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of Project Mr. 3145, "Silver-Zinc Electrodes and B
Separator Research.! The work was administered under the
direction of th: Static Energy Conversicn Section, Flight
Vehicie Power Lranch, Aero Space Power Division, Aero
Propu!zici Laburatory; Mr. J. E., Cooper was task engineer
for thz ltaboiratory.
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NOTICE

' are used for any purpose other than in connection with a
definitely related Government procurement operation,
the United States Government thereby incurs no respon-
sibility nor any obligation whatsoever; and the fact that
= the Government may have formulated, furnished, or in any
; way supplied the said drawings, specifications, or other
data, is not to be regarded by implication or otherwise
as in any manner licensing the holder or any other person
or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may
in any way be related thereto.

t
i When Government drawings, specifications, or other data
i
i

Copies of this report should not be returned unless
return is required by security considerations, ccntractual
obligations, or notice on a specific document.
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ABSTRACT

Emulphogene BC-610 used in quantities of .5% to 1% by weight in
the negative active material tends to increase cycle life,

The use of 1% Pb in the negative active material tends to
increase cycle life at 60% depth-of-discharge. The presence
of Fe in zinc oxide in concentrations over .010% is
detrimental to cycle life at any depth-of-discharge.

The use of inert polyethylene crosslinked at 90 Mrads, radiation
grafted with methacrylic acid can be used as a satisfactory
separator material for long cycling silver zinc cells,
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1.\ INTRODUCTION '
‘* -'\ - l_ AL

The objectives of this program are to provide design
criteria for long life A5000 cyclesy, light weight

— (25 ah/#) silver-zinc batteries for military aerospace
applications. Effort will’be concentrated on the zinc
electrode and separator since these are recognized as
the major causes of premature failure of the silver-zinc
battery.

The specific items under study in this contract are:

A. Mechanical Barriers to Zinc Agglomeration
Surfactant Additions
Fundamental Studies on Surfactants

Farticle Size and Morphology of Zinc Oxides

Influence of Membrane Separator Characteristics

Sites for Zinc Oxide Overgrowths

B
c
D
E. Zinc Electrode Fabrication Technigues
F
G
H

Development of Failure Analysis Techniques

I. Sizes of Zincate lon and Soluble Silver Species
in KOH

Membrane Pore Size Measurements in KOH
Stoichiometric Ratio of Formed Zinc
Alternate Method of Surface Area Measurement

Separator Development

Z2 X - X ¢«

Electrolytes

This report covers the entire three years work on the
above items.

A1l test cells were cycled at 60% depth-of-discharge at
the two hour cycle program of 35 minutes discharge and
85 minute charge.
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FACTUAL DATA

A.

Mechanical Barriers to Zinc Agglomeration

In an effort to minimize the agglomeration of
particles in the negative active material, addition
¢ the following materials to the negative plate
mix were tested:

1. Shredded fibrous sausage casing
Shredded asbestos
Zinc metal

Lignosulfonic acid

vi £ W

Cotton Tibers
6. Aivicel (a finely powdered celluiosic material)

One hundred and ninety-one 25 a.h. cells were con-
structed utilizing various percentages of the above
materials, Table | shows the construction details,
initial capacity, cycle data and appearance of cell
components of inspected cells after failure. Control
cells on this test ran from 84 to 180 cycles, averag-
ing 140 cycles. The major cause of failure was

loss of zinc at the tops and edges of the zinc plate
and agglomeration of the zinc. Figqure 1 shows a
typical zinc plate from a control cell after failure
at 140 cycles. Control cells on this program are
made with negative plates containing 20g Kadox-15
zinc oxide, 2% Hg0, and 0.5% Emulphogene BC-610,

1. Effects of Asbestos

Cells #1 through #27 containing asbestos fibers in
the negative plate in quantities 5, 10 and 15% did
not increase the cycle life of the zinc plate, yield-
ing 134 cyctes, These failed by loss of zinc plate
capacity due to washout around the edges and in

spite of the fact that the photomicrographs of failed
zinc plates (Fiqures 2, 3 and 4) show reduced agglom-
eration by comparison with Fiqure 1., Except for
cells #1, 2, 10, 11 and 27, which were opened for
examination after the first discharge, all cells had
received an accumulated overcharge of 22-24 a.h,

\~ 1.14% per cycle) at the end of life and failure
examination disclosed the active material to be in
the form of zinc.




