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discharges has been investigated with the (hjJective of attaining a
one-year discharge lifetime and a five-jycor storage lifetime at
uncontrolled temperatures, Zinc and oxygen electrodes were developed
at the Naval Ordnance Laboratory and used to construct zinc-oxygen
cells for discharge testing. Cell testing lifetimes ranged from two
to six months with zinc conversion efficiency falling between 70 per-
cent and 90 percent on the two-month tests. Zinc conversion effi-
clency was reduced to 40 percent on the six-month tests due to the
use of nickel as the zinc electrode current ~ollecting screen mate-
rial, Cell lifetime was limited by premature oxidation of the zinc
electrode due to corrosive chemical reactions set up by the nickel.

The five-year stovage requirement dictates the use of a reserve
configuration with electrolyte kept in individual cell reservoirs
during storage. Preliminary designs of the electrolyte storage and
activairion systemr were done based on the electrode and cell designs
developed.
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DEVELOPMENT OF LONG LIFE ZINC-QXYGEN CELLS

Frepared by:
Richard D, Weller

ABSTRACT: "Ready-round" underwater mines require electric power
supplies capable of long-term uncontrolled storage with subsequent
reliasble discharge at the one year rate, A reserve zinc cxygen
battery 1s considered as a possible candidate to obtain the reserve
feature, increase the energy density per unit weight, and match the
energy density per unit volume of the Leclanche cells tiaditionally
used for the bulk of the underwater mine batteries, Porous sintered
zinc and silver-catalyzed Teflon on porous stalnless steel cxygen
electrodes were constructed and tested in 12 to 14 ampere-hour cells
at discharge rates reangirg from six days to six months, Zinc con-
version efficiencies of 70 to 90 percent were obtained at the two-
month discharge rate., The six-month discharge rate conversion
efficiency was reduced to 40 percent due to the corrosive chemical
reactions induced by the presence of nickel in the support and
current collecting screen used in the zinc anode, The reserve bat-
tery concept applied to the zinc-oxygen system requires that both the
potassium hydroxide electrolyte and the oxygen be withheld from the
cell during storage, Two reserve ovattery concepts are pre.ented.
Neither design was constructed,

Methods of anode, cathode, and cell fabrication avoided the use of
any known industrial proprietary or patented data,
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DEVELOPMENT OF LONG LIFE ZINC-OXYGEN CELLS

Future underwa*er mines will probably require application of the
"rzady-round" concept of operational readiness. Thus the Naval
Ordnance Systems Command authorized a study of the zinc-oxygen
reserve battery concept as a possible solution to the uncontrolled
storage and one-year discharge life problem imposed by the "ready-
rovnd” mine concept. Under this program zinc-oxygen cells were
developed inat worked weil for up to four monvns of discharge 1ife,
Also, two complete reserve battery systems were designed, but not
constructed. The program was terminated on 30 Jvne 1970, without s
conclusive demonstration of the feasibility of utilizing the zinc-
cxygen reserve battery systems in underwater mines, as funds were
insufficient to cover all mine programs.

The work was performed for the Naval Ordrance Systems Command as
Task No. ORD 531 215/UF17-351-503,

GEORGE G, BALL
Captaln, USN
Commander
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INTRODUCTION

The objective of this effort was to investigate the feasibility
of using zinc oxygen batteries for long-term discharges of up to one
year at low continuous current drains, One of the main requirements
was to build the battery in a2 reserve configuration (electrolyte
stored separately) so that long shelf 1life at higher temperatures
could be achieved. A summary of the desired battery characteristica
follows:

Discharge Time: 1 year

Power: 100 milliwatts continuous with
occasional "spike" loads of
1 millisecond duration

Voltage: 15 volts nominal
Storage Time: 5 years at uncontrolled temperature
g more datatled missinn reauirement 11st 18 oive,, in Lhe appenoix.

The approach taken was to develop zinc and oxyeen electrode
structures, fabrication methods, and methods of cell construction
that were completely disclosed and government owned. Cells fabri-
cated from these electrodes would be tested for operating life on low
rate discharges to determlne the zinc electrode conversiocn efficiency
and the abllity of the oxygen electrode to operate for extended
periods., The 1ife teats would also determine the ability of the
cell structure to withstand KOH leaks, Preliminary designs of the
electrolyte .torage and activation system and the oversll battery
grrangement would be done based on the cell structure developed,

In the actual course of the project, zinc and oxygen electrode
structures were developed at the U, S, Naval Ordnance Laboratory
as well as 8 method for constiucting cells with plastic frames and
parts. Cell life tests of two to six-month duration were success-
fully performed and a preliminary design of the electrolyte storage
and activation system was completed. Figure 1 1is a picture of 2
typical test cell, as constructed, which would produce 12 to 14
ampere-hours at 1.4 volts. In the early tests on this project, cell
lifetime was limited by the method of cell construction which sllowed
KOH electrolyte to leak from the cell., In later tests, lifetime was
1imited (six months maximum achieved) by corrosion effects on the
zinc electrode,

Zinc-oxygen (air) cells have been in practical use since the
early 1930's, Reference 1 describes a type of zinc-air cell manu-
factured by the Union Carbide Corporation in 1932 intended for use
as 3 radio and general purpose battery. This cell utilized flat
plate cast zinc electrodes and was therefore 1limited to low current
density discharges to prevent zinc passivation. NaOH electrolyte
was used in sufficlent quantity to dissolve 2all of the zinc oxide

1
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produced (3.3 cc of NaOH per ampere-hour). The cell used a porous,
activated carbon cathode and would operate successfully for periods
of up to s year at energy densities of 40 to 45 watt-hrs/1b,

