figure 24: Performance characteristics of premium zinc / alkaline / manganese dioxide primary
batteries AA-size (a) Discharge characteristics at various current drains to specified end
voltages. (b) Discharge characteristics at various resistance drains to specified end voltages. (c)
Constant resistance discharge performance at various temperatures at 0.8 volts. (Courtesy of
Eveready Battery Company.)
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ZINC/AIR BATTERIES - BUTTON CONFIGURATION

Zinc/ air batteries use oxygen from ambient atmosphere to produce electrochemical energy.
Upon opening the battery to air, oxygen diffuses into the cell and is used as the cathode reactant.
The air passes through the cathode to the interior cathode active surface in contact with the cell’s
electrolyte. At the active surface, the air cathode catalytically promotes the reduction of oxygen
in the presence of an aqueous alkaline electrolyte. The catalytic air electrode is not consumed or
changed in the process. Since one active material lies outside of the cell, the majority of the
cell’s volume contains the other active component (zinc), thus on a unit volume basis, zinc / air
batteries have a very high energy density. For many applications zinc / air technology offers the
highest available energy density of any primary battery system. Other advantages include a flat
discharge voltage, long shelf life, safety and ecological benefits, and low energy cost. Since the
batteries are open to the ambient atmosphere, a factor limiting universal applications of zinc / air
technology is the tradeoff between long service life (high environmental tolerance) and
maximum power capability (lower environmental tolerance). The major advantages and
disadvantages of this battery type are summarized in Table 18.

The effect of atmospheric oxygen as a depolarizing agent in electrochemical systems was first
noted early in the nineteenth century. However, it was not until 1878 that a battery was designed
in which the manganese dioxide of the famous Leclanche” battery was replaced by a porous
platinized carbon/ air electrode. Limitations in technology prevented the commercialization of
zinc / air batteries until the 1930s. In 1932, Heise and Schumacher constructed alkaline
electrolyte zinc / air batteries which had porous carbon air cathodes impregnated with wax to
prevent flooding. This design is still used almost unchanged for the manufacture of large
industrial zinc / air batteries. These batteries are noted for their very high energy densities but
low power output capability. They are used as power sources for remote railway signaling and
navigation aid systems. Broader application is precluded by low current capability and bulk.

Table 18: Major Advantages and Disadvantages of Zinc / Air (Button) Batteries.

Advantages Disadvantages
High energy density Mot independent of environmental conditions:
Flat discharge voltage “Drving out™ limits shelf life once opened to air
Long shelf life (sealed) “Flooding™ liumits power cutput
Mo ecological problems Limited power output
Low cost Short activated life

Capacity independent of load and
temperature when within operat-
ing range

Early efforts to apply zinc / air battery technology were focused on portable military
applications. After further development, the technology was commercialized for consumer
applications, and this resulted in the development of small form factor batteries that are primarily
used today. The most successful applications for zinc / air batteries have been in medical and
telecommunication applications. Zinc/ air batteries are now the leading power source for
miniature hearing aids. In hospitals, 9-volt zinc / air batteries power cardiac telemetry monitors
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used for continuous patient monitoring. Other multi-cell zinc / air batteries are used to power
bone growth stimulators for mending broken bones. In the telecommunication area zinc-air
batteries are used for communication receivers such as pagers, e-mail devices, and wireless
messaging devices. Recently, zinc / air coin-type batteries were employed in wireless telecon
headsets that use the Bluetooth, low power digital wireless protocol. Larger size batteries
(rechargeable) are being developed for cellular phones and laptop computers.

In the zinc /oxygen couple, which also uses an alkaline electrolyte, it is necessary to increase
only the amount of zinc present to increase cell capacity. The oxygen is supplied from the
outside air which diffuses into the cell as it is needed. The air cathode acts only as a reaction site
and is not consumed. Theoretically, the air cathode has infinite useful life and its physical size
and electrochemical properties remain unchanged during the discharge. The reactions of the air
cathode are complex but can be simplified to show the cell reactions as follows:

Cathode 10, + H,O + 2¢ — 20H- E =040V
Anode n—Zn* + 2e
Zn** 4+ 20H- — Zo(OH), EP=125V
ZniOH), = Zn0O + H,O
Overall reaction Zn + 10, — Zn0O EP =165V

The reaction chemistry has a rate-limiting step which affects reaction kinetics and hence the
performance. This step relates to the oxygen reduction process, wherein peroxide-free radical
(O,H") formation occurs:

Step 1 0, + H,0 + 2¢ — O,H + OH

Step 2 O,H — OH + 10,

The decomposition of the peroxide to hydroxide and oxygen is a key rate-limiting step in the
reaction sequence. To accelerate the reduction of the peroxide species and the overall reaction
rate, the air cathode is formulated using catalytic compounds which promote the reaction in step
2. These catalysts are typically metal compounds or complexes such as elemental silver, cobalt
oxide, noble metals and their compounds, mixed metal compounds including rare earth metals,
and transition metal macrocyclics, spinels, manganese dioxide, phtalocyanines or perovskites.

CONSTRUCTION

Small form factor zinc / air batteries exist today in a number of types ranging from button to coin
sizes. Although small batteries predominate, higher capacity zinc / air batteries for portable
applications are currently being developed with shapes ranging from cylindrical round cells (AA
and AAA) up to small prismatic batteries. These larger batteries are likely to have internal
capacities in the range of 4-6 Ah (rechargeable). The construction features of zinc / air button
cells (with capacities less than 1.2 Ah ) are quite similar to those of other commercially available
zinc anode button cells. The zinc anode material is generally a loose, granulated powder mixed
with electrolyte and, in some cases, a gelling agent to immobilize the composite and ensure
adequate electrolyte contact with zinc granules. The shape or morphology of the zinc granules
plays a role in achieving better inter-particle contact and hence creating a lower internal
electrical resistance in the anode pack. High surface area zinc granules are preferred for better
performance. The metal can halves housing the cathode and anode active materials also act as the
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terminals, insulation between the two containers being provided by a plastic (gasket). A cut-
away view of a typical zinc / air button battery is shown in Figure 25.

A schematic representation of a typical zinc / air button battery is given in Figure 26. A zinc
/metal oxide battery is shown for comparison. The reason for increased energy density in the zinc
/ air battery is illustrated graphically by comparing the anode compartment volumes. The very
thin cathode of the zinc / air battery (about 0.5 mm) permits the use of twice as much zinc in the
anode compartment as can be used in the metal oxide equivalent. Since the air cathode
theoretically has infinite life, the electrical capacity of the battery is determined only by the
anode capacity, resulting in at least a doubling of energy density.

Air access hole Cathode can Air distribution membrane

- Air diffusion Teflon® layer

— Hydrophobic Teflon® layer
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Separator
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Zinc anode Anode can

Figure 25: Typical zinc / air button battery (components not to scale) (Courtesy of Duracell, Inc.)
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Figure 26: Cross section of metal oxide and zinc / air button batteries (Courtesy of Duracell,
Inc.)

A portion of the total volume available internally for the anode must be reserved to
accommodate the expansion that occurs when zinc is converted to zinc oxide during the
discharge. This space also provides additional tolerance to sustained water gain during operating
conditions. Referred to as the anode free volume, it is typically 15 to 25% of the total anode
compartment volume.

Figure 27 shows a magnified cross-sectional view of the cathode region of the zinc / air battery.
The cathode structure includes the separators, catalyst layer, metallic mesh, hydrophobic
membrane, diffusion membrane, and air-distribution layer. The catalyst layer contains carbon
blended with oxides of manganese to form a conducting medium. It is made hydrophobic by the
addition of finely dispersed Teflon particles. The metallic mesh provides structural support and
acts as the current collector. The hydrophobic membrane maintains the gas-permeable
waterproof boundary between the air and the cell’s electrolyte. The diffusion membrane
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regulates gas diffusion rates (not used when an air hole controls gas diffusion). Finally the air
distribution layer distributes oxygen evenly over the cathode surface. Through advances in the
technology, air cathode construction has improved with the introduction of a dual layer
approach. The dual layer cathode consists of coating the screen current collector with a blend of
low surface-area carbon black and Teflon particles to produce a hydrophobic cathode layer with
good electrical contact to the screen. The second layer, which is coated onto the first layer and
which contacts the electrolyte in the cell, is produced from a blend of high surface-area, carbon
black, Teflon powder and a catalyst. The resulting high surface area of the second layer promotes
better access to the electrolyte and facilitates better oxygen catalysis. The first layer promotes
good electrical contact to the screen and provides a better hydrophobic barrier to prevent
electrolyte penetration and to slow water evaporation loss. Prior to cathode coating, some
manufacturers roughen the screen current collector to increase surface area and achieve better
screen to cathode mix contact.

Anode Cathode
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Figure 27: Key constructional features of zinc / air button batteries. (Courtesy of Duracell, Inc.)

An air-excess hole on the positive terminal of a zinc / air battery provides a path for oxygen to
enter the cell and diffuse to the cathode catalyst sites. The rate at which oxygen and other gases
transfer into or out of the cell is regulated either by the hole area or by the porosity of the
diffusion membrane at the surface of the cathode layer. Regulating oxygen diffusion sets a limit
to a zinc / air battery’s maximum continuous-current capability, because the operating current is
directly proportional to oxygen consumption (5.81 x 10 cm?® of oxygen per milliampere-
second) used in button cell cathodes. Limiting current, while being dependent on the air
availability and the active electrode surface area, is also a function of the catalytic activity of the
cathode. The cathode discussed uses a metal oxide catalyst, MnO,, a common transition metal
oxide used in button cell cathodes. Studies of catalytic activity have shown that some valence
states of the oxides of manganese promote faster peroxide decomposition, leading to faster
reaction kinetics and better cell performance. Once achieving maximum catalytic activity, the
next step is to optimize cathode porosity to achieve good oxygen transport. Cathode porosity
must be balanced between oxygen penetration and the retardation of water vapor loss from the
electrolyte. The design of the cathode must also take into consideration the end application for
the battery. This will help determine how the cathode should be designed to insure maximum
energy output under normal operating conditions.
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If only oxygen transfer rates mattered, gas diffusion in zinc / air cells would not be regulated,
resulting in higher operating current capability. Regulation is necessary because other gases,
most importantly water vapor, can enter or leave the cell. If not properly controlled, undesirable
gas transfer can cause a degradation in cell power capability and service life.

Water vapor transfer is generally the dominant form of gas transfer performance degradation.
This transfer occurs between the cell’s electrolyte and the ambient (Figure 28). The aqueous
electrolyte of a zinc / air cell has a characteristic water vapor pressure. A typical electrolyte
consisting of 30% potassium hydroxide by weight is in equilibrium with the ambient at room
temperature when the relative humidity is approximately 60%. A cell will lose water from its
electrolyte on drier days and gain water on more humid days. In the extreme, either water gain or
water loss can cause a zinc / air battery to fail before delivering full capacity. A smaller hole or
lower diffusion membrane porosity yields greater environmental tolerance because water transfer
rates are reduced, resulting in a longer practical service life.

The maximum continuous-current capability of a zinc / air battery, as determined by gas
diffusion regulation, is typically specified as the limiting current, denoted by I,. The relationship
between gas transfer regulation, limiting current, and service life is illustrated in Figure 29.

H,0 4 H,0
vapar (-’ r vapor
/ I
Humid H DOry
day ! day

Figure 28: In zinc / air button cell, water vapor transfer is the dominant form of gas transfer
degradation. (Courtesy of Duracell, Inc.)

Limiting current

Service life

Limiting current and service |ife

Maximum gas-transfer rate
Figure 29: In zinc / air button cell, gas transfer regulation determines limiting current and useful
service life. (Courtesy of Duracell, Inc.)
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It should be noted that under conditions of continuous discharge, the limiting current would not
be sustained indefinitely. It will gradually begin to decline as the voltage falls and internal
impedance increases. The limiting current will thus vary depending on the state of charge of the
battery. The limiting currents shown in Table 19 represent the maximum current that is
achievable within the first 3 minutes of fresh cell discharge, and hence is representative of only
the early stage of cell discharge.

Table 19: Characteristics of Zinc / Air Button and Coin Batteries

a. Standard Single-Cell Batteries, 1.4 Volis

Typical
Mominal ~ Nominal — Average Rated Standard  Limiting useful
Generic ANSI diameter height, welght capacity. drain current service life
type IEC Mo no. {mm}) { ) (gl (mAh) (A (mAg (months)
5% PRA3 57 2.0 — 4z 0.4 — 1-2
LO* PRT0 TOOSZD 57 35 0.2 70 0.4 2 1-2
312% PR41 TOOZZD 1.7 39 0.6 124 0.8 7 1-2
L3 PR48 TODZD .7 5.2 0.9 260 0.8 12 1-2
G75% PR44 TOOZZD 11.4 5.2 L.8 600 2 22 2-3
2330%%  PR2330 23.2 3.0 — 960 4 — 1-2
630%*%  PRI1662 16.0 6.2 as 1100 4 — 2-3
(*18onrce:  Duracell, a Gillette Company ).
(**)Spurce:  Panasonic Matsushita) Product literature icoin batteries ).
b. High Capacity Zinc/Air Single-cell Batteries, 1.4 Volts
Max. ANSI Max. ANSI
Generic diameter height Fated capacity
type ANSI no. {mm} {mm} imAh)
10 TOOSZD 5.8 A6 90
32 TOO2ZZD 7.9 A6 160
13 TOODZD 1.9 54 290
675 TOO3ZD 1.6 54 630

Senrce:  Rayovac Corporation, Ultra Hearing Aid Batteries,

CELL SIZES

Zinc/ air button and coin batteries are available in a variety of sizes. Capacities range from about
40 to 1100 mAh. Table 19 lists the physical and electrical characteristics of some available
batteries. The smaller sizes are commonly used as hearing-aid batteries, the medium to larger
ones for continuous-drain applications such as pager or telemetry devices. Zinc/ air batteries for
hearing aid applications continue to be improved to meet the more stringent needs of new
devices and user requirements. High rate zinc / air batteries have been developed for example,
the Rayovac Proline High Power batteries, designed for better air access thus improving power
output, the potential trade-off being shorter operating life on low rate drain due to higher water
vapor loss or gain from the cell.
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Batteries have also been designed for greater service life by maximizing the amount of zinc in
the cell. The zinc content in these batteries is maximized by creating the largest allowable
internal cell volume while not exceeding standard external cell dimensions. Table 19-b lists some
characteristics of these batteries. The zinc content is maximized without compromising the
internal free volume needed for anode expansion as zinc metal becomes converted to zinc oxide,
as this would lead to premature end of life. Designers of zinc / air button cells will experience
challenges in the future as digital hearing aids emerge which will require greater power and
energy to operate compared to existing models.

The first commercially successful zinc / air coin cell was introduced in 1989. The 2330 coin cell
has become the predominant power source for credit-card-style pagers. The 675 zinc / air battery
is the most common BTE hearing aid power source, and also serves as battery for the Timex
wristwatch Beep pager. Portable Holter telemetry heart monitors the ““9-volt’” zinc / air batteries
to transmit patient data via portable radio transmitters to base station monitors. Data on two zinc
[ air multicell batteries are listed in Table 20.