Considerable trouble was experienced in getting
these cells ready for test. They were given what
appeared to be a normal formation charge, based on
charge voltage behavior; however, on the first
capacity discharge, all cells gave less than one
minute capacity. At this point the above-mentioned
cells (1, 2, 10, 11 and 27) were open.d for exami-
nation and it was found that the zinc plates were
substantially unformed. The remaining cells were
soakeu For an additional two weeks (standard pro-
cedure is to soak cells one week before giving the
formation charge), then they were given an additional
charge of 50 hours at one ampere. The initial
capacity data shown in Table | was then obtained on
a 15 ampere discharge rate.

Subsequently, 3-cell groups containing 0.5, 1.0

and 1.5% asbestos were tested. These failed very
suddenly at 74 cycles, even though plates were well-
formed and showed relatively little loss of electro~
lyte around the plate edges, These were, however,
19-plate cells, and it is thought that the additional
8 layers of fibrous sausage casing separation may
have dried out the negative plates.

n

2, Effects of Shredded Fibrous Sausage Casing

Cells 31 through 59 contained 5, 10 and 15%

shredded fibrous sausage casing in the negative

plates and yielded an average of 146 cycles, The
individual groups received a minimum of 16-24 a.h.

of accumulated overcharge and on teardown the negative
plates were substantially 100% metallic zinc. Figures
5, 6 and 7 show representative photomicrographs of
failed negative plates. It appears that the fibers
have done a good job of keeping the metal dispersed;
however, there are many gaping voids and along with
the loss of material around the edges, there may

have been a good deal of loss in electrical contact
from place to place in the active material contributing
to loss in negative plate capacity.

This test was repeated with 9-cell groups containing
1, 3 and 5% shredded fibrous sausage casing in 19-
plate cells. These all gave 134 cycles or less with
some very early failures (v.g. 14 cycles). In spite
of the fact that these cells had received an accumu-
lated overcharge of 40 a.h., teardown examination

LY R T g - : = . Iy
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revealed the negative plates to be mostly zinc
oxide. It is evident that these plates were not
accepting charge for some reason, or the large
quantities of overcharge oxygen was oxidizing the
negativs plates,

The 19-plate construction was used for some of the
cell group: during this phase to determine whether
going to more, but thinner, plate construction could
improve cycle life. Obviously, it didn't,

3. Effects of Zinc Metal

Cells 60 through 86 contained elongated metallic
zinc particles (#1208 zinc powder) to the extent

of 5, 10 and 15% by weight. The groups containing
5% and 15% zinc powder averaged very well at 171
and 168 cycles, while the group containing 10%

zinc failed at 108 cycles. These groups accumulated
13 to 25 a.h. of overcharge during life and showed
substantially 100% zinc metal on teardown. Figures
8, 9 and 10 show photomicrographs of failed zinc
plates. That for 5% zinc (Figure 8) is comparable
in density to the control (Figure 1). The others
exhibit a considerable loss in active material,

L, Effects of Lignosulfonic Acid

Cells 126 to 143 contained lignosulfonic acid in

the negative mix in concentrations of 0.2, 1.2 and
2%. These concentrations yielded average cycle
lives of 84, 168 and 132 cycles, respectively. It
appears that too little of this additive is not
enough to be effective, and that an optimum quantity
around 1.2% for best life exists. Figures 11, 12
and 13 show photomicrographs of zinc plates from
failed cells. Figure 14 shows a photomicrograph of
a zinc plate from a failed control cell for compari-
son. Apparently, the lignosulfonic acid can have
some dispersing effect although comparing the
particle sizes in Figures 12 and 14 would lead to
the conclusion that this is not the major effect.

5. Effects of Cotton Fibers

Cells 150 through 167 contained concentrations of
5, 3 and 1% of cotton fibers in the negative plate.