Modern versions of the zinc¢ oxygen cell have utilized porous
zine battery electrodes so that high currents can be drawn, The
electrolyte 1is usually KOH in the quantity of .5 to 1.5 cc/amp-hr
of zinc with the zinc oxide reaction product appearing in the elec-
trolyte ss a solid precipitste, The modern cells also utilize the
recently developed fuel cell oxyzen electrodes with Teflon bonded
catalysts (Reference 2). This type of cell will produce well over
100 watt-hrs/1b used as an alr battery (Reference 3), Thus far,
practicsal applications have been limited to air batteries with
discharge times in the range of s few hcurs to one week,

In the oxygen configuration, with high pressure oxygen storage,
and electrolyte stored in a separate reservoir for gdded shelf 1life,
the zinc-oxygen battery should produce €0 to 65 watt-hrs/1b., Table 1
gives an estimated weight breakdown of such a system and also in-
cludes the weight of 3 similar cadmium-oxygen system, both batteries
assumed to Supply 100 miliiwaltis for one year at 15 volts,

According to Dirkse (Reference 4) the reaction taking place at
the zinc electrode during discharge in KOH is the conversion of zine
metal to Zn{OH)s~~ ions, which later decompose to form ZnO. The
oxygen electrode promotes the breakdown and recombinaticn of 0o
molecules to OH™ ions which are ultimately available for reaction at
the zinc electrode by ionic transport. The oversll cell resction
then 1s:

Zn + #Cn = ZnO

The theoretical open circuit voltage (Ey,) for this reaction is 1,65 vV
(room temp, 30 percent KOH, saturated with ZnO). In practice, with
mercury amslgamated zinc slectrodes, 1,40 to 1.45 volts open circuit
18 actually ottained.

Many references on the theory of oxygen electrode operation are
available ana a few are listed here for the convenlence of the reader
(References 5, 6, and 7). Austin (Reference 5) classifies the theo-
retical problems as falling into three general areas: electrocataly-
sis, electrokinetics, and mode of operation (the mechanism by which
a reactant gets to s site where it can resct electrochemically, and
the description of physicsl models of the electrode estructure). No
further discussion of oxygen electrode operating theories will be
undertaken herein zince the oxygen electrode work on this project
was restricted to the practicel development and testing of
electrodes.
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ELECTRODE DEVEIOPMENT
Oxygen Electrodes

The function of the oxygen electrode 18 to maintai~ o stable
three-phase mixture of solid catslyzt, liquid electrolyte, and
gaseous oxygen. The three component: in contsct with one another
will promote the reduction of Op gas to OH  ions with the resultant
flow of electrons into the oxygen electrode., The electrode must
also perform the mechanical functions of keeping the bulk electrnlyte
contained and simultaneously preventing the oxygen gas from bubbling
through the electrode into the inside of the cell. The electrode
must also provide electrical conductivity from the oxygen reaction
aites to tne exivernai circult,

There are several dozen (Reference 8) known catalysts which
will promote the reduction of oxygen, Scme of the more common ones
which came under consideration for this project are platinum black,
palladium black, activated carbon, raney nickel powder, and zilver
powder, Platinum and palladium blacks are the fastest rate catalysts
known, but are very scarce and expensive for spplicaztions where the
highest rate discharges are not needed. Activated carbon 1is cheap
end readlly available, but problems were encountered in electrode
fabrication attempts because of mechanical weakness and poor elec-
trical conductivity in the finished electrodes, Raney nickel 4s a
cheap, plentiful catalyst but was discarded because of 1its tendency
to ignite spontaneously in sair during electrode fabrication attempts.
Fabrication of electrodes in a glove box or other inert atmosphere
device was an unwanted complication.

The final choice of catalyst material was silver powder, moder-
ately plentiful and inexpensive, which has none of the sbove
mentioned difficulties,

Teflon Bonded Electroodes

In its final configuration, the oxygen electrocde that was
developed was a three-layered structure consisting of a layer of
porous stainless steel, & second layer of catalyst material (Teflon
bonded silver powder), and a third layer of unsintered Teflon cheet,
Flgure 2 1s a microphotograph of a cross section of an oxygen
electrode,

The porous stainless steel base material (Union Carbide,

Stock No. SA 259) is a sintered sheet from ,007 to .009 inches thick
and has an overall porosity cf 50 percent. It serves as a mechanical
gupport for the rest of the electrode and as 3 current collector for
the catalytic layer., Figure 3 is a microphotograph of the porous
stainless steel sheet. The stainless steel forms the electrolyte
cide of the electrode and KCOH penetrates the pores of the steel sheet
to reach the second layer.
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The second layer 1s the silver-Teflon catalyst region which
maintains a three-phase mixture in which the oxygen rescts, Silver
powder (Metz Refining Co. "C-18 Fine Silver") is mixed with a PTFE
suspension (Dupont, Teflon 30-B) in water to form a mixture of paint-
like consistency which is applied to the stainless steel layer with
a paint brush, The electrode is then heated in air at 600°F for ten
minutes driving of. the water and sintering the Teflon and silver
layer., The amount of Teflon in the original mixture 1s adjusted so
that the silver-Teflon layer is 80 percent silver and 20 percent
Teflon by weight (45 percent silver and 55 percent TFE by volume),
The painting-heating process 18 repeated 10 to 15 times to build up
a catalytic layer of ,008 to .012 inches thickness with a 1000 PSI
press between tL«<o plastic plates after every third coat. Figure 4
i1s a microphoctograph of the catalytic layer showing the porous nature
of the silver-Teflon mixture, After a few hours or days, some KOH
will soak completely through the catalyst layer forming drops of
1iquid on the orygen sice and eventually dripping into the oxygen gas
space., This tendency for the electrodes to "'weep" is the reason for
the third layer, ronsisting of pure Tefl)>n in a porous form, referred
to as "unsintered" Teflon,

Unsintered Teflon sheet is commercially available from several
sources in varying widths and thicknesses, In this case, 8 ,010 inch
thick sheet was used and applied to the electrode by simple pressing
at 6000 PSI, Unsintered Teflon sheet will allow passage of oxygen
but the pores asre small enough (.05 to .5 microns) to effectively
block the passage of KOH., A layer performing this function 1s often
referred to as & "wet-proofing" layer,

After the wet-proofing layer was zovplied, a 1/8 inch wide strip
of wet-proofing and catalyst layers was removed to expose the stain-
less steel surface and a copper lead wire was spot welded in place
on one side, Figure 5 is a photograph of two finished electrodes
showing the gas and electrolyte sides.