Table 20: Zinc / Air Multicell Batteries

Typical
useful
Battery Average Rated Standard service
AMNSI voltage Maximum dimensions, weight capacity, drain life
Generic type no. A {mm}) gl (mAh) (mA) (months)
DA LG4 — 5.6 16.8 (Dia) = 44.5 (H) 20 950 3 -2
DAL46 TOMZ 8.4 265 (L), 17.5 (W) 48.5 (H) 36 L1500 6 -2

Sewrce:  Duracell, Inc.
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LITHIUM BATTERIES

Lithium metal is attractive as a battery anode material because of its light weight, high voltage,
high electrochemical equivalence, and good conductivity. Because of these outstanding
features, the use of lithium has dominated the development of high-performance primary and
secondary batteries during the last two decades. Serious development of high-energy-density
battery systems was started in the 1960s and concentrated on nonaqueous primary batteries using
lithium as the anode. The lithium batteries were first used in the early 1970s in selected military
applications, but their use was limited as suitable cell structures, formulations, and safety
considerations had to be resolved. Lithium primary cells and batteries have since been designed,
using a number of different chemistries, in a variety of sizes and configurations. Sizes range
from less than 5 mAh to 10,000 Ah; configurations range from small coin and cylindrical cells
for memory backup and portable applications to large prismatic cells for standby power in
missile silos. Lithium primary batteries, with their outstanding performance and characteristics,
are being used in increasing quantities in a variety of applications, including cameras, memory
backup circuits, security devices, calculators, watches, etc. Nevertheless, lithium primary
batteries have not attained a major share of the market as was anticipated, because of their high
initial cost, concerns with safety, the advances made with competitive systems and the cost-
effectiveness of the alkaline /manganese battery. World-wide sales of lithium primary batteries
for 1999 have been estimated at $1.1 billion.

Advantages of Lithium Cells

Primary cells using lithium anodes have many advantages over conventional batteries. The
advantageous features include the following:

1. High voltage: Lithium batteries have voltages up to about 4 V, depending on the cathode
material, compared with 1.5 V for most other primary battery systems. The higher voltage
reduces the number of cells in a battery pack by a factor of at least 2.

2. High specific energy and energy density: The energy output of a lithium battery (over 200
Wh/kg and 400 Wh/L) is 2 to 4 or more times better than that of conventional zinc anode
batteries.

3. Operation over a wide temperature range: Many of the lithium batteries will perform over a
temperature range from about 70 to -40°C, with some capable of performance to 150°C or as low
as -80°C.

4. Good power density: Some of the lithium batteries are designed with the capability to
deliver their energy at high current and power levels.

5. Flat discharge characteristics: A flat discharge curve (constant voltage and resistance through
most of the discharge) is typical for many lithium batteries.

6. Superior shelf life: Lithium batteries can be stored for long periods, even at elevated
temperatures. Storage of up to 10 years at room temperature has been achieved and storage of 1
year at 70°C has also been demonstrated. Shelf lives over 20 years have been projected from
reliability studies.

Only the zinc / air, zinc /mercuric oxide, and zinc / silver oxide cells, which are noted for their
high energy density, approach the capability of the lithium systems at 20°C. The zinc / air cell,
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however, is very sensitive to atmospheric conditions; the others do not compare as favorably on a
specific energy basis nor at lower temperatures.

Classification of Lithium Primary Cells

Lithium batteries use nonaqueous solvents for the electrolyte because of the reactivity of lithium
in aqueous solutions. Organic solvents such as acetonitrile, propylene carbonate, and
dimethoxyethane and inorganic solvents such as thionyl chloride are typically employed. A
compatible solute is added to provide the necessary electrolyte conductivity. Solid-state and
molten-salt electrolytes are also used in some other primary and reserve lithium cells; Many
different materials were considered for the active cathode material; sulfur dioxide, manganese
dioxide, iron disulfide, and carbon monofluoride are now in common use. The term ““lithium
battery,”’ therefore, applies to many different types of chemistries, each using lithium as the
anode but differing in cathode material, electrolyte, and chemistry as well as in design and other
physical and mechanical features. Lithium primary batteries can be classified into several
categories, based on the type of electrolyte (or solvent) and cathode material used. These
classifications, examples of materials that were considered or used, and the major characteristics
of each are listed in Table 21.

Soluble-Cathode Cells. These use liquid or gaseous cathode materials, such as sulfur dioxide
(SO,) or thionyl chloride (SOCI,), that dissolve in the electrolyte or are the electrolyte solvent.
Their operation depends on the formation of a passive layer on the lithium anode resulting from a
reaction between the lithium and the cathode material. This prevents further chemical reaction
(self-discharge) between anode and cathode or reduces it to a very low rate. These cells are
manufactured in many different configurations and designs (such as high and low rate) and with
a very wide range of capacities. They are generally fabricated in cylindrical configuration in the
smaller sizes, up to about 35 Ah, using a bobbin construction for the low-rate cells and a spirally
wound ( jelly-roll) structure for the high-rate designs. Prismatic containers, having flat parallel
plates, are generally used for the larger cells up to 10,000 Ah in size. Flat or *‘pancake-shaped’’
configurations have also been designed. These soluble cathode lithium cells are used for low to
high discharge rates. The high-rate designs, using large electrode surface areas, are noted for
their high power density and are capable of delivering the highest current densities of any active
primary cell.

Solid-Cathode Cells. The second type of lithium anode primary cells uses solid rather than
soluble gaseous or liquid materials for the cathode. With these solid cathode materials, the cells
have the advantage of not being pressurized or necessarily requiring a hermetic-type seal, but
they do not have the high-rate capability of the soluble-cathode systems. They are designed,
generally, for low- to medium-rate applications such as memory backup, security devices,
portable electronic equipment, photographic equipment, watches and calculators, and small
lights. Button, flat, and cylindrical-shaped cells are available in low-rate and the moderate-rate
jelly-roll configurations. A number of different solid cathodes are being used in lithium primary
cells, as listed in Table 21. The discharge of the solid-cathode cells is not as flat as that of the
soluble-cathode cells, but at the lower discharge rates and ambient temperature their capacity
(energy density) may be higher than that of the lithium / sulfur dioxide cell.
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Table 21: Classification of Lithium Primary Batteries

LECTURE NO. 7

Nominal
Operating Shelf cell
Cell Typical Power range, life, Typical voltage, Key
classification electrolyte capability Size, Ah °C years cathodes v characteristics
Soluble cathode Organic or Moderate to 0.5 to 10,000 =80 10 TO 5-20 50, 3.0 High energy
(liguid or gas) inorganic high power, SOCL, 36 output, high power
{w /solute) W 50.C1, 39 output, low-
temperature
operation, long
shelf life
Solid cathode Organic Low to 0.03 1o 33 —40 to 50 5-8 Va0, 3.3 High energy cutput
{w /solute) moderate AgV, 0, 32 for moderate
power, mW-W AgCrO, 3l power
MnO, 3.0 requirements,
CuO(POy), 3.0 nonpressurized
(CF), 2.6 cells
CuS 1.7
Fes, 1.5
Fes 1.5
CuO 1.5
Solid Solid state Very low 0.003 to 0.5 0 to 100 10-25 Pbl,/PbS/Ph 1.9 Excellent shelf life,
electrolyte (see power, W L, (P2VP) 28 solid state—no
Chap. 15) leakage. long-term

microampere
discharge

Solid-Electrolyte Cells. These cells are noted for their extremely long storage life, in excess of
20 years, but are capable of only low-rate discharge in the microampere range. They are used in
applications such as memory backup, cardiac pacemakers, and similar equipment where current
requirements are low but long life is critical. In Figure 30 the size or capacity of these three types
of lithium cells (up to the 30-Ah size) is plotted against the current levels at which they are
typically discharged. The approximate weight of lithium in each of these cells is also shown.

100,000 —
Liquid or

£ 10,000 - gaseous cathode
Z —_—— e ——
= —
S 1,000 Solid ]
o cathcde
g 100
&
&
7] 10 f Solid

electrolyte

| | | | | | | |
wA 10uA 100 A TmA 10mA 100mA 1A 10A

Discharge current

Figure 30: Classification of lithium primary cell types.

Grams of lithium
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Lithium

The main requirements for electrode materials used for high-performance (high specific energy
and energy density) batteries are a high electrochemical equivalence (high coulombic output for
a given weight of material) and a high electrode potential. It is apparent from Table 22, which
lists the characteristics of metals used as battery anodes, that lithium is an outstanding candidate.
Its standard potential and electrochemical equivalence are the highest of the metals; it excels in
theoretical gravimetric energy density; and, with its high potential, it is inferior only to aluminum
and magnesium on a volumetric energy basis (Watthours per liter). Aluminum, however, has not
been used successfully as an anode except in reserve systems, and magnesium has a low practical
operating voltage. Furthermore, lithium is preferred to the other alkali metals because of its
better mechanical characteristics and lower reactivity. Calcium has been investigated as an
anode, in place of lithium, because its higher melting point (838°C compared with 180.5°C for
lithium) may result in safer operation, reducing the possibility of thermal runaway should high
internal cell temperatures occur. To date, practical cells using calcium have not been produced.
Lithium is one of the alkali metals and it is the lightest of all the metallic elements, with a density
about half that of water. When first made or freshly cut, lithium has the luster and color of bright
silver, but it tarnishes rapidly in moist air. It is soft and malleable, can be readily extruded into
thin foils, and is a good conductor of electricity. Table 23 lists some of the physical properties of
lithium.

Table 22: Characteristics of Anode Materials

Elecirochemical

Standard h
potential Melting equivalence
Atomic at 25°C, Density, point, Yalence
Material ~ weight, g W gfem? “C change Ahig glAh Ah/em?

Li 6.94 —3.05 0.534 L&0 1 3.86 0.259 2.08
Ma 230 =27 0.97 97.8 1 L.16 0.858 1.12
Mg 243 -24 174 650 2 2.20 0.454 ER
Al 26.9 -7 23 654 3 2.98 0.335 8.1
Ca 40.1 —21.87 [.54 851 2 1.34 0.7458 2.06
Fe 55.8 —0.44 T.85 1528 2 0.96 1.04 1.5
Zn 65.4 —0.76 7.1 414 2 0.82 1.22 58
Cd 112 —0.40 8.65 321 2 0.48 2.10 4.1
Pb 207 —0.13 11.3 327 2 0.26 387 2.9

Table 23: Physical Properties of Lithium

Melting point 180.5°C
Boiling point 13475C
Density 0.534 gfony® (25°C)

0852 cal/g (25°C)
9.35 = 10°cm (20°C)
0.6 (Mohs scale)

Specific heat
Specific resistance
Hardness
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LECTURE NO. 7

Lithium reacts vigorously with water, releasing hydrogen and forming lithium hydroxide,
2Li +2H,0 — 2LIiOH + H,
This reaction is not as vigorous as that of sodium and water, probably due to the fairly low
solubility and the adherence of LiOH to the metal surface under some conditions, however, the
heat generated by this reactors may ignite the hydrogen which is formed and the lithium will then
also burn. Because of this reactivity, however, lithium must be handled in a dry atmosphere and,
in a battery, be used with nonaqueous electrolytes.

Cathode Materials
A number of inorganic and organic materials have been examined for use as the cathode in
primary lithium batteries. The critical requirements for this material to achieve high performance
are high battery voltage, high energy density, and compatibility with the electrolyte (that is,
being essentially nonreactive or insoluble in the electrolyte). Preferably the cathode material
should be conductive, although there are few such materials available and solid cathode materials
are usually mixed with a conducting material, such as carbon, and applied to a conductive grid to
provide the needed conductivity. If the cathode reaction products are a metal and a soluble salt
(of the anode metal), this feature can improve cathode conductivity as the discharge proceeds.
Other desirable properties are the cathode material are low cost, availability (noncritical
material), and favorable physical properties, such as nontoxicity and nonflammability. Table 24
lists some of the cathode materials that have been studied for primary lithium batteries and gives
their cell reaction mechanisms and the theoretical cell voltages and capacities.

Table 24: Cathode Materials Used in Lithium Primary Batteries

Theoretical faradic

Theoretical cell

capacity (cathode only) Specific

Cathode Maolecular Valence Density, Cell reaction mechanism Voltage, Energy

material welght change glem? Ahlg AhJem? g/ Ah {with lithium anode) v Whikg
50, 6 1 1.37 0419 2.39 2Li + 280, — 2L1,58,0, EN 1170
S0CI, 119 2 1.63 0.450 — 222 4Li 4+ 280C1, — 4LiC1 + 8 + S0, 3.65 1470
S0, 135 2 166 0.397 2.52 2Li 4+ S0,C1, — 2LiCl 4+ S0, 391 1405
Bi,O, 466 ] 8.5 0.35 297 2.86 6L1 + Bi0, — 3Li,0 + 2Bi 2.0 640
Bi,Pb,0, 012 10 0.0 0.29 264 241 10Li + BiPb,0, — 5Li,0 + 2Bi + 2Pb 2.0 544
(CF), 3l 1 27 0.86 232 .16 nLi + (CF), — aLiF + nC 3l 2180
CuCl, 134.5 2 EN 0.40 1.22 2.50 2Li 4 CuCl, — 2LiC1 + Cu ER 1125
CuF, 101.6 2 29 0.53 1.52 1.87 2Li + CuF, — 2LiF + Cu 3.54 1650
Cul T9.6 2 6.4 0.67 4.26 1.49 2Li 4 Cu — Liy0 + Cu 2.24 1280
Cu (PO, 458.3 8 — 0468 — 21 SLi + Cu (PO, — Li,0 + 2Li,PO, + Cu 2.7 —
Cus 95.6 2 4.6 0.56 2.57 1.79 2Li + CuS — Li,S + Cu 215 1050
Fes 27.9 2 4.8 0.61 195 1.64 2Li + FeS — Li,S + Fe 1.75 020
Fes, 119.9 4 4.9 0.89 4.35 1.12 4Li + FeS, — 21,8 + Fe 1.8 1304
MnO, 26.9 1 5.0 0.31 1.54 322 Li + Mo™0, — Ma™0O,Li*) 35 1005
MaO, 143 1 4.5 0.19 0.84 5.26 2Li + Mo, — Liy0 + Mo,0, 29 525
MNi,5, 240 4 — 0.47 — 2.12 4Li 4+ NS5, — 2Li,S + 3Mi 1.8 755
AgCl 143.3 1 5.6 0.19 1.04 5.26 Li + AgCl — LiCl + Ag 2.85 515
Ag.CrO, 3318 2 5.6 0.16 0.90 6.25 2Li + Ag.Cr0y, — Li.Cr0, + 2Ag 3.35 515
AgV,0, * 2971.7 35 — 0.282 — — 3500 + AgV.0, ., — Li, AgV,0, 324 655
Va0 1281.9 1 36 0.15 0.53 6.66 Li + V0, — LiV,0, 34 490

* Multiple-step discharge (Experimental values to 1.5 V cut-off).
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Electrolytes

The reactivity of lithium in aqueous solutions requires the use of nonaqueous electrolytes for
lithium anode batteries. Polar organic liquids are the most common electrolyte solvents for the
active primary cells, except for the thionyl chloride (SOCI,) and sulfuryl chloride (SO,CI,) cells,
where these inorganic compounds serve as both the solvent and the active cathode material. The
important properties of the electrolyte are:

1. It must be aprotic, that is, have no reactive protons or hydrogen atoms, although hydrogen
atoms may be in the molecule.