*
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Control cells (168 through 173) which were run with
this group averaged 122 cycles, while those with
the fibers averaged 128, T4k4 and 138 for 5, 3 and
1% respectively. 7hese cells accumuiated 37 a.h,.
of overcharge throughout cell life for 1.7% per
cycle and showed substantially 100% metallic zinc
in the negative plates on teardown. Figures 15,

16 and 17 show photomicrographs of failed negative
, plates. This additive appears to aid materially

E in keeping the metallic zinc dispersed; moreover,

it was the only one examined (of the mechanical
barrier type) which appeared to have any effect at
all in retaining the zinc active material at the
tops and edges of the plates,

6. Effects of Avicel*

Avicel is a very finely powdered microcrystalline
cellulose (particies in the 10, range). Cells
174 through 191 contained concentrations of 5,

10 and 15% of this material and averaged 130, 96
and 72 cycles respectively. These showed sub-’
stantially 100% metallic zinc on teardown and they
had accumulated 24 a.h. overcharge through cycle-
i life testing. However, their voitage behavior

} throughout life was very erratic and it is con-

SF cluded that this material has no merit as an addition
! agent. Figure 18 shows a photomicrecgraph of a
plate from a cell averaging 96 cycles.

As a matter of curiosity, three cells (147, 148
and 149) were built with 30% by weight shredded
fibrous sausage casing and cycled at 40¥% depth-of-
N 1 discharge. These gave 300 cycles, which may be

; compared with the 400-600 cycles obtained with
0.5% Emu!phogene BC-610 obtained on the last

i contract, Figure 19 shows a photomicrograph of a
é failed zinc plate. It appears that 30% by weight
‘ of this low-density material is just too much bulk
and it keeps the zinc dispersed soc well that the

; particles fail to maintain contact.

*FMC Corporation, American Viscose Division, Newark, N.J.
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B. Surfactant Additions

The following Emulphogene-type surfactants were
tested in order to complete the Emulphogene series,
which is characterized by longer and longer poly-
ethylene-oxide chains as the series goes up in

; number from BC-420 to BC-840; BC-420, BC-720 and

: BC-840. The increasing chain length of the poly-

! ethylene-oxide structure renders the material more

} and more soluble in water and water solutions.

i BC-610 in 0.5% concentration was used in the control
| cells. FC-95, an anionic flurochemical surfactant*,
' was also tested.

In addition, a group of alcohols were tested to
determine whether the alcoholic functional group,
in combination with various chain lengths, might
function in the same way as the Emuiphogene,
These were: tridecanol, propanol, ethanol,
tertiary amyl alcohol and butanol.

Table |1 shows the construction features, initial
capacities, cycle life data, and appearance of the
; cell components after failure.

Cells 1 through 91 were constructed with 21 plates
: and three layers of fibrous sausage casing sep-

i aration. This was an attempt to ascertain whether
| thin plate construction with reduced numbers of

' layers of cellulosic separation might provide longer
; cyvle life for the same internal cell volume. The
g results speak pretty clearly: the major cause of
X failure was short-circuiting in combiration with

a very high degree of washout of the zinc plate
active material. |Initial capacities and discharge
voltage characteristics of these cells '‘ere very

; good, at the expense of cycle 1ife, however, The
¥ most noteworthy feature of this group of cells is
' (al though those made with 0.5% BC-610 washed and
shorted) like most of the others that it achieved
166 cycles, where other groups were shorting or
otherwise failing around 100-120 cycles, or less,

*Minnesota Mining and vanufacturing Co,, $t. Paul, Minnesota
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Because of the short-circuiting failure mode, the
thin-plate construction did not allow a good
evaluation of the surfactant series in terms of
their capability to extend zinc plate life and the
test was repeated with the standard 15-plate con-
struction and four iayers of f|brous sausage casing
using 3-cell groups.

Cells 91 through 120 show the pertinent data. The
BC-420 is probably as good as but no better than tie
standard 0.5% BC-610. The BC-720 and BC-840 show
somewhat reduced average cycle life in comparison.
Figures 20 through 26 show photomicrographs of the
negative material from failing ceils for the sur-
factants. A good deal of loss of active material,
or separation of active material from the grid,
seems to be involved in this whole series,

Cells 121 through 156 and 157 through 192 contain
various concentrations of BC-610 and were life-
tested at 40°F. and 100°F. respectively at Dayrad
Laboratories, Dayton, Ohio. Cycle life at either
temperature was less than that obtained at room
temperature. The spread of data at any one tempera-
ture is low. {f any conclusion can be drawn, it is
that for best cycle Tife at low temperatures a low
concentration of surfactant is favored; at the high
temperature, a high concentration is favored,