Figure 6 shows the electrical performance of one of the oxygen
electrodes operating in a zinc-oxygen cell with KOH electrolyte,
Pigure 7 18 a schematic drawing of thes apparatus used to obtain t .e
electrical performance data incorporating removsble electrolyte and
gas chambers so that a large number of cathodes can be tested against
one zinc electrode, The cell was held together sometimes with bolts
and sometimes with a large wooden clamp, The performance curve
(Pigure 6) shows that most of the voltage drop in the lower current
regions is due to the oxygen electrode, Therefore a logical cell
arraagement is to sandwich a zinc electrode between twoc oxygen
electrodes, providing more oxygen electrode surface area and cutting
down the cell voltage drop on load, This effectively cuts the oxygen
electrode current density in half compared to an arrangement with one
oxygen electrode per zinc electrode,

Electrodes Made by Chemical Deposition of Silver

Attempts to deposit silver directly onto porous Teflon sheets
by chemical deposition were lasrgely unsuccessful due to poor

4
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mechanical adherence of the silver to the Teflon and unsustained
electrical performance. The silver was deposited onto porous Teflon
sheets (pore size 2 to 10 microns) by precipitation from the silver-
ammonia complex solution by the addition of sugar (electrode treatment
procedure listed in the apperndix). Electrodes were made in three ways:

a. Floating the Teflon sheet on the surface of the liquid
while precipitation was taking place, depositing .3 mg/cm2 of silver
metal onto the Teflon,

b. Holding the Teflon sheet on the bottom of the precipi-
tating 1iquild, depositing 1 to 3 mg/cm2 of silver metal onto the
Teflon.

¢, Pulling the precipitating solution through the porous
Teflon sheet, depositing 10 to 20 mg/cm2 of =ilver metal in the pores
and on the surface of the sheet,

Figure 8 shows the apparatus used in this procedure,

Figure 9 shows the performance of cells constructed by electrodes
made by each of these procedures compared to the performance of a TFE
bonded silver electrode. The TFE bonded electrode shows better per-
formance in 211 ranges of current density. The TFE bonded electrodes
also show more consistent voltage levels as the time of discharge
increases.

Zinc Electrodes

Several methods of making porous zinc battery electrodes are
known including electrolytic conversion of zinc oxlde plates
(Reference 9), electroplating zinc from a ZnO saturated KOH solution,
pressing 2zinc powder into the desired electrode shape, and sintering
of zinc powders into z mechanically stable structure. A new method
of sintering zinc powder into a high coulombic efficiency electrode
was developed on this project.

The new sintering method is described in a recent publication
(Reference 10) and a complete descripiion of the zinc electrode
development work can be found there. Briefly the new method involves
th= melting of zinc powder inside 3 matrix of NaCl particles after
the zinc oxide coating has been cleaned off with dilute HCl. The
molten zinc runs together into a coherent structure, and after cool-
ing, the NaCl 1s soaked out with water. The porosity and ;ore size
in the electrode can be varied by changing the NaCl amount and par-
ticle slze, These electrodes gave excellent results on discharge
tests of up to two montha duration with coulombic efficienciles falling
generally 1n the range of 7O percent to 90 percent in well constructed
cells. Coulombic efficiencies fell to the 4O percent range for six-
month 1ife tests due to the corrosion effect of nickel screens which
had been included in the electrodes as current collectors. Figure 10
gshows one of the finished zinc electrodes,
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The zinc electrodes were amalgamated with mercury in a solution
of mercuric acetate so that .wo percent of the electrode weight was
mercury., This is done to inhibit the corrosion of zinc¢c by the elec~
trolyte and the associated productior of hydrogen zas, The zinc
electrode was wrapped in a polypropylene fabric (Kendall Grade H470)
separator as pictured in Figure 11, The zinc and oxygen electrodes
were assembled into cells as described in the next section, Origi-
nally, the zinc electrode current collecting screen was silver, but
1t was found that silver deteriorated badly during the melting phase
of electrode manufacture usvally breaking off at the edges of the
electrode, Nickel screens survived the heating cycle well but led
to the corrosion problems discussed in detail in the next section,

CELL CONSTRUCTION AND TESTING

The zinc and oxygen electrodes were incorporsted into celles for
1ife testing and the determination of electrical performance charac-
teristics, The cells utilized luclte frames to mount two oxygen
electrodes per cell, one on each side of a zinc electrode. The zinc
electrode current collector extended through a slot in the side of
the frame and was sealed with epoxy. Figure 12 shows a cross section
of the original cell design. The oxygen electrodes were held to the
sides of the frame by the plastic electrode retainers shown in
Figure 12, Retailners and electrodes were sealed in place with epoxy
or ethylene dichloride. Seallng of the oxygen electrode to the
shoulder of the lucite blnck was the most critical aspect of the cell
design. A KOH proof seal was never attained with the design of
Figure 12,

Figure 13 shows a2 schematlic of the cell design which produced an
oxygen electrode seal that withstood KOH penetration. The plastic
cell frames were made in two pleces, one for each cathode, The
cathodes were installed first with a bead of epoxy (3M Co., Resin #4)
around the edge from both the inside and the outside of the cell,
Thie allowed the cathode seal to be examined from both the inside and
outside for cracks, holes, and unsesled areas. After the cathodes
were installed on each frame and inspected, the two frames were
clamped together around s wrapped zinc electrode and sealed by the
epoxy placed in the mating tongue-groove arrangement on the inside of
the frames, Figure 14 is a photograph of the frames used,.