2. It must have low reactivity with lithium (or form a protective coating on the lithium surface to
prevent further reaction) and the cathode.

3. It must be capable of forming an electrolyte of good ionic conductivity.

4. It should be liquid over a broad temperature range.

5. It should have favorable physical characteristics, such as low vapor pressure, stability,
nontoxicity, and nonflammability.

A listing of the organic solvents commonly used in lithium batteries is given in Table 25.

These solvents are typically employed in binary or ternary combination. These organic
electrolytes, as well as thionyl chloride (mp -105°C, bp 78.8°C) and sulfuryl chloride (mp -54°C,
bp 69.1°C), are liquid over a wide temperature range with low freezing points. This characteristic
provides the potential for operation over a wide temperature range, particularly low
temperatures. The Jet Propulsion Laboratory (Pasadena, CA) has evaluated several types of
lithium primary batteries to determine their ability to operate planetary probes at temperatures of
-80°C and below. Individual cells were evaluated by discharge tests and Electrochemical
Impedance Spectroscopy. Of the five types considered (Li /SOCI,, Li/SO,, Li /MnO;, Li-BCX
and Li-CFy), lithium-thionyl chloride and lithium-sulfur dioxide were found to provide the best
performance at -80°C. Lowering the electrolyte salt to ca. 0.5 molar was found to improve
performance with these systems at very low temperatures. In the case of D-size Li/SOCI,
batteries, lowering the LiAICI,4 concentration from 1.5 to 0.5 molar led to a 60% increase in
capacity on a baseline load of 118 ohms with periodic one-minute pulses at 5.1 ohms at -85 C.
Lithium salts, such as LiClOy, LiBr, LICF3SOs3, and LiAICl,, are the electrolyte solutes most
commonly used to provide ionic conductivity. The solute must be able to form a stable
electrolyte which does not react with the active electrode materials. It must be soluble in the
organic solvent and dissociate to form a conductive electrolyte solution. Maximum conductivity
with organic solvents is normally obtained with a 1-Molar solute concentration, but generally the
conductivity of these electrolytes is about one-tenth that of aqueous systems. To accommodate
this lower conductivity, close electrode spacing and cells designed to minimize impedance and
provide good power density are used.
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Table 25: Properties of Organic Electrolyte Solvents for Lithium Primary Batteries

Boiling point Melting Flash Density Specific

at 10F Pa, point, point, at 25°C, conductivity with | M
Solvent Structure °C " °C gfem? LiCI0y,, Sfem™!
Acetonitrile (AN) H.C—C=N 21 =45 5 0.78 36 % 10-2
y-Butyrolactone (BL) H,C—CH, 204 ] Ly 1.1 .1 = 102
I
0 CH,
A
I
[
Dimethylsulfoxide (DMSO) H;C~ ﬁ—('ii_t 189 185 05 1.1 14 102
4]
Dimethylsulfite {DMST) OCH, 126 —141 1.2
(=5
\(Jf.'H‘
1.2-Dimethox yethane (DME) H,C—0—CH, 83 =60 | 0.87
|
HyC—0—CH,
Dioxolane (1,3-1) H.C—0 75 =26 2 1.07
| CH;
HA—0""
Methy] formate (MF) H—C—D—CH, 32 — 100 —19 0.98 32w 10-2
Il
Mitromethane { M) HL{C—N, 101 -29 35 1.13 1= 10-2
Propylene carbonate (PC) H, O —Ll-'H—‘-l-'l Iz 242 -4 135 1.2 73 = 10-7
[ s ]
A4
C
Il
(8]
Tetrahydrofuran (THF) H,C—CH,—CH,—CH, 63 =100 =15 0.89
o1

Cells Couples and Reaction Mechanisms

The overall discharge reaction mechanism for various lithium primary batteries is shown in
Table 4, which also lists the theoretical cell voltage. The mechanism for the discharge of the
lithium anode is the oxidation of lithium to form lithium ions (Li*) with the release of an
electron,

Li —» Li+ +e

The electron moves through the external circuit to the cathode, where it reacts with the cathode
material, which is reduced. At the same time, the Li* ion, which is small (0.06 nm in radius) and
mobile in both liquid and solid-state electrolytes, moves through the electrolyte to the cathode,
where it reacts to form a lithium compound.

CHARACTERISTICS OF LITHIUM PRIMARY BATTERIES

A listing of the major lithium primary batteries now in production or advanced development and
a summary of their constructional features, key electrical characteristics, and available sizes are
presented in Table 26. The types of batteries, their sizes, and some characteristics are subject to
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change depending on design, standardization, and market development. Manufacturers’ data
should be obtained for specific characteristics. The performance characteristics of these systems,
under theoretical conditions, are given in Table 24.

Table 26: Characteristics of Lithium Primary Batteries

Soluble cathode batteries

Electralyte Voltage, ¥ Specific  Energy
energyt  densityt
Waorking® Discharge
System Cathode Solvent Solute Separator Construction Mominal (20AC) Whikg WhiL Power density profile Available sizes
Lithium/sulfur 50, with carbon AN LiBr Microporous Spiral “jelly-rall™ 30 2927 260 415 High Wery flat Cylindrical bateries
dioxide and binder on Folypropylens cylindrical con- up o 35 Ah
(Li/ 50y) Al screen struction; glass-
to-metal seal
Lithium/thionyl  S0OC], with car-  S00C, LialCl,  Glass non- Wafer construc- 36 i6-34 275 630 Low Flat 04-1.7 Ah
chloride bon and binder woven tion
(Li/ S0CI;) on Ni or 55
Low rate “Bobbin™ in cy- a6 35-33 390 1100 Medium Flat Cylindical batteries
lindrical construc- 2-19
tion
High Prizmatic with 36 35-33 480 950 Medium Flat 12-10.000 Ah
capacity Aat plates
High rate Spiral “jelly-rall™ 36 35-32 380 725 Medium to high  Flat Cylindrical: 5-23
cylindrical con- Ah
struction or flat Hat disk: up to 320
disk Ah
SOCL, with LiAlCl,  Glass mat Spiral “jelly-rall™ 39 3B-33 450 00 Medium Flat 2-30) Ah
halogen cylindrical con-
additives structicm
Lithium/ zul- 50,1, with S0,CL, {some LialCl,  Glass Spiral “jelly-rall™ ER) 35-31 450 200 Medium to high  Flat T-30 Ah
furyl chloride carbon and with additivesy cylindrical con-
iLid 80,C1) binder 85 struction; glass-
screen to-metal seal
Lithium/carbon - CF with carbon - PC + DME LiBF, Folypmopylene “Coin™ construc- 30 2.7-25 215 530 Low to medium  Moderately flat Coin batteries o
monoflucnide and binder on or ar tion crimped szal Lo 500 mAh
nickel collector  BL LiAsF, Pin type Humped Small cylinders
25-50 mah
(Li(CFy,) Spiral “jelly-roll” 250 635 Cylindrical batteries
cylindrical con- (commercial ) to 5 Ah {commer-
struction crimped 300 1050 cial) and 1200 Ak
or glass-to-metal {military) imilitary)
szal
Rectangular with 440 a0 Rectangular batter-
Aat plates (hinmedical ) ies to 40 Ah
Lithium/copper  Cu0 pressad in 13D LiCl0, Monwoven gliss  “Bobhin'™ ingide- L5 15-1.4 280 630 Lo High initial valt-  Cylindrical hatteries
oxide (Li/Cul)  cell can out cylindrical age drop, then S00-3300 mAh
constriction: moderatley fAat
Lithium / iron Fes, “Jelly-roll™ clin- L5 Le-1.4 260 500 Medium to high  High initial drop,  AA-size
disulfide drical construc- then flat
(LiFeS;) tion: crimped seal
Lithium/ man- Mn, with ca-  PC + DME Li salt  Polypmopylene “Coin construc- kX1 30-27 230 545 Low o medium  Moderately fAat Coin batteries 65
ganese dicxide bon and binder tion with fAat
(Lid Mny) on supporting electmdes
erid
Oiwganic solvent  Li salt  Polypmopylens “Jelly-rall™ cylin- a0 28-25 230 535 Medium to high  Moderately fAat +A Cylindrical bat-
drical construc- teries typical. larger
tion; crimped and cells available to 33
hermetic seals Ah
Organic solvent  Li salt Folypmopylene “Bobbin™ cylin- 3 270 620 Low o madium  Moderately fat Cylindrical batteries
drical construc- to .75 Ah
tion
Lithium/zilver  AgV,0., with FC, DME LiAsF,  Micropomus Rounded priz- a2 32-135 270 T80 Low to mdium  Multiple plateanz  Special sizes for
vanadium graphite and polypropylene matic and D- implantable medi-
oxide carbon shaped cross sec- cal devices
(LiJ AgV,0,,) tion

*Working voltages are typical for discharges at favorable loads.
TEnergy densities are for 20°C, under favorable discharge conditions.
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Soluble-Cathode Lithium Primary Batteries

Two types of soluble-cathode lithium primary batteries are currently available (Table 21). One
uses SO, as the active cathode dissolved in an organic electrolyte solvent. The second type uses
an inorganic solvent, such as the oxychlorides SOCI, and SO,Cl,, which serves as both the active
cathode and the electrolyte solvent. These materials form a passivating layer or protective film of
reaction products on the lithium surface, which inhibits further reaction. Even though the active
cathode material is in contact with the lithium anode, self-discharge is inhibited by the protective
film which proceeds at very low rates and the shelf life of these batteries is excellent. This film,
however, may cause a voltage delay to occur: i.e. a time delay to break down the film and for the
cell voltage to reach the operating level when the discharge load is applied. These lithium
batteries have a high specific energy and, with proper design, such as the use of high-surface-
area electrodes, are capable of delivering high specific energy at high specific power.

These cells generally require a hermetic-type seal. Sulfur dioxide is a gas at 20°C (bp -10°C), and
the undischarged cell has an internal pressure of 3 to 4 x10° Pa at 20°C. The oxychlorides are
liquid at 20°C, but with boiling points of 78.8°C for SOCI, and 69.1°C for SO,Cl,, a moderate
pressure can develop at high operating temperatures. In addition, as SO, is a discharge product in
the oxychloride cells, the internal cell pressure increases as the cell is discharged. The lithium /
sulfur dioxide (Li /SO,) battery is the most advanced of these lithium primary batteries. These
batteries are typically manufactured in cylindrical configurations in capacities up to about 35 Ah.
They are noted for their high specific power (about the highest of the lithium primary batteries,
high energy density, and good low-temperature performance. They are used in military and
specialized industrial, space and commercial applications where these performance
characteristics are required. The lithium / thionyl chloride (Li /SOCI,) battery has one of the
highest specific energies of all the practical battery systems.

Solid-Cathode Lithium Primary Cells

The solid-cathode lithium batteries are generally used in low- to moderate-drain applications
and are manufactured mainly in small flat or cylindrical sizes ranging in capacity from 30 mAh
to about 5 Ah, depending on the particular electrochemical system. Larger batteries have been
produced in cylindrical and prismatic configurations. The solid-cathode batteries have the
advantage, compared with the soluble-cathode lithium primary batteries, of being nonpressurized
and thus not requiring a hermetic-type seal. A mechanically crimped seal with a polymeric
gasket is satisfactory for most applications. On light discharge loads, the energy density of some
of the solid-cathode systems is comparable to that of the soluble-cathode systems, and in smaller
battery sizes may be greater. Their disadvantages, again compared with the soluble-cathode
batteries, are a lower rate capability, poorer low-temperature performance, and a more sloping
discharge profile. To maximize their high-rate performance and compensate for the lower
conductivity of the organic electrolytes, designs are used for these lithium cells to increase
electrode area, such as a larger-diameter coin cell instead of button cells, multiple parallel
electrodes, or the spirally wound jelly-roll construction for the cylindrical cells.

A number of different cathode materials have been used in the solid-cathode lithium cells.

These are listed in Tables 24 and 26, which present some of the theoretical and practical
performance data of these cells. The major features of the solid-cathode lithium cells are
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compared in Table 27. Many of the characteristics are similar, such as high specific energy and
energy density and good shelf life. An important property is the 3-V cell voltage obtained with
several of these cathodes. Some cathode materials have been used mainly in the coin or button
cell designs while others, such as the manganese dioxide cathode, have been used in coin,
cylindrical, and prismatic cells as well as in both high (spirally wound) and low (bobbin) rate
designs. Although a number of different solid-cathode lithium batteries have been developed and
even manufactured, more recently the trend is toward reducing the number of different
chemistries that are manufactured. The lithium /manganese dioxide (Li /MnQO,) battery was one
of the first to be used commercially and is still the most popular system. It is relatively
inexpensive, has excellent shelf life, good high-rate and low-temperature performance, and is
available in coin and cylindrical cells. The lithium /carbon monofluoride (Li{CF},) battery is
another of the early solid-cathode batteries and is attractive because of its high theoretical
capacity and flat discharge characteristics. It is also manufactured in coin, cylindrical and
prismatic configurations. The higher cost of polycarbon monofluoride has affected the
commercial potential for this system but it is finding use in biomedical, military and space
applications where cost is not a factor. The lithium /copper oxyphosphate (Li /CusO(PQOys)2)
battery was designed for high temperatures and special applications. It has a high specific
energy and long shelf life under adverse environmental conditions but is not currently being
manufactured. The lithium / silver chromate (Li /Ag.CrO,) battery is noted for its high
volumetric energy density for low-rate long-term applications. Its high cost has limited its use to
special applications. The lithium /vanadium pentoxide (Li /V,Os) battery has a high volumetric
energy density, but with a two-step discharge profile. Its main application has been in reserve
batteries. The lithium / silver vanadium oxide (Li /AgV,0s) battery is used in medical
applications which have pulse load requirements as this battery is capable of relatively high-rate
discharge. The other solid-cathode lithium batteries operate in the range of 1.5 V and were
developed to replace conventional 1.5-V button or cylindrical cells. The lithium/ copper oxide
(Li /CuO) cell is noted for its high coulombic energy density and has the advantage of higher
capacity or lighter weight when compared with conventional cylindrical cells. It is capable of
performance at high temperatures and, similar to the copper oxyphosphate cell, has a long shelf
life under adverse conditions. The iron disulfide (Li /FeS,) cell has similar advantages over the
conventional cells, plus the advantage of high-rate performance. Once available in a button cell
configuration, it is now being marketed commercially in a high-rate cylindrical AA-size battery
as a replacement for zinc-carbon and alkalinemanganese dioxide batteries. The remaining solid-
cathode systems listed in Tables 21 and 24 are not currently commercially available.
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Table 27: Characteristics of Typical Lithium / Solid-Cathode Batteries

Operating
Type of battery voltage, V Characteristics

Li/ MnO, 30 High specific energy and energy density; wide operating
temperature range (—20 to 55°C); performance at rela-
tively high discharge rates; minimal voltage delay: rela-
tively low cost; available in flat (coin) and cylindrical
batteries (high and low rates)

Li/(CF}, 28 Highest theoretical specific energy, low- to moderate-
rate capability; wide operating temperature range (—20
to 6G0FC); flar discharge profile; available in flat {coin),
cylindrical and prismatic designs.