Fiqures 27, 28 and 29 show photomlcrographs of
failed negative plates at 40°F for 0.15, 0.6 and 1.0%
BC-610, respectively. They look much like the
material when it fails at room temperature around
160 cycles., Figures 30, 31 and 32 show photomicro-
graphs of failed negative plates at 100°F. for the
same surfactant concentrations. The low temperature
cells failed in spite of the fact that they were
given 1-10% overcharge and the negatives appeared

to consist mostly of metallic zinc on failure
examination. The high temperature cel!ls lost
negative plate capacity in spite of 1-2% overcharge
per cycle.

T1 - 20N Llemm.. ~ [ 2N
‘wt.':llb LQJ LIIIUUHH 2V

o COon u
trations of 0.1, 0.6 and !A There was a
improvement as concentration increased. In fact
the 1% solution gave as good cycle life as 0.5%
Emulphogene. The photomicrographs are shown in
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Figures 33, 34 and 35. They look much iike the
photomicrographs for Emulphogene. The FC-95 test
had a total of 4O a.h. overcharge, which is ampie,

Cells 193 through 282 contained various percentages
of the alcohols. The control cells for this group
(cells 283-288) gave only 104 cycles., Cycle life
for these groups ran from 60 to 159 (except for the
i ethanol) and the zinc plates showed mostly oxide on
| teardown examination.

i An additional one-hundred and eight 25 a.h. cells
have been constructed in two groups of 54 cells.

One group having 2% cotton fibers in the negative
material along with various concentrations of
carbowaxes of three different molecular weight
ranges. The second group of Sk cells is the same,
but does not contain 2% cotton fibers in the negative

material. The following table shows the concen-
| tration and cycle life obtained at 60% depth-of-
R discharge. TABLE 111
: Concentration & Cycle Life at 60% Depth-of-Discharge
Carbo- Cycles Cycles
Molec- wax Without With
3 ular Concen- [Initial 2% 2%
: Cells Weight tration Capacity Cotton Cotton
6 6000 3% 24 a.h, 156 148
, 6 6000 6% 23 132 148
| 6 6000 1.0% 23 132 148
At 6 1000 3% 22 a.h. 204 132
| 6 1000 6% 22 204 156
i 6 1000 1.0% 22 204 156
’ 6 200 3% 22 a.h. 120 108 -
| 6 200 6% 23 108 108
; 6 200 1.0% 22 98 108
|-
: 6 Controls 21.0 84

The cause of failure in all cells was loss of

! negative plate capacity. The use of cotton fibers
! in the negative electrode does not appear to im-

#l prove cell cycle ability. The carbowax mecular

} weight range of 1000 appears to have a strong
effect on increasing cycle life. Table IV shows

1 -13-
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the appearance of cell components after cycle
testing. Figures 36, 37 and 38 show the photo-
micrographs of negative plates containing 1%
carbowax in the three molecular weight ranges.

Thirty 25 a.h., cells were constructed containing
various percentages of LSA (lignosulfonic acid)
InS0Y4 and FC95 incorporated in the negative plate.
Table V shows the cells with the percentages of
additives and the number of cycles obtained at 60%
depth-of-discharge.

TABLE V

Percentages of Additives & Number of Cycles at 60%

Depth-of-Dischar je

No. of Percent initial
Cells Additive Capacity Cycles
6 .7% LSA 23 a.h,. 108
6 1.1% LSA 2L a.h. 108
6 5% InS0y + .
1.1% LSA 24 a.h. 96
6 5% InSOL +
1% FC95 23 a.h. 96
6 Controls 24 a.h, 148

The cause of failure was loss of negative plate
capacity. Table IV shows the appearance of cell
components after cycle testing. Figure 39 shows

a photomicrograph of a negative plite containing
1.1% LSA after 108 cycles. Figure 40 shows a neg-
ative plate containing 5% ZInSO4 and 1.1% LSA after
96 cycles.

Fundamental Studies on Surfactants

The final report on '"Adsorption of QOrganic Mate-
rials on Zinc Electraodes' from the University of
Texas is in Appendix 1.