After the cells were constructed, electrolyte (31 percent KOH)
was placed into the cells with a3 hypodermic needle through the elec-
trolyte f111 holes shown in Figures 12 and 13, The f111 holes were
then fi1lled with epoxy producing 3 completely sesled cell in which
electrolyte had no direct access to the outside, The typlcal cell
constructed was 3 x 3 x 1/2 inches, weighed 80 to 110 grams, con-
tained 15 to 20 cc of electrolyte, and would produce 12 to 14 smpere-
hours at 1.4 volts at the most efficient operating conditions (2-
month discharge). Figure 1 is a photograph of one of the cells, A
total of 42 cells was bullt and placed on discharge test with 33

6
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tests completed at the time of this report, and nine cells remzining
on long-term discharges.

The discharce tests were conducted with the cells in oxygen
chambers as shown in Figure 15, The oxygen chambers were made of
two circular discs with a 1/2-inch cavity in each one clamped
together with a rubber "O-ring" seal around the edge. The 1/2_1inch
cavities in each block formed a one-inch wide gas tight space con-
taining the cell, Gas tight electrical leads came through the frcnt
of the chamber to allcw the cell! to discharge through a constant
reslstance. Voltage measurements were made periocdlcally. Knowing
the cell voltage and discharge resistance, the total amount of
current produced by the cell could be calculated. The coulombic
efficliency of the zinc electrode could then be calculated by using
the previously recorded weight of the zinc electrode, Faraday's
laws of electrochemical eguivalents, and the known amount of current
produced, Table I1 summarizes the results of the cell discharge
tests, Table II 1s divided into four groups of cells constructed
consecutively,

Group I, Cells 1 through 12, was the initlal construction effort
built with a single lucite frame in the manner i1llustrated in Fig-
ure 12, The cell parts in this group were all made of lucite and
the cathodes were fastened to the lucite frame by gluing with ethyl-
ene dichloride, a luclite solvent. Early in the tests, 1t became
apparent that an adequate tseal had not been achieved between the
stainless steel cathode base and the lucite frame since KOH could
be observed leaking from the cells around the edges of the electrodes.
Cells or shorter term tests (175a discharge and less) achieved zinc
utilization in the range of 40 to 60 percent, but the longer term
cells achieved only 15 to 40 percent due to the loss of electrolyte,
allowing oxygen gas to have direct access to the zinc electrodes,

After the electrolyte leaks in Group I became obvious, the cells
of Group II were constructed trying various methods of electrode
sealing with different epoxies, silicone rubber cement, anc cell
frame variations, Most of the attempts to seal the electrolyte in
were unsuccessful in Group II, but the experiments led to the cell
construction 1llustrated in Figure 13 and used to construct the cells
of Group III,

In Group III, high discharge efficiencies were obtained from
Cells 25, 26, 32, 33, and 34 on 175a loads (approximately two month
discharge) with a group average of 78.4 percent, Figure 16 shows
the cell voltage versus time plot for Cell No. 32, Some electrolyte
could be observed leaking from the cells but the rate of leakage was
slow enough to allow normal operation. The electrolyte appeared not
to come around the edge of the oxygen electrode, but possibly through
the zinc electrode screen seal or directly through the cathode itself,
The longer lived cells of Group III on 1000a discharge schieved an
approximate six-month 1ifetime at a zinc utilization of 40,8 percent
group average. Flgure 17 shcws the voltage-time plot for Cell No, 30,
The reacon for the drop in zinc utilization from 78.4 percent to

7
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40.8 percent was the use of nickel as the zinc electrode current
collecting screen, An investigation of the six-month cells to
determine the reason for the drop in zinc utilization was performed
and reached the following conclusions:

a. The cells failled due to complete oxidation of the zinc
electrodes. The oxygen electrodes performed normally when fresh zinc
was inserted into the cell after the removal of the ZnO mass from the
cell cavity. Since only 40 percent of the electrode was used elec-
trically, 60 percent was oxidized by unwanted parasitic chemical
reactions,

b, One of the parasitic reactions definitely shown to
exist wasz the dissolving of nickel by the electrolyte to form nickel
hydroxide, Ni(OH)o, and the subsequent oxidation of zinc metal by
the N1(OH}»

Zn + N1(OH)p - ZnO + Hp0 + Ni,

The evidence for thils reaction was the presence of nickel metal in

the Zn0O mass obtained from the discharged cells, Nickel can be
dissolved from two sources in the cell: the zinc electrode supporting
screen (100 percent Ni) and the stainless steel backing of the oxygen
electrode (8 percent Ni),

¢. Chromium metal present in the oxygen electrode stainless
steel (18 percent Cr) was also dissolved by the electrolyte. It is
uncertain whether the dissolved chromium was in the ionic form of
Cr0o~ or CrOy=, If the chromium is in the CrOy~ state, it will react
with the zinc as follows:

2Cr0y~ + 3Zn + HoO =~ 2Cr0p” + 20H™ + 3Zn0

oxidizing the zinc¢ electrode, If the chromium is in the Cr02' state,
there will be no reaction with the zinc electrode. Therefore, it is
uncertain whether or not the chromium contributed to the parssitic
oxidation of the zinc,

d. Some iron in the oxygen electrode was oxlidized by the
electrolyte and remained as a thin costing of rust on the electrolyte
side of the cathode, Iron evidently did not contribute to the oxi-
dation of zinc.

e, The silver metal oxygen catalyst materisl wss either
undissolved or dissolved in undetectably small amounts and did not
contribute to the oxidation of zinc. No silver was found in the
electrolyte or the zinc-oxide mass,
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The results of Group III showed that nickel screen 1s a suitabdble
choice orf zinc electrode current collector for discharges in the
range of two months duration or less, Nickel 1s a poor cholce, how-
ever, for discharges of six months or longer., The cells of Group IV
were constructed in an attempt to solve the corrosion probliems by
plating the nickel screens with a more stable metal.