Lif Cu,O(PO,),

=]
[

High specific energy: long storage life; operating tem-
perature range up to 175°C; low- to moderate-rate capa-
bility: not currently available.

Li/CuD L.

L

Highest theoretical volumetric coulombic capacity (Ah/
L) long storage life; low- to moderate-rate capability:
operating temperature range up to 125 to 150°C; no ap-
parent voltage delay. Potential replacement for alkaline-
manganase but not currently available.

Li/Fe5, 1.

LA

Feplacement for conventional zinc-carbon and alkaline-

manganase dioxide batteries; higher power capability

than conventional batteries and better low-temperature

performance and storability. Currently available in AA

size as a direct replacement for alkaline-manganese

Li/Ag,Cr0, il High voltage, high specific energy and energy density:
low-rate capability: high reliability: used in low-rate,
long-term applications; high cost

Li/AgV, 0. , 3z High specific energy and energy density multiple-step
discharge: good rate capability: used in implantable and
other medical devices

Li/ V.0, 33 High energy density; two-step discharge: vsed in re-

serve cells (Chap. 200

Factors Affecting Safety and Handling

Attention must be given to the design and use of lithium cells and batteries to ensure safe and
reliable operation. As with most battery systems, precautions must be taken to avoid physical and
electrical abuse because some batteries can be hazardous if not used properly. This is important
in the case of lithium cells since some of the components are toxic or inflammable and the
relatively low melting point of lithium (180.5°C) indicates that cells must be prevented from
reaching high internal temperatures. Because of the variety of lithium cell chemistries, designs,
sizes, and so on, the procedures for their use and handling are not the same for all cells and
batteries and depend on a number of factors such as the following:

1. Electrochemical system: The characteristics of the specific chemicals and cell components
influence operational safety.

2. Size and capacity of cell and battery: Safety is directly related to the size of the cell and
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the number of cells in a battery. Small cells and batteries, containing less material and,
therefore, less total energy, are “‘safer’” than larger cells of the same design and chemistry.

3. Amount of lithium used: The less lithium that is used, implying less energetic cells, the safer
they should be.

4. Cell design: High-rate designs, capable of high discharge rates, versus low-power designs
where discharge rate is limited, use of “*balanced’’ cell chemistry, adequate intra and intercell
electrical connections, and other features affect cell performance and operating characteristics.
5. Safety features: The safety features incorporated in the cell and battery will obviously
influence handling procedures. These features include cell-venting mechanisms to prevent
excessive internal cell pressure, thermal cutoff devices to prevent excessive temperatures,
electrical fuses, PTC devices and diode protection. Cells are hermetically or mechanically
crimped-sealed, depending on the electrochemical system, to effectively contain cell contents

if cell integrity is to be maintained.

6. Cell and battery containers: These should be designed so that cells and batteries will meet the
mechanical and environmental conditions to which they will be exposed. High shock, vibration,
extremes of temperature, or other adverse conditions may be encountered in use and handling,
and the cell and battery integrity must be maintained. Container materials should also be chosen
with regard to their flammability and the toxicity of combustion products in the event of fire.
Container designs should also be optimized to dissipate the heat generated during discharge and
to release pressure in the event of cell venting.

Safety Considerations

The electrical and physical abuses that may arise during the use of lithium cells are listed in
Table 28 together with some generalized comments on corrective action. The manufacturer’s
data should be consulted for more details on the performance of individual cells.

Table 28: Considerations for Use and Handling of Lithium Primary Batteries

Abusive condition Corrective procedure

High-rate discharging or short-circuiting Low-capacity or low-rate batteries may be self-limiting
Electrical fusing, thermal protection
Limit current drain; apply battery properly
Forced discharge (cell reversal) Voltage cutoff
Use low-voltage batteries
Limit current drain
Special designs (“balanced™ cell)
Use of diode in paralle]l across cell
Charging Prohibit charging
Diode protection to prevent or limit charging current
Orverheating Limit current drain
Fusing, thermal cutoff, PTC devices
Design battery properly
Do not incinerate
Physical abuse Avold opening, puncturing, or mutilating cells
Maintain battery integrity
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High-Rate Discharges or Short-Circuiting. Low-capacity batteries, or those designed as low-
rate batteries, may be self-limiting and not capable of high-rate discharge. The temperature rise
will thus be minimal and there will be no safety problems. Larger or high-rate cells can develop
high internal temperatures if short-circuited or operated at excessively high rates. These cells are
generally equipped with safety vent mechanisms to avoid more serious hazards. Such cells or
batteries should be fuse-protected (to limit the discharge current). Thermal fuses or thermal
switches should also be used to limit the maximum temperature rise. Positive temperature
coefficient (PTC) devices are used in cells and batteries to provide this protection.

Forced Discharge or Voltage Reversal. Voltage reversal can occur in a multicell series
connected battery when the better performing cells can drive the poorer cell below 0 V, into
reversal, as the battery is discharged toward 0 V. In some types of lithium cells this forced
discharge can result in cell venting or, in more extreme cases, cell rupture. Precautionary
measures include the use of voltage cutoff circuits to prevent a battery from reaching a low
voltage, the use of low-voltage batteries (since this phenomenon is unlikely to occur with a
battery containing only a few cells in series), and limiting the current drain since the effect
of forced discharge is more pronounced on high-rate discharges. Special designs, such as the
““balanced’” Li /SO, cell, also have been developed that are capable of withstanding this
discharge condition. The use of a current collector in the anode maintains lithium integrity and
may provide an internal shorting mechanism to limit the voltage in reversal.

Charging. Lithium batteries, as well as the other primary batteries, are not designed to be
recharged. If they are, they may vent or explode. Batteries which are connected in parallel or
which may be exposed to a charging source (as in battery-backup CMOS memory circuits)
should be diode-protected to prevent charging.

Overheating. As discussed, overheating should be avoided. This can be accomplished by
limiting the current drain, using safety devices such as fusing and thermal cutoffs, and
designing the battery to provide necessary heat dissipation.

Incineration. Lithium cells are either hermetically or mechanically sealed. They should not be
incinerated without proper protection because they may rupture or explode at high temperatures.

LITHIUM/SULFUR DIOXIDE (Li/SO,) BATTERIES

One of the more advanced lithium primary batteries, used mainly in military and in some
industrial and space applications, is the lithium / sulfur dioxide (Li /SO,) system. The battery
has specific energy and energy density of up to 260 Wh/kg and 415 Wh/L respectively. The
Li/SO; battery is particularly noted for its capability to handle high current and high power
requirements, for its excellent low-temperature performance and for its long shelf life.

Chemistry

The Li/SO; cell uses lithium as the anode and a porous carbon cathode electrode with sulfur
dioxide as the active cathode material. The cell reaction mechanism is:

2Li +2S0; — LiS,04] (lithium dithionite)
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As lithium reacts readily with water, a nonaqueous electrolyte, consisting of sulfur dioxide and
an organic solvent, typically acetonitrile, with dissolved lithium bromide, is used. The specific
conductivity of this electrolyte is relatively high and decreases only moderately with decreasing
temperature, thus providing a basis for good high-rate and lowtemperature performance. About
70% of the weight of the electrolyte / depolarizer is SO,. The internal cell pressure, in an
undischarged cell, due to the vapor pressure of the liquid SO, is 3-4 x 10° Pa at 20°C. The
mechanical features of the cell are designed to contain this pressure safely without leaking and to
vent the electrolyte if excessively high temperatures and the resulting high internal pressures are
encountered. During discharge the SO, is used up and the cell pressure reduced somewhat. The
discharge is generally terminated by the full use of available lithium, in designs where the
lithium is the limiting electrode, or by blocking of the cathode by precipitation of the discharge
product (cathode limited). Current designs are typically limited by the cathode so that some
lithium remains at the end of discharge. The good shelf life of the Li/SO; cell results from the
protective lithium dithionite film on the anode formed by the initial reaction of lithium and SO..
It prevents further reaction and loss of capacity during storage.

Most Li/SO; cells are now fabricated in a balanced construction where the lithium: sulfur dioxide
stoichiometric ratio is in the range of Li:SO, =0.9 - 1.05:1. With the earlier designs, where the
ratio was on the order of Li:SO, = 1.5:1, high temperatures, cell venting, or rupture and fires due
to an exothermic reaction between residual lithium and acetonitrile, in the absence of SO,, could
occur on deep or forced discharge. Cyanides and methane can also be generated through this
reaction. In the balanced cell the anode is protected by residual SO, and remains passivated. The
conditions for the hazardous reaction are minimized since some protective SO, remains in the
electrolyte. A higher negative cell voltage, in reversal, of the balanced cell is also beneficial for
diode protection, which is used in some designs to bypass the current through the cell and
minimize the adverse effects of reversal. The use of a current collector, typically an inlayed
stripe of copper metal, also helps to maintain the integrity of the anode and leads to formation of
a short-circuit mechanism since copper dissolution on cell reversal causes plated copper on the
cathode to form an internal ohmic bridge.

Construction

The Li/SO; cell is typically fabricated in a cylindrical structure, as shown in Figure 31. A jelly-
roll construction is used, made by spirally winding rectangular strips of lithium foil, a
microporous polypropylene separator, the cathode electrode (a Teflon-acetylene black mix
pressed on an expanded aluminum screen), and a second separator layer. This design provides
the high surface area and low cell resistance to obtain high-current and low-temperature
performance. The roll is inserted in a nickel-plated steel can, with the positive cathode tab
welded to the pin of a glass-to-metal seal and the anode tab welded to the cell case, the top is
welded in place, and the electrolyte / depolarizer is added. The safety vent releases when the
internal cell pressure reaches excessive levels, typically 2.41 MPa (350 psi) caused by
inadvertent abusive use such as overheating or short-circuiting; and prevents cell rupture or
explosion. The vent activates at approximately 95°C, well above the upper temperature limit for
operation and storage, safely relieving the excess pressure and preventing possible cell rupture.
Additional construction details have been previously described. It is important to employ a
corrosion-resistant glass or to coat
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the glass with a protective coating to prevent lithiation of the glass due to the potential difference
between the cell case and the pin of the glass-to-metal seal.

——Terminal {ab
Epoxy clear
____,..--_.—-\-

Hermetic glass
to metal s2al

Hermetically
sealed can

Insulator
Separator

Lithiurmn anode

Carbon cathode

Cell case

Insulator

Rupturg yent

Fill ayelet

Figure 31: Lithium / sulfur dioxide batteries.

Cell and Battery Types and Sizes

The Li/SO2 batteries are manufactured in a number of cylindrical cell sizes, ranging in capacity
to 35 Ah. Some of the cells are manufactured in standard ANSI cell sizes in dimensions of
popular conventional zinc primary batteries. While these single batteries may be physically
interchangeable, they are not electrically interchangeable because of the higher cell voltage of
the lithium cell (3.0 V for lithium, 1.5 V for the conventional zinc cells). Table 29 lists some of
the sizes and rated capacities of Li/SO; batteries that are currently manufactured.
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Table 29: Typical Lithium / Sulfur Dioxide Cylindrical Cells (SAFT American, Inc.).*

Maximum
Nominal recommended Standard
Muedel capacity continuous Pulse aperating

number Size {drain) current capability range Max. OD Max. H Weight

LO 34 85X 1/3R14 0.86 Ah 025 A 050 A — 60/ +T0°C 256 mm 20.3 mm 16 g
143C (30 mA)

L 35 SX 2/3RI14 2.00 Ah 20A 10 A — 60/ +T0°C 256 mm 35.9 mm g
ic (100 mA)

L0 26 SX R20 7.5 Ah 30A 10 A — 60/ +T0°C 338 mm 59.3 mm BS g
D (240 mA)

LO 25 58X “Fat” 2.00 Ah 0A 10 A — 60/ +T0FC 384 mm 50.3 mm 93 g
D (270 mA)

L0 52 8X 2 R20 16.0 Ah 6.0 A 20 A — 60/ +T0°C 337 mm 115.6 mm 163 g
oD (500 mA)

LO 38 SHX “long™ 1.50 Ah LO A 30 A —60/ +T0°C 16.3 mm 57.2 mm 2l g
A (250 mA)

L 20 SHX R14 3.50 Ah 204 A — 60/ +T70°C 25.6 mm 50.4 mm 40 g
[ (120 mA)

LO 43 SHX 5/4R14 4.50 Ah 104 A — 60/ +T0°C 256 mm 59.3 mm Sig
5i4C (500 mA)

L 40 SHX 2/3 “Thin” 3.50 Ah 20A 10 A — 60/ +T0°C 28.8 mm 41.6 mm 40 g
D (120 mA)

LO 30 SHX “Thin"" D 5.75 Ah 30A 30 A — 60/ +T0°C 29.1 mm 59.8 mm 63 g
(200 mA)

L0 26 SHX R20 7.20 Ah 40 A A — 60/ +T0°FC 3.2 mm 59.8 mm 8BSz
D (200 mA)

LO 30 SHX F 11.0 Ah 20A 60 A — 60/ +T0°C 30.7 mm 09.4 mm 125 g
(200 mA)

*Pulse capability: | sec. /min pulses aver 2.0 volts.

Use and Handling of Li/SO2 Cells and Batteries—Safety Considerations

The Li/SO2 battery is designed as a high-performance system and is capable of delivering a high
capacity at high discharge rates. The cell should not be physically or electrically abused, safety
features should not be bypassed, and manufacturers’ instructions should be followed. Abusive
conditions could adversely affect the performance of the Li/SO, battery and result in cell
venting, rupture, explosion, or fire. The Li/SO, battery is pressurized and contains materials that
are toxic or flammable. Properly designed batteries are hermetically sealed so that there will be
no leakage or outgassing, and they are equipped with safety vents which release if the batteries
reach excessively high temperatures and pressures, thus preventing an explosive condition.

The Li/SO, batteries can deliver very high currents. Because high internal temperatures can
develop from continuous high current drain and short circuit, batteries must be protected by
electrical fusing and thermal cutoffs. Charging of Li/SO, batteries may result in venting, rupture,
or even explosion and should never be attempted. Cells or groups of cells connected in parallel
should be diode-protected to prevent one group from charging another. The balanced Li/SO; cell
is designed to handle forced discharges or cell reversal and will perform safely within the
specified bounds, but design limits should not be exceeded in any application. Proper battery
design, using the Li/SO, cell, should follow these guidelines:

1. Use electrical fusing and/or current-limiting devices to prevent high currents or shortcircuits.
2. Protect with diodes if cells are paralleled or connected to a possible charging source.