Electrodes incorporating gold, silver, and chromium plated
nickel screens (three each) were incorporated into the nine cells
of Group IV which are still undergoing discharge testing at the
time of thils report.

ELECTROLYTE RESERVOIR AND ACTIVATION SYSTEM DESIGN

Designs of electrolyte storage and activation systems were
studied for the electrode and cell models developed and previously
discussed, The use of a single, central electrolyte reservoir with
tuhes leading to each cell was ruled out for long term-discharges
because of the probablility of current drains between cells through
a common electrolyte trapped in the tubes after activation, This
problem becomes more critical with longer discharges where small
currents through an electrolyte path from cell to cell ~arn use up 3
gignificant fraction of the cell capacity as time progresses, There-
fore the reservoir designs were based on the concept of having an
iridividusl reservoir for each cell eliminating the chance of an
electrolyte path between cells,

A basic problem with the automatic activation of a3 z.nc-oxygen
cell is the trapping of a residual gas bubble inside the cell during
electrolyte injection. When electrolyte is forced into the cell
interior, the residual gas inside the cell will be compressed into
a smaller bubble in the top of the cell., This would prevent the
complete wetting of the zinc and oxygen electrodes allowing direct
access of oxygen gas to the zinc and only partial performance from
the oxygen electrodes. This problem was approached by making the
residual cell gas COp, which would be absorbed by the KOH electrolyte
as KpCO3, a solid materisl dissolved into the 1liquid electrolyte,.
This would leave no gas bubbles in the cell after activation., Further-
more, absorption of the CO, gas will cause a vacuum inside the cell
providing a driving force ?or the electrolyte injection.

The design shown in Figure 18 is based on the use of COo gas as
the cell filling gas for storage. 1In thls design the electrolyte is
contained in a reservoir, the bottom half rigid and the top half
consisting of a flexlible plastic bag 1ined with metal foll on the
outside to prevent CO, absorption from the atmosphere during storage,
The electrolyte reservolr 13 sealed at the bottom by a metal dia-
phragm. When cell activation is desired, a voltage is applied to
lead wires connected to the ends of a plece of nitinol wire wound
around a drum, The nitinol wire is in a stretched condition and will
remain so at room temperature indefinitely. However, the passage of
electricsl current through the nitinol wire will cause the wire to
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be heated above the critical temperature chosen in the 230 to 250°F
range, When this happens, the wire will return to its original
length with considerable force (100,000 PSI stress generated inside
the wire). When the wire shortens, it rotates the drum moving a
cutter against the metal foll diaphragm allowing the electrolyte to
contact the COp gas inside the cell. Part of the COo gas will im-
mediately be absorbed causing a pressure decrease inside the cell,
The preasure difference between the inside and outside of the cell
willl start to collapse the flexible bag forcing KOH into the cell
cavity and allowlng further absorption of CO». Finally, the
flexible bag will be turned inside out, collapsed to the position
1llustrated in Figure 18b, with the cell completely filled with KOH
and ready for discharge, This design allows the flexlble bag to
reexpand during the cell discharge to compensate for expansion of
the cell contents due to conversion of zinc to zinc oxide.

Flgure 19 shows the detalls of the nitinol wire arrangement
for activation,

It should be remembered that the design described above has not
been experimentally tested and several areas of uncertainty exist
which need investigation:

a., KOH proof seals are needed at varilous places in the
reservoir-cell assembly. Critical areas will prcbably be the sealing
of the flexible electrolyte container to the rigid reservolr frame
(Point A in Figure 18), and the sealing of the metal foil diaphragm
to the reservoilr frame(Point B in Figure 18), Sealing, along with
resistance to KOH corrosion, will be the overriding factors governing
the choice of plastic materlals to construct the cell-reservoir
assembly.

b, Provided sealing can be achieved, polyethylene would
be a good material to use for the flexible electrolyte container
because of 1ts flexibility and resistance to KOH corrosion, A thin,
metal foll covering over the outside of the polyethylene would
probably be needed to prevent COp diffusion through the polyethylene
into the KOH while the cell is stored or handled in air,

¢, reliminary experiments with the nitinol wire 1indicate
that the wire 1s very stiff and difficult to wind around a drum 1f
stretched in a line., The nitinol wire should be annealed in a
spiral form, wound around the cylinder, and stretched by rotsting
the cylinder backwards. Preliminary tests show that nitinol gases
visibly when immersed in KOH so a Teflon or other plastic coating
over the wire will probably be necessary.

d, Activation requires a pressure difference btulldup
between the inside and ocutside of the cell, Therefore a pressure
difference will exlst across the oxygen electrodes which are porous
by nature allowing gas to diffuse through., It 1s believed that the
gas diffusion rate through the cathode is slow enough to allow a

10
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sizable pressure difference for long enough to obtain activation but
this point must be experimentally established.

In the event that the above described electrolyte storage and
activation system proves impractical, Figure 20 shows & schematic of
an alternate apprcach. In this design, the electrolyte is stored in
a long cylinder with smooth walls fitted with a piston., The cylinder
is sealed by thin metal on plastic diaphragms on both ends. When
activation 1s desired, oxygen gas from the high pressure storage tank
1s allowed to go through a pressure reducing valve to the reservolr
breaking the diaphragms on both ends. The gas then pushes the piston
to the other end of the reservolr injecting electrolyte into the cell.
Again, the cell is filled with COp gas to prevent bubbles from being
trapped inside.

Figures 21 and 22 show schematics of overall battery systems
based on the cell and activation systems discussed above, Figure 21
1s a battery design utilizing the first activation system described
with nitinol wire activators, 1In this case, the cell electrolyte
cavities and the oxygen gas 3pace are filled with CO» gas for storage
purposes, The cell activation nitinol wires are all wired in parallel
and heated from a single, outside electrical source, After the time
required for the electrolyte to flow into the cells (to be determined
experimentslly), current is appliec¢ to the oxygen release squib valve
providing oxygen to the gas space for cell operation. The CO» gas
inside the cell cavities will be absorbed rapidly by the electrolyte
coming into the cell, The COp gas in the oxygen space outside the
cells will be absorbed slowly by the electrolyte as the COp diffuses
through the cathode wet-proofing layer, Eventually all the COp in
the gas space willl be absorbed leaving a pure oxygen atmosphere for
cell reaction, :

With the alternate method of activation, the overall battery
design would be that shcwn schematically in Figure 22, 1In thils case,
activation 1s accomplished by oxygen gas from the high pressure
storage tank, PFiring the first squlb valve allows oxygen to come
into the activation system manifold at a pressure (determined experi-
mentally) higher than that <f the COp fllled cells and gas space,
This breaks the diaphragms 1n all the reservolrs forcing KOH into the
cells, The second step in activation is to electrically fire the
second squlb valve cllowing oxygen to come out of the manifold into
the zas space for cell operatlion equalizing the pressure on the 1inside
s~d outside of the cell. As before, the COp In the gas space will be
giowly absorbed by the KCH throuzh the cathode,

SUMMARY AND CONCLUSIONS

Zinc electrodes and oxygen electrodes have been developed and
used in the construction and performance testing of long 1ife zinc-
oxygen cells, The basic design and methods of manufacture of both
the zinc and oxygen electrodes are completely covernment owned, The
zinc electrode developed 1s 5 new type of sintered structure which in
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two-month discharge tests has achlieved a 70 percent to 90 percent
ceulcoable conversion efficiency. Six-month discharge tests showed
an average conversion efficiency of 40 percent due to the inclusion
of a nickel current collc~ting screen in the zinc electrode. The
nickel has a detrimental e fect on the zinc electrode setting up a
corrosive chemical reaction with nickel metal being deposited on the
zinc electrode. The oxygen electrode developed 1as a three-layered
structure consisting of a porous stainless steel base, a second layer
of Teflon bonded silver powder, and a3 third layer of pure Teflon wet-
proofing. The overall thickness of the electrode is ,020 to ,025
inches. The oxygen electrodes have performed well in tests of up to
8ix months duration.

Since cell lifetime 1s presently limited by the zinc electrode,
further work on this project should include the development of 23
replacement for the nickel screen in the zinc electrodes, with the
consideration of plated nickel screens as well as amalgamated copper
or brass. Experimental development and testing of the electrolyte
storage and activation methods outlined in this report should be
performed,

The zinc-oxygen cell probably can attain a one-year operating

lifetime at low currents if parasitic chemlcal effects can be
completely eliminated from the zinc electrode,

12
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TABLE I

ESTIMATE OF ZINC-OXYGEN AND CADMIUM-OXYGEN SYSTEM WEIGHTS

100 milliwatts,

15 volts, one year

Weight -- Lbs,

Zinc Cadmium
Component Oxygen Oxygen
Anode Metal 2.2 5.1
Cathodes 05 075
Electrolyte (1 cc/amp-~hr) 2.9 3.2
End Plates Ju A
Can 1.25 2.7
Epoxy and/or Cell Support U .9
Electrical Leads and Connections 5 5
Total Cell Stack 8.15 13.55
Oxygen 57 A7
Oxygen Tank and Support 1.7 2.3
Pressure and Flow Regulator .3 .3
Piping and Fittings 5 )
Pressure Transducer and Wiring 2 2
Total O, System 3.27 4.07
Extra Electrolyte .2 .2
Tank and Liner 5 .5
Controls, Fiping and Valves 1,0 1.0
Total KOH System 1.7 1.7
Total Battery 13.1 19.3
Watt Hrs/Lb 66 45
No, of Cells 11 15
Operating Volts/Cell 1.4 1.0
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TABLE II

Zinc
Discharge Discharge Average Current Theoretical Conversion
Cell Lifetime Load Cell Density Capacity Efficiency
No. hrs, - mos, n Voltage ma/cm amp-hrs, %
Group I,

Cells 1-12, Initial Test Group with Large, Early Electrolyte Leaks

1 156 6% days 15.7 1,20 4 14.4 84

2 1222 1.7 500 1.39 .14 15,3 22,2

3 1490 2.1 1000 1,40 .073 14,3 14.6

b 4180 .6 20 ma 1,34 1.0 15.0 64

5 360 5 20 ma 1.35 1.0 15.0 48

6 576 .8 175 1.37 RIS 14.9 30.3

g 3310 4.6 750 1,40 .10 15,5 39.1

1370 1.9 500 1.36 .14 14.9 25

9 1175 1.6 175 1.35 4 14,9 61
10 912 1.3 175 1.35 S 14,7 48
11 1080 1.5 175 1.36 41 14,6 57.5
12 T4Yy 1 175 1,37 41 14,1 41.5

Group II,

Cells 13-24, Experiments in Different Methods of Cell Sealing
13 288 N 750 1.37 .10 14,9 3.5
14 1128 1.6 1000 1,41 075 14,9 10,7
15 480 .6 175 1.38 L1 14,7 25.8
16 1680 2.3 500 1,40 L1 5,0 31.3
17 264 4 175 1,34 RS 15.0 13.5
18 72 .1 500 1,42 .14 15.1 1.3
19 72 o1 1000 1,45 075 15,1 .6
20 1440 2.0 500 1.40 .14 14,9 26,9
21 Damaged during construction
22 816 1.1 175 1,38 A4 14.8 43.5
23 2040 2.8 750 1.39 .10 k4 26,2
2h 792 1.1 175 1,36 'S 14,6 42,2