3. Minimize heat buildup by adequate heat dissipation and protect with thermal cutoff devices.
4. Do not inhibit cell vents in battery construction.

5. Do not use flammable materials in the construction of batteries.
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6. Allow for release of vented gases.

7. Incorporate resistor and switch to activate it to ensure complete depletion of active materials
after normal discharge.

8. In certain cases, a diode is placed in parallel with the cell to limit the voltage excursion

in reversal.

Applications

The desirable characteristics of the Li/SO, battery and its ability to deliver a high energy output
and operate over a wide range of temperatures, discharge loads, and storage conditions have
opened up applications for this primary battery that, heretofore, were beyond the capability of
primary battery systems. Major applications for the Li/SO, battery are in military equipment,
such as radio transceivers and portable surveillance devices, taking advantage of its light weight
and wide temperature operation. Table 30 lists the most common types of military Li/SO,
batteries, their characteristics and applications. Other military applications, such as sonobuoys
and munitions, have long shelf-life requirements, and the active Li/SO, primary battery can
replace reserve batteries used earlier. Some industrial applications have developed, particularly
to replace secondary batteries and eliminate the need for recharging. Consumer applications have
been limited to date because of restrictions in shipment and transportation and concern with its
hazardous components.

Table 30: U.S. Millitary Lithium / Sulfur Dioxide Batteries (Per MIL-B-49430)

Open circuit voltage Nominal voltage MNominal capacity Weight
Battery type (series/parallel (V) (series /paralleliiVy (series / parallel Ah) (g Typical applications
Ba-5112/U 12.0 1.2 1.8 180 Rescue radio/beacon
BA-556T/U 30 2.6 0.8 20,0 Night vision equipment
BA-5599/U 9.0 72 12 454 Test equipment
Might vision equipment
BA-5600/U 9.0 84 712 363 Data terminals
BA-5800/U 6.0 5.6 72 220 Chemical agent monitors
Global positioning equipment
BA-5847/U 6.0 5.6 12 240 Test equipment
Antennas
Night vision equipment
BA-5598 15.0 14.0 8.0 631 Radios (PRC-77, PRC-25),
(with 3.0 Valt tap) Scramblers
BA-5588 15.0 14.0 ER 295 Handheld radios
Gas masks
BA-5557 30.0/15.0 26.0/13.0 2.25/4.5 500 Digital message device
BA-5590 30.0/15.0 24.0/12.0 727144 1021 Radios (SINCGARS)

Satellite radios
Scramblers

Radar

Loudspeakers

UHF radios

Range finders
Counter measures
Weather instruments
Jammers

Cooling systems
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LITHIUM/THIONYL CHLORIDE (Li/SOCI2) BATTERIES

The lithium / thionyl chloride (Li /SOCI,) battery has one of the highest cell voltages (nominal
voltage 3.6 V) and energy densities of the practical battery systems. Specific energy and energy
densities range up to about 590 Wh/kg and 1100 Wh/L, the highest values being achieved with
the low-rate batteries.

Chemistry

The Li/SOCI; cell consists of a lithium anode, a porous carbon cathode, and a nonaqueous
SOCI,:LiAICI, electrolyte. Other electrolyte salts, such as LiGaCl, have been employed for
specialized applications. Thionyl chloride is both the electrolyte solvent and the active cathode
material. There are considerable differences in electrolyte formulations and electrode
characteristics. The proportions of anode, cathode, and thionyl chloride will vary depending on
the manufacturer and the desired performance characteristics. Significant controversy exists as to
the relative safety of anode-limited vs. cathode-limited designs. Some cells have one or more
electrolyte additives. Catalysts, metallic powders, or other substances have been used in the
carbon cathode or in the electrolyte to enhance performance. The generally accepted overall
reaction mechanism

4Li + 2SOCl; — 4LiCl | + S + SO,

The sulfur and sulfur dioxide are initially soluble in the excess thionyl chloride electrolyte, and
there is a moderate buildup of pressure due to the generation of sulfur dioxide during the
discharge. The lithium chloride, however, is not soluble and precipitates within the porous
carbon black cathode as it is formed. Sulfur may precipitate in the cathode at the end of
discharge. In most cell designs and discharge conditions, this blocking of the cathode is the
factor that limits the cell’s service or capacity. Formation of sulfur as a discharge product can
also present a problem because of a possible reaction with lithium which may result in a thermal
runaway condition. The lithium anode is protected by reacting with the thionyl chloride
electrolyte during stand forming a protective LiCl film on the anode as soon as it contacts the
electrolyte. This passivating film, while contributing to the excellent shelf life of the cell, can
cause a voltage delay at the start of a discharge, particularly on low-temperature discharges after
long stands at elevated temperatures. The presence of trace qualities of moisture leads to the
formation of HCI which increases passivation, as does the presence of ppm levels of iron. Some
products have special anode treatments or electrolyte additives to overcome or lower this voltage
delay. The low freezing point of thionylchloride (below -110°C) and its relatively high boiling
point (78.8°C) enable the cell to operate over a wide range of temperature. The electrical
conductivity of the electrolyte decreases only slightly with decreasing temperature. Some of

the components of the Li/SOCI2 systems are toxic and flammable; thus exposure to open or
vented cells or cell components should be avoided.

Bobbin-Type Cylindrical Batteries

Li/SOCI; bobbin batteries are manufactured in a cylindrical configuration, some in sizes
conforming to ANSI standards. These batteries are designed for low- to moderate-rate discharge
and are not typically subjected to continuous discharge at rates higher than the C/100 rate. They
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have a high energy density. For example, the D-size cell delivers 19.0-Ah at 3.5 V, compared
with 15 Ah at 1.5 V for the conventional zinc-alkaline cells (see Table 31).

Table 31: Characteristics of Typical High-Capacity and Wafer-Type Cylindrical Bobbin-Type Li

/SOCI, Batteries

1Aaa SAA Al [ 1D D

Fated capacity at C/ 1000 rate, Ah 1.20 L.65 2.40 B.5 1.7 19.0
Dimensions (max)

Diameter, mm 14.5 14.5 14.5 26.2 320 329

Height, mm 252 335 50.5 50 10.0 61.5

Volume, cm? 4.16 553 H.34 27.0 B.A0 523
Weight, g 0.2 11.8 17.6 50.5 215 a2.5
Maximum current for continuous 50 75 100 230 230
use, mA
Specific Energy Whikg 456 490 475 590 275 720
Energy Density Wh/L 1010 1045 1010 1100 T00 1270

Sowrce: Tadiran, Ltd.

Construction. Figure 32 shows the constructional features of the cylindrical Li/SOCI; cell, which
is built as a bobbin-type construction. The anode is made of lithium foil which is swaged against
the inner wall of a stainless or nickel-plated steel can; the separator is made of nonwoven glass
fibers. The cylindrical, highly porous cathode, which takes up most of the cell volume, is made
of Teflon-bonded acetylene black. The cathode also incorporates a current collector which is a
metal cylinder in the case of the larger cells and a pin in the case of smaller cells which do not

have an annular cavity.
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Figure 32: Cross section of bobbin-type Li /SOCI, battery.
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Spirally Wound Cylindrical Batteries

Medium to moderately high-power Li/SOCI; batteries which are designed within spirally wound
electrode structure are also available. These batteries were developed primarily to meet military
specifications where high drains and low-temperature operation were required. They are now
also used in selected industrial applications where these features are also needed. A typical
construction is shown in Figure 33. The cell container is made of stainless steel, a corrosion-
resistant glass-to-metal feed-through is used for the positive terminal, and the cell cover is laser
sealed or welded to provide an hermetic closure. Safety devices, such as a vent and a fuse or a
PTC device, are incorporated in the cell to protect against buildup of internal pressure or external
short circuits. Table 32 lists the characteristics of typical cylindrical spirally wound Li/SOCI,
batteries.

Positive terminal

Fasilive nsulating seal
Vented topshell

Glass/Metal seal |
Fuse -

==
v

Top insulatar -~

. Electrolyte

Stainless stesl can

Shrink + labal — |

i F H —— Wound electrodes

Clasing ball _‘Hl !

Botiom insulator

— § .
= = "‘i =
o Y=o Negative terminal

Figure 33: Cutaway view of lithium / thionyl chloride spirally wound electrode battery.
(Courtesy of SAFT America, Inc.)
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Table 32: Characteristics of Typical Cylindrical Spirally Wound Li /SOCI, Batteries

YsC C D

Fated capacity at 20°C, Ah L.15 5.5 13.0
Dimensions (max)

Diameter, mm 26.2 26.0 EEN|

Height, mm 18.9 499 614

Volume, cm?® 10.2 26.5 52.8
Weight, g 24 51 100
Maximum current for continuous use, mA 400 200 1 A0
Specific energy /Energy density

Whikg 168 £ 455

WhiL 395 726
Recommended operating temperature range, "C —60 1o 8BS

Sonrce:  SAFT America, Inc.

Flat or Disk-Type Li /SOCI; Cells

The Li/SOCI;, system was also designed in a flat or disk-shaped cell configuration with a
moderate to high discharge rate capability. These batteries are hermetically sealed and
incorporate a number of features to safely handle abusive conditions, such as short circuit,
reversal, and overheating, within design limits. The battery shown in Figure 34 consists of a
single or multiple assembly of disk-shaped lithium anodes, separators, and carbon cathodes
sealed in a stainless-steel case containing a ceramic feed-through for the anode and insulation
between the positive and negative terminals of the cell.

A Il

Connector negative,
can positive

Figure 34: Disk-type Li /SOCI; cell.

The batteries have been manufactured in small and large diameter sizes. Originally developed
by Altus Corp., they are currently being produced in large sizes only for U.S. Navy applications
by HED Battery Corp., Santa Clara, CA. The characteristics of these batteries are summarized in
Table 33.
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Table 33: Characteristics of Disk-Type Li /SOCI, Batteries

Maximum Specific Energy

Capacity, Diameter, Heizht, Weight, continuous energy density

Ah min i g current, A Whikg Wh/L
s00 432 127 7270 7 240 o015
1400 432 35 [.600 6 350 Q30
2000 432 51 17,700 25 385 Q10
B000 432 187 56,800 40 475 Qo0

The cell design includes the following features:

1. Short-circuit protection: Structure of interconnects fuses at high currents, providing an
open circuit.

2. Reverse-voltage chemical switch: Upon cell reversal, it allows cell to endure 100% capacity
reversal, up to 10-h rate, without venting or pressure increase.

3. Antipassivation (precoat lithium anode): Reduces voltage delay by retarding growth of
LiCl film; large cells stored for 2 years reach operating voltage within 20 s.

4. Self-venting: Ceramic seal is designed to vent cell at predetermined pressures.

These cells are used as multicell batteries in naval applications.

Large Prismatic Li /SOCI2 Cells

The large high-capacity Li/SOCI; batteries were developed mainly as a standby power source

for those military applications requiring a power source that is independent of commercial power
and the need for recharging. They generally were built in a prismatic configuration, as shown
schematically in Figure 35. The lithium anodes and Teflon-bonded carbon electrodes are made as
rectangular plates with a supporting grid structure, separated by nonwoven glass separators, and
housed in an hermetically sealed stainless-steel container. The terminals are brought to the
outside by glass-to-metal feed-through or by a single feed through isolated from the positive steel
case. The cells are filled through an electrolyte filling tube.

Too cover welded

.

Insulated stack Laser weld to terminals
retainer

Fillport (2)

Conductor bus bar

| — Laser weld
conductors
1o bus bar

—— Laser weld
element substrate
tab 1o bus bar

T Cathode assembly
Case liner
insulator
™ Half anode
assembly

I™ Ancde assembly

End
insulator

Figure 35: Cutaway view of 10,000-Ah Li /SOCI, battery.
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The characteristics of several prismatic batteries are summarized in Table 34. These cells have a
very high energy density. They are generally discharged continuously at relatively low rates
(200-300-h rate), but are capable of heavier discharge loads.

Table 34: Characteristics of Large Prismatic Li /SOCI, Batteries

Specific Energy

Capacity, Height, Length, Width, Weight, energy density

Ah mrm mim mm kg Whikg Wh/L
20040 448 316 53 L5 460 oL0
10,000 448 316 255 Tl 480 950
16,500 387 387 387 113 495 970

Applications

The applications of the Li/SOCI, system take advantage of the high energy density and long
shelf life of this battery system. The low-drain cylindrical batteries are used as a power source
for CMOS memories, utility meters, and RFID tags such as the EZ Pass Toll collection system,
programmable logic controllers and wireless security alarm system. Wide application in
consumer-oriented applications is limited because of the relatively high cost and concern with
the safety and handling of these types of lithium batteries.

The higher-rate cylindrical and the larger prismatic Li/SOCI, batteries are used mainly in
military applications where high specific energy is needed to fulfill important mission
requirements. A significant application for the large 10,000-Ah batteries was as standby
power source as nine-cell batteries for the Missile Extended System Power in the event of

loss of commercial or other power. These batteries are now being decommissioned.

A lithium / thionyl chloride battery was developed for use on the Mars Microprobe Mission,

a secondary payload on the Mars 98 Lander Mission, which disappeared on entry into the
Martian atmosphere in December, 1999. The Microprobe power source is a four-cell

lithium / thionyl chloride battery with a second redundant battery in parallel. The eight 2 Ah
cells are arranged in a single-layer configuration in the aft-body of the microprobe. The
lithium primary cells (and battery configuration) have been designed to survive the maximum
landing impact that may reach 80,000 G and then be operational on the Martian surface to
-80°C. Primary lithium-thionyl chloride batteries were selected for the Microprobes based on
high specific energy and promising low temperature performance. A parallel plate design was
selected as the best electrode configuration for surviving the impact without shorting during
impact. A cross-section of the final 2 Ah Mars cell design showing the parallel plate electrode
arrangement is shown in Figure 36. For this cell, the cathodes are blanked from sheets of a
Teflon-bonded carbon composition attached to nickel-disc current collectors and connected in
parallel. The ten full disc-anodes are also connected in parallel and are electrically isolated from
the case and cover. The assembly fixture helps with component alignment and handling during
stack assembly and during connection of the cathode and anode substrate tabs to the cover and
the glass-to-metal (GTM) seal anode terminal pin, respectably. The D-size diameter case is 2.22
cm height. The cover was redesigned after initial tests to minimize the chance of a GTM seal
fracture during impact. The Tefzel spacer, located between the cover and stack, helps in
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handling the stack during substrate tab connections and provides for the proper degree of cathode
and separator compression once the cover is TIG welded to the case. The Mars cells are required
to deliver 0.55 Ah of capacity at -80°C. A low temperature thionyl chloride electrolyte consisting
of a 0.5 M LiGaCl, inSOCI, was developed during the initial phase of the program. As the result
of this effort, the battery was able to operate at -80°C on a 1 Amp discharge.