15



NOLTR 71-81
TABLE II
(Cont'd)
Zinc
Discharge Discharge Average Current Theoretical Conversion
Cell Lifetime Load Cell Density Capsacity Efficlency
No. hrs, - mos, A Voltage ma/cm@ amp-hrs, %
Group III,
Cells 25-34 with Improved Cell Sealing Techniques
25 1608 2,2 175 1.39 W41 14.9 86
26 1175 1.6 175 1.38 4 15.1 61.5
27 3840 5.3 500 1.38 .14 15.1 70.2
28 3860 5.3 1000 1,44 .075 14,3 339
29 3940 5.5 1000 1.44 075 14,0 40.6
30 4250 5.9 1000 1.44 075 14,2 43
31* 1320 1.8 500 1,42 145 14,9 25.1
32 1490 2.1 175 1.42 Au2 15.1 80
33 1655 2,3 175 1.42 L2 15.3 88
34 1415 2,0 175 1,42 A2 15.0 76.5

*Cell 31 Developed Early Leaks,

Group 1V,

Cells 35-43 with Silver, Gold, or Chromium Plated Nickel Screens
35 Group IV Cells 2500 1.46 .03 12.7 Group 1V
36 still on test 1500 1,47 .05 9,75 Cells still
37 2500 1.47 .03 10,2 on test
38 1500 1.46 .05 14,9
39 1500 1.487 .05 11.5
4o 1500 1.47 .05 14,0
4] 2500 1,46 .03 15,0
42 1500 1,46 .05 14,9
L3 1500 1.46 .05 12,7
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SQUARE CELLS A8 SHOWN IN FIGURE 1 ARE INSERTED
IN DISC SHAPED OXYGEN CONTAINERS CONTINUOUSLY
SUPPLIED WITH OXYGEN THRU THE PLASTIC TUBING AT
1 TO 3 INCHES OF WATER ABOVE ATMOSPHERIC PRESSURE

FIG. 15 ZINC OXYGEN CELLS ON DISCHARGE TEST

30




1631 3JOYVHISIA 113D HINOW OML 9L "9ld

SAVA - 3IWIL 3D¥VHIOSIA
0s oy 0e 0 ol

NOLTR 71-81

| ! ! I |

NI € = V34V 3003137 DNIZ G3133r0¥d
VYW $0°8 = INIHIND IOVIIAV

BSLL LY IDUVHDSIA 3IDONVISISIY INVISNOD
SAVQ 0Z ¥O S¥H 0891 = IWIL3JN

%88 YO SUH dWV §°El = ALIDVAYD TVALDV
S¥H dWV £°G1 = ALIDV4VD TVOLNOIHL

BH %z ‘DNIZ QWILNIS 20zl ZIN

3

39VITOA IO




NOLTR 71.81

174}

05t

1531 393VHISIA 713D HINOW XiS /1 “9id

SAVA ‘Wil 3DYVHISIG
[~r4] 001 St 05 ST

.
L T XY

o *® %y 00°,

-t

T 1 [

NI € = V33V 300810213 DNIZ 03137 O¥d
oW it L = LNJVUND IDOVHIAY

50001 1V IDYVHOISIA IDINVISISTY LNVISNOD
SYH 0ZEY = IWILT4N

%EY YO S¥'{ dWV Z°9 = ALIDVIYD TVNIDV
SUH dWV §°71 = ALIDVAVD TVDLINOIHL

B 9%z *ONIZ OWIINIS Z0Z1p ZIN

6000 o6 omea®™ o o0, «® s o

S0

SAWVITTIW “LNI¥IND YO SLTIOA “FOVLIIOA 113D

".,ol

S L

32




FLEXIBLE

BAG
ELECTRCLYTE
CONTAINER~

METAL FOIL
DIAPHRAGM

NITINOL
WIRE

NOLTR 71-81

ELECTROLYTE RESERVOIR FRAME

CELL FRAME

il

|

¥

171‘|H
)
TitE

|

i
I

I
mi

|

CELL ELECTROLYTE
CHAMBER, WITH
CO7 GAS IN ELECT

5

AND SEPARATOR PORES

RODE

ey

> 4 ey

ACTIVATION\_I\ T\
LEADS -
+
a) UNACTIVATED CELL IN STORAGE CONDITION
CROSS SECTION

CUTTELR\ ELECTROLYTE PASSAGE INTO CELL

WHEE

3 L

CHAMBER,
KOH
FILLED

T ELECTROLYTE—————

b) ACTIVATED CELL READY FOR DISCHARGE, CROSS SECTION

FIG. 18 SCHEMATIC OF CELL RESERVOIR AND ACTIVATION

DESIGN

33




NOLTR 71-81

W _
METAL R
DIAPHRAGM \H — _KOH —

<J
I~ __1

PLASTIC
DRUM — °

NITINOL
wre ]

A N\

n
3

ACTIVATION M ! A\ CUTTER

ELECTRICAL LEADS

A) SCHEMATIC OF ACTIVATION SYSTEM

MECHANISM

NITINOL
WIRE

CUTTER
DRUM

W A
pETReh

=
A

b) CUTTER
5 SPOOL
SIDE
VIEW

FIG. 19 DETAILS OF ACTIVATION SYSTEM DESIGN

34




NOLTR 71-81

OXYGEN LEAD

__—b/ (+)

.. > D
so'ge st 8% %0 d ety %Nl

-:W

s ‘Pasb B L P

OXYGEN GAS
FROM STORAGE
TANK \
DIAPHRAGM
SEAL
ORI I ORISR
=) [= F — Yo
e . "
PISTON — : PLASTIC
== = — |¢| | CELLFRAME
o« 5 SEPARATOR
ELECTROLYTE 1 Y — {,‘/
STORAGE - 3
K o ZINC
'_{ -3 AND
(] |  ELECTROLYTE
g 2 CHAMBER
D [ — . CO, FILLED
DIAPHRAGM R — |
SEAL ~{ g &
; [
\ .:L — = .J':.'

So oS et

o Tt

°® %o

FIG. 20 SCHEMATIC OF ALTERNATE ELECTROLYTE STORAGE

AND ACTIVATION METHOD

35




OXYGEN RELEASE
SQUIB VALVE

HIGH PRESSURE
OXYGEN STORAGE

TANK

NOLTR 71-81

ZINC OXYGEN CELL-RESERVOIR
ASSEMBLIES, CO3 FILLED,
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OXYGEN PRESSURE PRODUCE 15 VOLTS
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ACTIVATION SEQUENCE:
A. APPLY CURRENT TO CELL ACTIVATION SYSTEMS, POINT@)
HEATING NITINOL WIRES, PUNCTURING DIAPHRAGMS,
AND ALLOWING ELECTROLYTE TO RUN INTO THE CELLS.
B. AFTER A FEW MINUTES, APPLY CURRENT TO OXYGEN RELEASE
SQUIB VALVE, POINT(B) PROVIDING OXYGEN FOR CELL OPERATION.

FIG. 21 SCHEMATIC OF OVERALL BATTERY SYSTEM
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RESERVOIRS, FORCING ELECTROLYTE INTO THE CELLS.

B. AFTER A FEW MINUTES, APPLY CURRENT TO SQUIB VALVE, POINT B,

PROVIDING OXYGEN FOR CELL OPERATION.

FIG. 22 SCHEMATIC OF OVERALL BATTERY SYSTEM, ALTERNATE

ACTIVATION METHOD
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APPENDIX A

DETAILED MISSION REQUIREMENTS
Voltage: 15 volts nominal % 10 percent.

Capacity: 100 milliwatts for one year continuous service to 85 per-
cent of nominal voltage. 1In addition, intermittent loads
of 400 milliwatts for not more than twc percent of the
total discharge time shall drop the voltage not more than
20 percent of nominal during the loaded period. The sys-
tem should be capable of supplying spike loads and short
overloads of 10 to 20 wattas,

Operatlon: Discharge Time: 1 year continuous
Discharge Temp.,: 28°F to QO0°F
Discharge Orientation: must operate in any orientation
with respect to 1l-g.

Storage: 5 years in an uncontrolled environment
Storage Temp,: -65°F to +160°F

Activation: Minimum preparation for use 1s desired. An electrical
signal or mechanical force will be avallable for actu-
ation, The activation time 1s not to exceed one hour
in any clrcumstances, One to five minute activation
times are desirable, The battery should contain its
own electrolyte and oxygen storage and distridbutlion
systems,

Welght and Volume: No specific requirements but weight and volume
shall be minimized.

Vibration and Shock: Vibration and shock testing should be conducted
to determine the compatlbility of the cell and
system structure with the following environ-
ments:

Vibration

a, Low frequency vibration, to simulate transportation by rail,
truck, ship, or aircraft,

Simple harmonic excitation 1s applied parallel to esch of
the three principsl axes of the device. The frequency range 1s
covered by cycling at a logarithmic rate between the limits or by
at least 24 discrete frequency steps which have a logsrithmic
distribution.

Frequency range (cps): 10-60
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(Cont'd)
Amplitude, Peak to Peak: ,10 % ,01 inches, or
2.0 £ ,2g, whichever 1s less
Duration: 4 hours in each orientation

b, High frequency vibration, to simulate high speed aircrsft
delivery.

Simple harmonic excitation 18 applied to each of the three
principal axes of the device., The frequency range is covered by
cycling at a logarithmic rate of one octave per minute,

Frequency range (eps): 10-2000
Amplitude, Peak to Peak: .15 + ,02 inches, or
5.0 + .,5g whichever 1s less
Duration: 30 minutes per orientation
Shock
To simulate water entry at 750-800 FPS
Impact phase AV (FPS): 18-20
Impact phase time (MS): .1 to .3
Drag phase: duration 25 to 50 ms,

Average "g": 350 to 380
Peak "g": 500 to 550
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METHOD OF DEPOSITIN: ZILVER ONIC PORCUS PEFLON SHEETS ‘e

Make the tullowins sclutiona:

A, Sensitizing Solution

Stannous Chloride 10
ECL (12M™) 40 mi
Distilled Water 1 liter

Dissolve the ztannuur chlurlde dandé mix the HCL into the cloudy
solutlien to obtaln 3 c¢lear solutlion,

B. Reducing Soiuvttion

Sucrosne 20 4
Nitric Acted (7:¢4) 4 m
Distilled Water 1 llter

Dissolve the suarcse In water and adé the nitri. aseid. PBRrinz
solution to 3 boil and allow to cocol to roum temperature,

.C. Silver Solut'lon

Stiver Nitrate 20 &
Koy (3e7) 1C »
Dictilled Water 4CC ml
Niiy OH 1377) 50 ml

Dissoclve siiver nitrate 1n distilled water, Add KOK to form a
dark brown precipitate, Add NHyOH until brown precipitate dissolves,
This mixture should bte usec a3z .oon as possible after mixlng, and no
later than four to five hours after mixing.

To deposit ¢ilver on Tefleon, first sensitize the Teflon surlace
by dipping it in Solutlioan & Tor c¢ne minute, To four parts of Solution
C, 3dd one part of suzar Solution B, This willl start the precip!-
tation of silver from the ctclutlion, Flace the Teflon in the soluticn
irn the manner desired, elthzr floating on the solution or welghted to
the tottom of the swolutlorn, or allow the precipitating sclution to
flow through the peres ~f the Teflon,
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