CATHODE TAE BUNDLE
001" THE. X 11 TABS) @
016" AWNCALED K200 r—-TEFIEL SPACER APPLICE COMPRCSSION
1/8° wIlDL @ TD CELL STalk
K \ ANMDDE TaB
1 /BUHDLE

N
1 /—UELE CTYPD

ASSEMBLY FIXTURE
=" SURPDRT TaBS

0875 ]

S0 m || - ; ASSCMBLY F1XTURE
= Mal—1 || soriom eLaTe

J w— PARALLCL PLATLC DLSIGH
g2z »n 10 FULL AMODES

9 FuLL CATHODES
L3I0 i, ————————y 2 HALF CATHODLS

Figure 36: Vertical Cross-Section of the Final 2 Ah Cell Design. (Courtesy of Yardney Technical
Products, Inc.)

LITHIUM/OXYCHLORIDE BATTERIES

The lithium / sulfuryl chloride (Li /SO,Cl,) battery is in addition to the lithium / thionyl chloride
battery, the other oxychloride that has been used for primary lithium batteries. The Li/SO,Cl,
battery has two potential advantages over the Li/SOCI, battery:

1. A higher energy density as a result of a higher operating voltage (3.9-V open-circuit voltage)
and less solid product formation (which may block the cathode) during the discharge.

2. Inherently greater safety because sulfur, which is a possible cause of thermal runaway in

the Li/SOCI; battery, is not formed during the discharge of the Li/SO,CI, battery.

3. A higher rate capability than the thionyl chloride battery as, during the discharge, more

SO, is formed per mole of lithium, leading to a higher conductivity.

Nevertheless, the Li/SO,Cl, system is not as widely used as the Li/SOCI2 system because of
several drawbacks:

(1) Cell voltage is sensitive to temperature variations; (2) higher self-discharge rate; (3)

lower rate capability at low temperatures.

Another type of lithium /oxychloride battery involves the use of halogen additives to both the
SOCI2 and SO2CI2 electrolytes. These additives given an increase in the cell voltage (3.9 V for
the Li/BrCl in the SOCI; system; 3.95 V for the Li/Cl; in the SO,ClI, system), energy density and
specific energy up to 1040 Wh/L and 480 Wh/ kg, and safer operation under abusive conditions.
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Lithium/Sulfuryl Chloride (Li /SO,CI,) Batteries

The Li/SO,CI; battery is similar to the thionyl chloride battery using a lithium anode, a carbon
cathode and the electrolyte / depolarizer of LiAICIl, in SO,Cl,. The discharge mechanism is:

Anode Li— Lit + ¢
Cathode 50.C, + 2¢ — 2C1 + 50,
Crverall 2Li + 50,C1, — 2ZLiCl + S0,

The open-circuit voltage is 3.909 V.

Cylindrical, spirally wound Li/SO,Cl; cells were developed experimentally but were never
commercialized because of limitations with performance and storage. Bobbin-type cylindrical
cells, using a sulfuryl chloride /LiAICI, electrolyte and constructed similar to the design
illustrated in Figure 3 above, also showed a variation of voltage with temperature and a
decrease of the voltage during storage. This may be attributed to reaction of chlorine which

is present in the electrolyte and formed by the dissociation of sulfuryl chloride into Cl, and
SO,. This condition can be ameliorated by including additives in the electrolyte. Bobbin cells,
made with the improved electrolyte, gave significantly higher capacities at moderate discharge
currents, compared to the thionyl chloride cells. This system has been employed for reserve
lithium / sulfuryl chloride batteries, as well.

Halogen-Additive Lithium/Oxychloride Cells

Another variation of the lithium /oxyhalide cell involves the use of halogen additives in both
the SOCI, and the SOCI; electrolytes to enhance the battery performance. These additives
result in: (1) an increase in the cell voltage (3.9 V for BrCl in the SOCI, system (BCX),

3.95 V for Cl; in the SO,CI; system (CSC), and (2) an increase in energy density and specific
energy to about 1040 Wh/L and 480 Wh/kg for the CSC system.

The lithium /oxyhalide cells with halogen additives offer among the highest energy density

of primary battery systems. They can operate over a wide temperature range, including high
temperatures, and have excellent shelf lives. They are used in a number of special applications
oceanographic and space applications, memory backup, and other communication and

electronic equipment. These lithium /oxychloride batteries are available in hermetically sealed,
spirally wound electrode cylindrical configurations, ranging from AA to DD size in capacities up
to 30 Ah. These batteries are also available in the AA size containing 0.5 g of Li and in flat disk-
shaped cells. Figure 8 shows a cross section of a typical cell. Table 35 lists the different lithium-
oxychloride batteries manufactured and their key characteristics. Two types of halogen-additive
lithium /oxychloride batteries have been developed, as follows:

Li/SOCI, System with BrCl Additive (BCX). This battery has an open-circuit voltage of 3.9 V
and an energy density of up to 1070 Wh/L at 20°C. The BrCl additive is used to enhance the
performance. The cells are fabricated by winding the lithium anode, the carbon cathode, and two
layers of a separator of nonwoven glass into a cylindrical roll and packaging them in an
hermetically sealed can with a glass-to-metal feed-through. The batteries are capable of
performance over the temperature range of -55 to 72°C. The shelf-life characteristics of this
battery are shown in Table 36. Capacity loss on storage is higher than with lithium systems using
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thionyl chloride only. The addition of BrCl to the depolarizer may also prevent the formation of
sulfur as a discharge product, at least in the early stage of the discharge, and minimize the
hazards of the Li/SOCI, battery attributable to sulfur or discharge intermediates. The cells show
abuse resistance when subjected to the typical tests, such as short circuit, forced discharge, and
exposure to high temperatures.

Li/SO,Cl, with Cl, Additive (CSC). This battery has an open-circuit voltage of 3.95 V and an
energy density of up to 1040 Wh/L. The additive is used to decrease the voltage-delay
characteristic of the lithium /oxyhalide cells. The typical operating temperature of these cells is -
30 to 90°C. The cylindrical cells are designed in the same structure as those shown in Figure 37.

Terminal cap

Fuse- | - Adhesive
. — Spacer
55 304 L lid
TIG weldad
Ni 200 current— ",
collector tab ~ Glass-to-metal

hermatic seal

o

- Saparator
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5
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Anode screen steel case

High temperature -
shrink wrap
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Figure 37: Cross section of lithium / oxychloride cell. (Courtesy of Electrochem Industries.)
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Table 35: Typical Halogen Additive Oxychloride Batteries

Br(l in SO(C1,

Cl, in SOLCL

AA C D DD C D DD

Voltage, V

Open-circuit ER 305

Average operating 34 a3
Rated capacity, 100-h rate. Ah 20 1.0 15.0 30,0 1.0 1 4.0 300
Dimensions

Diameter. mm 137 5.6 335 335 256 335 335

Height., mm 489 484 593 111 48.4 9.3 [11

Volume, cm? T.21 244 523 98.2 244 52.3 98.2

‘eight. g 16 55 115 216 52 116 213
Maximum current capability. mA 100 500 1000 3000 1000 2000 4000
Specific Energy /Energy Density

Whikg 412 433 456 436 455 404 480

WhiL Q15 084 L0 1070 056 297 1040
Operating temperature range, “C —551to 72 —32 to 93°C

Sowrce:  Electrochem Industries Div., Wilson Greatbatch Led.

Table 36: Storage Capacity Losses of Li/SOCI, with BrCl Additive Cells, D Size

Temperature, *C Ist year Each following vear
—40 2% los 2% 1
21 T% los 5% loss
72 20% los 9% 1

Source: Electrochem Industries Div., Wilson Greatbateh, Lid.

LITHIUM/MANGANESE DIOXIDE (Li/MnO2) BATTERIES

The lithium /manganese dioxide (Li /MnO,) battery was one of the first lithium / solid-cathode
systems to be used commercially and is now the most widely used primary lithium battery. It is
available in many configurations (including coin, bobbin, spirally wound cylindrical, and
prismatic configurations in multicell batteries, and in designs for low, moderate, and moderately
high drain applications. The capacity of batteries available commercially ranges up to 2.5 Ah.
Larger sized batteries are available for special applications and have been introduced
commercially. Its attractive properties include a high cell voltage (nominal voltage 3 V), specific
energy above 230 Wh/kg and an energy density above 535 Wh/L, depending on design and
application, good performance over a wide temperature range, long shelf life, storability even at
elevated temperatures, and low cost. The Li/MnO, battery is used in a wide variety of
applications such as long-term memory backup, safety and security devices, cameras, many
consumer devices and in military electronics. It has gained an excellent safety record during the
period since it was introduced. The performance of a Li /MnO, battery is compared with
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comparable mercury, silver oxide, and zinc batteries illustrating the higher energy output of the
Li/MnO; battery.

Chemistry

The Li/MnO; cell uses lithium for the anode, and electrolyte containing lithium salts in a mixed
organic solvent such as propylene carbonate and 1,2-dimethoxyethane, and a specially prepared
heat-treated form of MnO, for the active cathode material. The cell reactions for this system are:

Anode xLi—LiT + ¢
Cathode Mno™0, + xLi* + ¢ — Li, Mn™Q,
Overall xLi + Mn™O, — Li, Mn™0,

Manganese dioxide, an intercalation compound, is reduced from the tetravalent to the trivalent
state producing LixMnO, as the Li* ion enters into the MnO, crystal lattice. The theoretical
voltage of the total cell reaction is about 3.5 V, but an open circuit voltage of a new cell is
typically 3.3 V. Cells are typically predischarged to lower the open circuit voltage to reduce
corrosion.

Construction

The Li/MnO; electrochemical system is manufactured in several different designs and
configurations to meet the range of requirements for small, lightweight, portable power sources.
Coin Cells. Figure 38 shows a cutaway illustration of a typical coin cell. The manganese dioxide
pellet faces the lithium anode disk and is separated by a nonwoven polypropylene separator
impregnated with the electrolyte. The cell is crimped-sealed, with the can serving as the positive
terminal and the cap as the negative terminal.

Collectar

Anode cap

Insulation
packing

Megative electrode (Li)

Positive

Cathode can electrode (MnO,)

Organic electralyte
and separator
Figure 38: Cross-sectional view of Li /MnO; coin-type battery. (Courtesy of Duracell, Inc.)

Bobbin-Type Cylindrical Cells. The bobbin-type cell is one of the two Li /MnO, cylindrical
cells. The bobbin design maximizes the energy density due to the use of thick electrodes and the
maximum amount of active materials, but at the expense of electrode surface area. This limits the
rate capability of the cell and restricts its use to low-drain applications. A cross section of a
typical cell is shown in Figure 39. The cells contain a central lithium anode core surrounded by
the manganese dioxide cathode, separated by a polypropylene separator impregnated with the
electrolyte. The cell top contains a safety vent to relieve pressure in the event of mechanical or
electrical abuse. Welded-sealed cells are manufactured in addition to the crimped-seal design.

Page 82 of 98



FUEL CELLS AND BATTERIES LECTURE NO. 7
These cells, which have a 10-year life, are used for memory backup and other low-rate
applications.
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Figure 39: Cross-sectional view of Li /MnO, bobbin battery. (Courtesy of Duracell, Inc.)

Spirally Wound Cylindrical Cells. The spirally wound cell, illustrated in Figure 40, is designed
for high-current pulse applications as well as continuous high-rate operation. The lithium anode
and the cathode (a thin, pasted electrode on a supporting grid structure) are wound together with
a microporous polypropylene separator interspaced between the two thin electrodes to form the
jelly-roll construction. With this design a high electrode surface area is achieved and the rate
capability increased. High-rate spirally wound cells contain a safety vent to relieve internal
pressure in the event the cell is abused. Many of these cells also contain a resettable positive
temperature coefficient (PTC) device which limits the current and prevents the cell from
overheating if short-circuited accidentally.
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Figu're 40: Cross-sectional view of Li /MnO; spirally wound electrode battery. (Courtesy of
Duracell, Inc.)
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Multicell 9-V Battery. The Li/MnO; system has also been designed in a 9-V battery with

1200 mAh capacity in the ANSI 1604 configuration as a replacement for the conventional zinc
battery. The battery contains three prismatic cells, using an electrode design that utilizes the
entire interior volume, as shown in Figure 41. An ultrasonically sealed plastic housing is used for
the battery case.

Positive terminal Megative terrminal
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Figure 41: Cross-sectional view of three-cell 9-V Li /MnO; battery. (Courtesy of Ultralife
Batteries, Inc.)

Foil Cell Designs. Other cell design concepts are being used to reduce the weight and cost

of batteries by using lightweight cell packaging. One of these approaches is the use of heat-
sealable thin foil laminates, in a prismatic cell configuration in place of metal containers. The
design of a cell with a capacity of about 16 Ah is illustrated in Figure 42. The cell contains 10
anode and 11 cathode plates in a parallel plate array.

H=71cm

Thickness:
1.4ecm

L=61cm

Seams: 0.32cm

Figure 42: Foil cell design.

Page 84 of 98



e
< rm b

‘!H‘
FUEL CELLS AND BATTERIES "SIy oF ® LECTURE NO. 7

1~

Cell and Battery Sizes

The Li/MnO; cells are manufactured and commercially available in a number of flat and
cylindrical batteries ranging in capacity from about 30 to 1400 mAh. Larger-size batteries have
been developed in cylindrical and rectangular configurations. The physical and electrical
characteristics of some of these are summarized in Tables 37, 38 and 39. In some instances
interchangeability with other battery systems is provided by doubling the size of the battery to
accommodate the 3-V output of the Li/MnO; cell compared with 1.5 V of the conventional
primary batteries, for example battery type CR-V3.

Table 37: Typical Li /MnO, Batteries

International  Rated Specifict  Energyt
(TEC) capacity. Weight, Diameter. Height ‘Volume.  energy density  Impedance at
type mAh* o mim mim cm? Whikeg  WhiL I kHz 01

Low-rate flat or coin batteries, 3 W

CR 1216 25 0.7 12.5 1.6 0.2l 1an 35 —
CR 1025 a0 0.7 10.0 25 0.20 125 410 —
CR 1220 35 0.9 12.5 20 0.25 110 300 —
CR 1616 55 1.2 16.0 1.6 032 128 480 —
CR 2012 55 1.4 0.0 12 0.38 110 405 —
CR 1620 70 1.3 16.0 20 040 150 485 —
CR 2014 75 1.7 .0 1.6 050 125 420 12-18
CR 2320 130 3.0 230 20 &3 122 440 —
CR 2025 150 2.5 0.0 23 079 145 50 12-18
CR 2325 190 30 230 25 1.04 175 310 15
CR 2032 210 33 0.0 32 1.00 175 585 12-18
CR 2330 265 4.0 230 in 1.35 185 550 —
CR 2420 280 4.0 245 3o 1.41 195 555 515
CR 3032 00 7.1 .0 32 224 195 GO0 —
CR 2430 350 6.2 245 50 235 245 G300 515
CR 2354 360 59 230 54 22 205 700 —
CR 2477 10600 10.5 2.5 13 342 240 770 —
Cylindrical batteries: spirally wound, 3 %
CR 111083 1a0 A 1.6 10.8 1.14 155 05 35
CR 15H2 704 750 1L 156 270 52 190 400 —
CR 173454 14060 17.00 17. M3 7.8 230 535 2
Cylindrical batberies, bobbin, 3V
CR 14250 850 9.5 14.5 250 1.1 250 580 13
CR 17335 1800 17. 17. 335 T4 295 GE0 3-8
Batteries (dimensions in mm)
2CR 4N 160 0.4 130 (D) = 252 (H) 2 CR 4M cells in series. 6V
2CR5 1300 3. 17 (T = 34 (W= 45 (H) 2 CR 17245 cells in series. 6V
CR-P2 1300 3. 195 (T = 24 (W = 36 (H) 2 CR 17245 cells in series. 6V
1E04LE 1200 344 168 (T) = 258 (W) = 484 (H) 3 prismatic cells in series, @V
CR-V& 1 500 a0, 20 (Wi 1450Ty = 52 (Hy 2 "AA"-size cells in series, 6
CR-V3 3000 3 20 (W) 14.50(Ty = 52 (H) 2 “AA"-size cells in parallel. 3V

* Low-rate batteries —C f 200 mie; high-rate and cylindrcal cells—CJ 30 mie.

1 Based on average voltage of 28 W,

FCommon nomenclamre: CR 11IGE = CR JgN'. CR 1I5H2T) = CR 2; CR 17345 = CR 1234,
Sonrcer  Manufacnarers’ data sheets,
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Table 38: Characteristics of Larger Li /MnO, Batteries. Standard Type: C/20 Rate at Room
Temperature to 2.0 V Cut-off. High-Rate Type: C/10 Rate at Room Temperature to a 2.0 V Cut-
off.

MNominal
capacity Max. Dimensions
typical continuous —

[EC values current® dia. hi. Weight
cell size (Ah) (A () () (gl
MO3 0.2 40 14.5 25 B
M4 0.3 ] 14.5 28 9
M49 1.6 300 22,5 32 24
M52 4.5 800 26 51 57
M52 HR 4.0 1200 26 51 59
M56 5.6 900 26 60 69
M56 HE 5.5 1500 26 60 71
M19 HR 9.0 20600 335 58 103
M20 10.5 2000 34 Bl 115
M20 HE 10.0 2500 34 61 117
M24 HRE 20,0 4000 335 111 201
M58 1.0 2000 42 51 125
M25 330 4000 42 125 355
M2 33.0 S000 42 133 355

Seurce:  FRIWO Silberkraft data shests.
Table 39: Specifications for Commercially Available Foil Cells and Batteries

Manufacturer’s Dimension’s Vaoltage Max. cont.

maodel thickness = L = W (OCY) Capacity current Weight

number {mm | {volts} {mAh ] {mA e}
U3VE-A-T 0.8 x 38.6 x 300 3.2 27 20 [.1
U3VE-B-T 0.5 = 27.7 = 38.1 32 45 40 1.2
U3VE-G-T L1 = 363 = 257 32 120 12 [.1
U3VE-L-T 2.0 % 386 x 300 32 160 20 21
U6VE-K2 4.6 = 73T = 460 6.4 GO0 50 17.5
U3VE-K 23 % 737 x 460 3.2 800 55 8.5
U3VE-H 23 % 939 x 760 32 1800 B0 15.0
U6VE-H2 39 #0932 % T8.2 6.4 1800 &0 37.0
U3VE-D 23 % 920 x 920 32 2300 80 275

Sonrce: Manufacturer's Data Sheets.

Applications and Handling

The main applications of the Li/MnQO; system currently range up to several Ampere-hours in
capacity, taking advantage of its higher energy density, better high-rate capability, and longer
shelf life compared with the conventional primary batteries. The Li/MnO; batteries are used in
memory applications, watches, calculators, cameras, and radio frequency identification (RFID)
tags. At the higher drain rates, motor drives, automatic cameras, toys, personal digital assistants
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(PDAs), digital cameras and utility meters are excellent applications. The low-capacity Li/MnO,
batteries can generally be handled without hazard, but, as with the conventional primary battery
systems, charging and incineration should be avoided as these conditions could cause a cell to
explode. The higher-capacity cylindrical batteries are generally equipped with a venting
mechanism to prevent explosion, but the batteries, nevertheless, should be protected to avoid
short circuits and cell reversal, as well as charging and incineration. Most of the high-rate
batteries are also equipped with an internal resettable current and thermal protective system
called a positive temperature coefficient (PTC) device. When a cell is short-circuited or
discharged above design limits and the cell temperature increases, the resistance of the PTC
device quickly increases significantly. This limits the amount of current which can be drawn
from the cell and keeps the internal temperature of the cell within safe limits.

Larger spiral-wound cells and the foil-type shown in Figure 13 are finding use in military
electronics, including the U.S. Army’s Twenty-First Century Land Warrier System, radios and
the thermal weapons sight. Battery packs are also being employed for Emergency Positioning
Indicating Radio Beacons (EPIRBs) and pipeline test vehicles. Smaller batteries are also
available commercially in foil laminate packages for use in specialized applications such as toll
collection transponders and RFID tags for shipping and inventory control. The specific
conditions for the use and handling of Li/MnO, batteries are dependent on the size as well as the
specific design features. Manufacturers’ recommendations should be consulted.

LITHIUM/CARBON MONOFLUORIDE {Li/(CF),} BATTERIES

The lithium /carbon monofluoride {Li/(CF),} battery was one of the first lithium / solidcathode
systems to be used commercially. It is attractive as its theoretical specific energy (about 2180
Wh/kg) is among the highest of the solid-cathode systems. Its open-circuit voltage is 3.2 V, with
an operating voltage of about 2.5-2.7 V. lts practical specific energy and energy density ranges
up to 250 Wh/kg and 635 Wh/L in smaller sizes and 590 Wh/kg and 1050 Wh/L in larger sizes.
The system is used primarily at low to medium discharge rates.

Chemistry

The active components of the cell are lithium for the anode and polycarbon monofluoride

(CF),, for the cathode. The value of n is typically 0.9 to 1.2. Carbon monofluoride is an
interstitial compound, formed by the reaction between carbon powder and fluorine gas. While
electrochemically active, the material is chemically stable in the organic electrolyte and does not
thermally decompose up to 400°C, resulting in a long storage life. Different electrolytes have
been used; typical electrolytes are lithium hexafluorarsenate (LiAsFg) in _-butyrolactone (GBL)
or lithium tetrafluoroborate (LiBF,) in propylene carbonate (PC) and dimethoxyethane (DME).
The simplified discharge reactions of the cell are:

Anode nli — ali™ + ne
Cathode (CF), + ne — nC + nkF~
Owverall nLi + (CF), — nLiF + nC

The polycarbon monofluoride changes into amorphous carbon which is more conductive as the
discharge progresses, thereby increasing the cell’s conductivity, improving the regulation of the
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discharge voltage, and increasing the discharge efficiency. The crystalline LiF precipitates in the
cathode structure.

Construction
The Li/(CF), system is adaptable to a variety of sizes and configurations. Batteries are available
in flat coin or button, cylindrical, and rectangular shapes, ranging in capacity from 0.020 to 25
Ah; larger-sized batteries have been developed for specialized applications. Figure 43 shows the
construction of a coin-type battery. The Li/(CF), cells are typically constructed with an anode of
lithium foil rolled onto a collector and a cathode of Teflon-bonded polycarbon monofluoride and
acetylene black on a nickel collector. Nickel-plated steel or stainless steel is used for the case
material. The coin cells are crimped-sealed using a polypropylene gasket.

Cathode  Cathode Cathode

Anode
collector
case

Figure 43: Cross-sectional view of Li / (CF), coin-type battery. (Courtesy of Panasonic, Division
of Matsushita Electric Corp. of America.)

Saparator

Anode case \\\ \ % Gasket
A f

The pin-type batteries use an inside-out design with a cylindrical cathode and a central anode in
an aluminum case, as shown in Figure 44.

{=) Terminal

Gaskel
{+) Terminal

Cathode [(CF).]
Separator

Ancde (lithium)

Figure 44: Cross-sectional view of Li / (CF), pin-type battery. (Courtesy of Panasonic, Division
of Matsushita Electric Corp. of America.)
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The cylindrical batteries use a spirally wound ( jelly-roll) electrode construction, and the
batteries are either crimped or hermetically sealed. Their construction is similar to the cylindrical
spiral-wound electrode design of the Li/MnQO, battery shown in Figure 40 above. The larger cells
are provided with low-pressure safety vents.

Cell and Battery Types

The Li/(CF), batteries are manufactured in a number of coin, cylindrical, and pin configurations.
The major electrical and physical characteristics of some of these batteries are listed in Table 40-
a and b. Manufacturers’ specifications should be consulted for the most recent listings of
commercially available cells. Larger sizes of cells and batteries have also been developed for
military, governmental and space applications, as given in Table 40-b. Spiral-wound and
prismatic cells are used to build the multi-cell batteries given in this table. The smaller
cylindrical cells employ a 0.030 cm thick steel case but larger units, such as the 1200 Ah cell, are
reinforced with an epoxy-fiberglass cylinder to provide additional strength, with an increase in
weight about half that of increasing the steel wall thickness. All these cells employ a Zeigler-type
compression seal, a unique cutter vent mechanism and two layers of separator. The first is a
microporous layer to prevent particulate migration, and the second is a non-woven
polyphenylene sulfide material to provide high-strength, high-temperature stability and good
electrolyte wicking action. These low-rate designs provide a specific energy of 600 Wh/kg and
an energy density of 1000 Wh/L in the DD size and higher values for larger units.

Table 40(a): Characteristics of Lithium /Carbon Monofluoride Li /(CF), Batteries

Coin batteries, 3%

Recommendead

drain Dimensions
*Mominal

Model capacity Pulse Standard Low Diameter Height Weight

no. [EC (mAh) (mA) (mA) (A {mm} (mim) (g)
ER1216 — 25 5 0.03 l 12.5 L.60 0.6
ER122 — as 5 0.03 l 12.5 2.00 0.7
BR1225 BR1225 48 5 0.03 l 12.5 2.50 0.8
ERl1616 — 48 8 0.03 l 16.0 L.60 1.0
BER 1632 — 120 8 0.03 l 16.0 320 L.5
BR2016 BR2016 75 10 0.03 l 200 L.60 1.5
ER2020 BR2020 100 10 0.03 2 20.0 2.00 20
BR2032 — 190 10 0.03 4 2010 320 2.5
BR2320 BR2320 110 10 0.03 2 230 2.0 2.5
BR2325 BR2325 165 10 0.03 3 230 2.50 3z
BER2330 — 255 10 0.03 3 230 .00 3z
BR3032 BR303A2 S00 10 0.03 1 30.0 320 5.5
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Coin type: High operating temperature, 3 'V

Dimensions
L) Mominal Temperature
capacity range
Model no. Diameter Height (mAh) i"C)
tBR 12254 2.5 25 48 —40°C - | 50°C
BR1632A 6.0 32 120 —40°C ~ | 50°C
BR2330A 23.0 30 255 —405C ~ | 50°C
BR2477A 24.5 7.0 000 —40°C ~ |25°C
Pin type, 3 V
Fecommended
drain Dimensions
MNominal* Operating
capacity Pulse Standard Diameter  Height Weight temperature
Model no. imAh) (mA) (mAj) i mm i mm ) (g} range
—20°C ~ +60°C
425 25 5 4.2 258 .55 .
BR4 4 0 4 9 0 (—4°F ~ 140°F)
—20°C ~ +60°C
135 5 4.2 350 B
BR435 50 6 1 4. 0.8 (_4°F — 140°F)
Cylindrical type, 3V
Electrical
characteristics Dimensions
i207) {max.)
Continuous
dMominal  Standard Faximuim Max. Approximate
capacity drain drain pulse  Diameter height Weight
Muodel no. (mAh) (mA) (ma) (mA) (rmm) () (g
BR-C 5,000 150 300 1,000 26.0 50.5 42.0
BR-A 1800 2.5 250 1000 17.0 455 18.0
BR-2/3A 1,200 2.5 250 1000 17.0 335 13.5
iBR-AH 2.000 2.5 250 1000 17.0 45.5 18.0
1BR-AG 2,200 2.5 250 1,000 17.0 455 18.0
tBR-2/3AH 1.350 2.5 250 1000 17.0 335 13.5
iBR-2/3AG 1.450 2.5 250 1000 17.0 335 13.5

*MNominal capacity shown is based on standard drain.

TlUnder development

fH and G versions are higher capacity

&Mominal capacity is based on standard drain and cutoff voltage down to 2.0V at 20°C (62°F)
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Table 40(b): Characteristics of Large Lithium /Carbon Monofluoride Li /(CF), Batteries

Single-cell batteries

Dimensions
{cm)
Weight
Part number Capacity (Ah) Diameter Height (grams})
LCF-111 240 (.62 16.51 880
LCF-112 35 .02 13.584 170
LCE-117 1200 11.43 26.67 3950
LCF-119 400 [1.43 9.53 1575
LCF-122 18 337 6.06 —
LCF-123 35 337 11.72 —
LCF-313 40 6.A5(L) = 243(W) = T.09%H) 230
Multicell batteries
Dimensions
{cm)
Capacity Mominal Weight
Part number (Ah) voltage H L W [grams) Comments
MAP-9036 23.5 39 17.1 20.3 14.0 4586 Former
shuttle
range safety
system
MAP-9046 374 (=2 30 (=2 159 17.3 1.6 3405 2 indepen-
dent volt-
age sections
MAP-9225 240 L5 249 30.7 6.5 6000
MAP-9257 &0 L2 124 [8.5 14.8 —
MAP-9319 240 21 420 29.7 9.7 —
MAP-9325 120/7.2 12/15 17.1 5.6 9.2 — Optional
casing
MAP-9334 &0 6 16.5 T.6 4.8 — Minuteman
I GRF
batteries
MAP-9381 0 29 3l3 20.0 9.7 — Integrated
capacitor
bank
MAP-9382 8OV 70 33712 2001 17.6 14.1 — 2 indepen-
dent volt-
age sections
MAP-9389 280 L5 236 338 11
MAP-9392 40 29 17.1 20.3 14.0 X-33 Range
safety sys-
tem

Source:  Eagle-Picher Technologies,
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Applications and Handling

The applications of the Li/(CF), battery are similar to those of the other lithium / solidcathode
batteries, again taking advantage of the high specific energy and energy density and long shelf
life of these batteries. The Li/(CF), coin batteries are used as a power source for watches,
portable calculators, memory applications, and so on. The low-capacity miniature pin-type
batteries have been used as an energy source for LEDs and for fishing lights and microphones.
The larger cylindrical batteries can also be used in memory applications, but their higher drain
capability also covers use in radio sets, for telemetry, and for photographic and similar general-
purpose applications. Handling considerations for the Li/(CF), systems, too, are similar to those
for the other lithium / solid-cathode systems. The limited current capability of the coin and low-
capacity batteries restricts temperature rise during short circuit and reversal. These batteries can
generally withstand this abusive use even though they are not provided with a safety vent
mechanism. The larger batteries are provided with a venting device, but short circuit, high
discharge rates, and reversal should be avoided as these conditions could cause the cell to vent.
Charging and incineration likewise should be avoided for all batteries. The manufacturer’s
recommendations should be obtained for handling specific battery types.

LITHIUM/IRON DISULFIDE (Li/FeS;) BATTERIES

Iron sulfide, in both the monosulfide (FeS) and the disulfide (FeS,) forms, has been considered
for use in solid-cathode lithium batteries. Only the disulfide battery has been commercialized
because of its performance advantage due to its higher sulfur content and higher voltage. The
monosulfide electrode has the advantage of reduced corrosion, longer life, and a single voltage
plateau compared to the disulfide electrode, which discharges in two steps. These batteries have
a nominal voltage of 1.5 V and can therefore be used as replacements for aqueous batteries
having a similar voltage. Button-type Li/FeS; batteries were manufactured as a replacement for
zinc / silver oxide batteries but are no longer marketed. They had a higher impedance and a
slightly lower power capability but were lower in cost and had better low-temperature
performance and storability. Li/FeS; batteries are now manufactured in a cylindrical
configuration. These batteries have better high-drain and low-temperature performance than the
zinc /alkaline-manganese dioxide batteries. The performance of these two systems on constant-
current discharge at various discharge rates, in the AA size.

Chemistry
The Li/FeS; battery uses lithium for the anode, iron disulfide for the cathode, and lithium
iodide in an organic solvent blend as the electrolyte. The cell reactions are:

Anode 4Li — 4LI*F + 4e
Cathode FeS, + 4¢ — Fe + 2572
Owverall 4Li + FeS, — Fe + 2Li,5

Intermediate species are formed during the discharge, but they have not been fully characterized.
They are dependent on many variables, including discharge rate and temperature.

The overall cell reaction for the monosulfide electrode is

2Li + FeS — Fe + Li,S
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Construction

Li/FeS; batteries may be manufactured in a variety of designs, including the button and both
bobbin and spiral-wound-electrode cylindrical cells. A bobbin construction is most suitable

for light-drain applications. The spiral-wound-electrode construction is needed for the heavier-
drain applications, and it is this design that has been commercialized. The construction of the
spiral-wound cylindrical battery is shown in Figure 45. These batteries typically have several
safety devices incorporated in their design to provide protection against such abusive conditions
as short circuit, charging, forced discharge, and over heating. Two safety devices are shown in
the figure a pressure relief vent and a resettable thermal switch, called a positive thermal
coefficient (PTC) device. The safety relief vent is designed to release excessive internal pressure
to prevent violent rupture if the battery is heated or abused electrically.

Fressure went

Resettable
. " threeway switch

I =———— spring conmtact

e i
l‘-\\- Cathodea collactor

T FeS.: cathode

\\ Lithium ancde

/ Ancde tab
Hi

il )
>/

HE ' LA \x -

o g

Figure 45: Cross secti-bn_énd top assembly of Li /FeS, AA-size battery. (Courtesy of Eveready
Battery Co., Inc.)

The primary purpose of the PTC is to protect against external short circuits, though it also offers
protection under certain other electrical abuse conditions. It does so by limiting the current flow
when the cell temperature reaches the PTC’s designed activation temperature. When the PTC
activates, its resistance increases sharply, with a corresponding reduction in the flow of current
and, consequently, internal heat generation. When the battery (and the PTC) cools, the PTC
resistance drops, allowing the battery to discharge again. The PTC will continue to operate in
this manner for many cycles if an abusive condition continues or recurs. The PTC will not
“‘reset’” indefinitely, but when it ceases to do so, it will be in the high-resistance condition. The
characteristics of PTCs (or any other current-limiting devices in the battery) may place some
limitations on performance.
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Cell Types and Applications

Table 41 lists the characteristics of the cylindrical Li/FeS, AA-size battery that is currently
available commercially. This battery has better high-drain and low-temperature performance
than the conventional zinc cells and is intended to be used in applications that have a high
current drain requirement, such as cameras, computers, and cellular phones. The lithium battery
outperforms the alkaline battery by delivering more flashes with a more rapid recycle time.
Button-type Li/FeS; batteries are no longer manufactured. Batteries using the Li/FeS system have
not been manufactured for commercial use.

Table 41: Characteristics of Li /FeS; AA-Size Battery

Dimensions. mm

Height S0

[riameter 14
Weight g 15
Woltage, W

Mominal classification 1.5

Open-circuit 1.8
Capacity. at 20°C, Ah
to 0.9 W

1O mA 2.8

300 mA 24

30 mA 2.6

0.3 mA 2.6
Energy density, Wh/L

1000 mA 324

300 mA 436

30 mA 500

0.3 mA 540
1-kHz impedance, {t 018

Source: Eveready Battery Co., Inc.

LITHIUM/COPPER OXIDE (Li/CuO) AND LITHIUM/COPPER OXYPHOSPHATE
[LI/CU40(PO4)2] CELLS

The lithium /copper oxide (Li /CuO) system is characterized by a high specific energy and
energy density (about 280 Wh/kg and 650 Wh/L) as copper oxide has one of the highest
volumetric capacities of the practical cathode materials (4.16 Ah/cm®). The battery has an
open-circuit voltage of 2.25 V and an operating voltage of 1.2 to 1.5 V, which makes it
interchangeable with some conventional batteries. The battery system also features long
storability with a low self-discharge rate and operation over a wide temperature range.

Li/CuO batteries have been designed in button and cylindrical configurations up to about 3.5 Ah
in size, mainly for use in low- and medium-drain, long-term applications for electronic devices
and memory backup. Higher-rate designs as well as hermetically sealed batteries with glass-to-
metal seals have also been manufactured.

Chemistry
The discharge reaction of the Li/CuO cell is:
2Li + CuO — Liy0 + Cu,
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The discharge proceeds stepwide, CuO — Cu,O — Cu, but the detailed mechanism has not been
clarified. A double-plateau discharge has been observed at high-temperature (70°C) discharges at
low rates, which blends into a single plateau under more normal discharge conditions.

Construction

The construction of the Li/CuO button-type battery shown in Figure 46-a is similar to other
conventional and lithium / solid-cathode cells. Copper oxide forms the positive electrode and
lithium the negative. The electrolyte consists of lithium perchlorate in an organic solvent
(dioxolane). The cylindrical batteries (Figure 46-b) use an inside-out bobbin construction. A
cylinder of pure porous nonwoven glass is used as the separator, nickel-plated steel for the case,
and a polypropylene gasket for the cell seal. The can is connected to the cylindrical copper oxide
cathode and the top to the lithium anode.

Cell Types and Applications

The Li/CuO batteries that have been available in the button and small cylindrical (bobbin)
configurations are listed in Table 42. Under the low-drain conditions these batteries have a
significant capacity advantage over the conventional aqueous batteries. Combined with their
excellent storability and operation over a wide temperature range, these batteries provide
reliable power sources for applications such as memory backup, clocks, electric meters, and
telemetry and, with high-temperature cells, in high-temperature environments. Specially
designed units were also manufactured to meet higher drain applications. These batteries are
no longer available commercially.

Electrolyte Anode cap
in absorbent | | Anode (L)
@ i J - Separator
_ ——————— —
I Vi N=ef,  Cathode
| : A T sleave
_—.*L;- e “Gasket

@ Cell can © |

Cathode (Cul)’
{a)

Megative terminal

Insulaling gasket
Mickel plated stesl can

—— Electroiyte

Copper oxide
cathode

Separator

Shrink + label ——— Lithium anocde

Ancde current
collector

Bottam insulator —5Y

Insulating disk
FPositive terminal

(b}
Figure 46: Lithium / copper oxide batteries (a) Button configuration. (Courtesy of Panasonic,
Division of Matsushita Electric Corp. of America.) (b) Cylindrical battery, bobbin construction.
(Courtesy of SAFT America, Inc.)

Page 95 of 98



FUEL CELLS AND BATTERIES LECTURE NO. 7

Table 42: Characteristics of Lithium /Copper Oxide Batteries

Li/Culy

Buttont oA AN

Mominal voltage, ¥ 1.5 1.5 1.5
Dimensions (max)
Diameter, mm 0.5 14.5 14.5
Height, mm 27 26.0 50.5
Volume, cm? 0.2 4.3 8.3
Weight, g (.6 7.3 17.4
Rated capacity, Ah* 0.060 1.4 34

Specific energy/
Energy density

Whikg 150 285 290
WhL 450 485 al10
Weight of lithium, g — 0.4 0.9
Maximum current, mA 0.3 20 40

*AL approximately 71000 rate.
Sowrce: SAFT America, Inc. and Panasonic Div.," Matsu-
shiti Industrial Co.

LITHIUM/SILVER VANADIUM OXIDE BATTERIES

The lithium / silver vanadium oxide system has been developed for use in biomedical
applications, such as cardiac defibrillators, neurostimulators and drug delivery devices.
Electrochemical reduction of silver vanadium oxide (SVO) is a complex process and occurs in
multiple steps from 3.2 to 2.0 V. This system is capable of high power, high energy density and
high specific energy as is required for cardiac defibrillators, its principle application. SVO with
the stoichiometry of AgV,0s is capable of providing 310 mAh/ kg. Practical cells can achieve up
to 780 Wh/L and 270 Wh/kg and are capable of 1 to 2 Amp pulses as required by cardiac
defibrillators.

Chemistry

SVO is produced by the thermal reaction of AgNOj3 and V,0s. This material belongs to the class
of vanadium bronzes and possesses semi-conducting properties. It is reduced chemically and
electrochemically in a multi-step process in which V°* is first reduced to V** in a two-step
reaction, followed by reduction of Ag** to Ag® and then by partial reduction of V** to VV**. These
processes tend to overlap and plateaus are observed in the discharge curves at 3.2, 2.8, 2.2 and
1.8 V. When discharged to 1.5 V, equivalents of lithium per mole of SVO are utilized based on
the empirical formula AgV,0s5. The following reactions have been proposed to account for this
stoichiometry:

Anode: 35 Li— 3.5 LT + 3.5
Cathode: 3.5¢ + Ap(DVL(V)IO. . — AV IV IIDO, .
Orwverall: 35 Li + AgV,0; ; — Li;AgV.0. .
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Electrolytes which have been employed with this system are 1 molar LiBF, in propylene
carbonate (PC) and 1 Molar LiAsFg in 1:1 by volume PC-DME. The latter appears to be

the electrolyte of choice at present. The addition of CO, or substances such as dibenzyl
carbonate (DBC) or benzyl succinimidyl carbonate have been reported to reduce anode
passivation which causes voltage delay and increased DC resistance between 40 and 70% depth
of discharge. These materials are believed to operate by lowering the impedance of the solid
electrolyte interface (SEI) layer on the surface of the lithium anode.

Construction

Typical construction of a prismatic implantable Li/SVO cell designed for use in a cardiac
defibrillator where high power capability is required is shown in Figure 47.The case and lid are
made of 304L stainless steel and are the negative cell terminal. A glass-to-metal (GTM) seal
employs TA-23 glass and a molybdenum pin. Although this GTM seal is intrinsically

corrosion resistant in lithium primary cells, an elastomeric material and an insulating cap are
added to the underside of the seal to provide an additional mechanical barrier and enhanced
protection for the GTM. Two layers of insulating straps, one a fluropolymer and the other of
mica are added to the underside of the lid to prevent contact of the cathode lead to the lid. The
anode is constructed of two layers of lithium foil pressed on a nickel screen and heat sealed in a
microporous polypropylene separator. The cathode consists of SVO with added carbon, graphite
and PTFE binder. A typical composition is 94% SVO, 1% carbon, 2% graphite and 3% PTFE,
pressed on a finely meshed titanium screen under high pressure and then heat sealed in a
microporous polypropylene separator. One anode assembly is wound around the individual
cathode plates as shown in Figure 47 and the anode tab welded to the case. Six to eight cathode
plates are welded to a cathode lead bridge and an insulated tab connects the bridge to the Mo pin
of the GTM seal. Following welding of the lid to the case, the cell is filled with electrolyte
through the fill hole and a stainless steel ball inserted in the fill port, and an additional plug is
then laser welded over the fill hole, providing an hermetic cell.

fl ~— MOLYBOENUM FEEDTHROUGH FIN
|/ (POSITIVE POLARITY)

-~ INSULATIVE GLASS-TO-METAL SEAL

~— MULTIPLATE CELL STACK
~—— CATHODE LEAD BRIDGE

— ELECTROLYTE FILL HOLE AND FINAL
Y CLOSE WELD

4 ~
£— STAINLESS STEEL CASE AND LID
(NEGATIVE POLARITY}

MICROPORDUS PDl\‘PREIFYtENE-—I |
SEPARATOR /

) J B /
LITHIUM ANDDE — |II \.".__ .'/
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Figure 47: Construction of a Li /SVO cellmc'l.esigned for use in a cardiac defibrillator. (Courtesy
Wilson Greatbatch, Ltd.)
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Cell and Battery Types

Single-cell batteries are produced in either prismatic or with a D-shaped cross-section similar

to the design of lithium / iodine pacemaker batteries. High-rate models are produced in a
prismatic design of 2.2 Ah capacity, weighing 27.9 g and occupying 10.3 cc. This unit provides
410 Wh/L and 150 Wh/ kg. A similar unit in a D-shaped cross-section provides 1.18 Amp-hours
capacity, a specific energy of 140 Wh/kg and an energy density of 400 Wh/L. These parameters
were obtained under an accelerated pulse test regime to a 1.5 V cut-off. Moderate rate units are
also available. A rounded prismatic unit provides 2.5 Ah capacity, 270 Wh/kg and 780 Wh/L. A
D-shaped moderate-rate battery product provides 1.6 Ah capacity with a specific energy of 250
Wh/kg and an energy density of 750 Wh/L. This data was obtained under a continuous 499 ohm
discharge to a 2.0 V cut-off.

Applications

High-rate designs are employed in cardiac defibrillators, while moderate rate units find
applications in implantable neurosimulators and drug infusion devices. Lithium/SVO batteries
are employed for biomedical applications and as such must be produced under the Good
Manufacturing Practices (GMP) for medical devices of the U.S. Food and Drug Administration.
Stability of the components and the electrochemical system provide self-discharge of 2% /

year. Batteries are tested under both standard and abusive conditions. Standard tests are carried
out on fresh, half-depleted and fully depleted units. Each battery is examined visually,
dimensionally and radiographically before and after each test. Qualification tests for implantable
defibrillator batteries are: 1) high and low pressure exposure followed by mechanical shock and
vibration and then followed by high temperature exposure; 2) thermal shock (70 to -40°C); 3)
four-week temperature storage (55 and -40°C); 4) low-temperature storage; 5) forced
overdischarge (single cell at C/10 rate and a two-cell battery); and 6) short circuit at 37°C. Cells
bulge but do not vent on short circuit and pass other tests without failure. Abusive tests are
conducted to determine the ability of the batteries to withstand severe conditions, but do not have
survival requirements. These consist of crush, recharge, slow dent/puncture and high-rate forced
discharge tests. Traceability of materials and components to individual units is required and each
is serialized. A comprehensive quality assurance program is also implemented. One to two
percent of cells built are tested under conditions similar to those seen under actual use conditions
as part of a quality assurance program.
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