Particle Size and Morphology of Zinc Oxides

In an effort to determine whether the starting
zinc oxide has any effect on cycle life, a variety
of oxides, embodying variations in preparation

-16-
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process particle size, crystal morphology, surface
area, doping aygents to improve oxide conductivity,
and impurities have been prepared and tested.
Thirty-five variations plus three repeat samples
have been tested with results shown in Table VI.
These cells were cycled at 60% DOD,

The oxides containing various percentages of Pb

due show an increase in cycle life, as well as
those oxides containing AL. The samples containing
iron were tested to determine allowable limits as
an impurity that is not detrimental to cycle life.
These limits ranged from a high of .07% to a low

of .0003%. The cause of failure for these cells
not containing high concentrations of iron was loss
of negative plate capacity. The cells containing
lead and flaked zinc dust gave the largest cycle
life. Cells containing an excessive (over .010%)
iron did not cycle; in fact, the zinc oxide did

not reduce to zinc on initial formation due to the
lowered Zn/In0 potential.

Figures L1 through 55 show the photomicrographs
of negative plates representative of the ZpD samples
after completion of the indicated cycles,

Based on the performance of these samples, the
following three batches of 25# each were obtained
from the New Jersey Zinc Company.

1. .25% Pb doped ZnO
2, High conductivity Zn0 with .3% AL
3. Flaked zinc dust

The iron content as impurity was held to .0C4¥%
where feasible.

Table VI| shows the life obtained at 60% DOD and

the appearance of the cell components after testing.
The main cause of failure was loss of negative plate
capacity. An additional 12 cells were constructed
with Zn Flake as the negative active material, The
initial capacity of these cells was 18 a.h. and they
only delivered 60 cycles at 60% DOD. However, a
continuation of cycling at 25% DOD yielded 44O cycles,
The cause of failure was excessive short circuiting,

-17-
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A shipment from the New Jersey Zinc Company of 75
Ibs. each of .25% Pb and .3% AL doped zinc oxide was
made into cells containing both cellulosic and poly-
cthylene cross linked, and grafted membranes.

——

Table VIIi shows the life obtained, and the appear-
ance of the cell components after testing. These
cells were cycled at 60% DOD.

It can be seen that the cells containing the poly-
ethylene membranes did not have any 2inc creeping
about or through the membranes. They remained in
good condition throughout cycle life. The use of
.24% Pb in the zinc oxide did show an increase in
cycle life, The chief cause of failure was loss of
negative plate capacity.

Additional cells were constructed containing .3% Al
and .2% Pb doped zinc oxide were tested at 60% DOD
in 30%, 35%, LO%, 45% and 50% KOH electrolyte,
These cells contained four layers of polyethylene
membrane and 17 plates. Table iX shows the initial
_capacities and cycles obtained. Again, the main
cause of cell failure is the loss of negative plate
capacities. There does not seem to be much differ-
ence in the Al or Pb doped Zn0; the lower KOH con-
centrations appear to shorten cycle life.

At the suggestion of Or, J. J. Lander, additiona!

Al and Pb doped Zn0O were obtained in concentrations
of 1%, 3% and 5%. In actuality, these concentrations
turned out to be .89%, 2.7% and 4.5% of Al, and

.99%, 2.5% ond 4.5% Pb. ‘

Cells were constiructed with these oxides using &
layers of polyethylene separators, with control
cells using four layers of cellulosic separators.
These cells were cycled at 60% DOD. Table X shows
the cycles obtained by the different doped oxides
and separators. The addition of large quantities
of Pb in Zn0 has a2 detrimental effect on the ce!lu-
losic separation to the extent that the cause of
failure is short circuiting because of separator
disintegration. The use of Al in Zn0O does not

have this effect on the separators. The cause of
failure in these cells was loss of negative plate
capacity.

) 1.
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Tabie Xi shows the appearance of the ceii components
after inspection. The final report submitted by the
New Jersey Zinc Company is included in Appendix I1.

Zinc Electrode Fabrication Technigues

In an effort to determine whether negative plate
cycle life could be increased by achieving an
interlacing network of basic zinc oxides and, sub-
sequently, of zinc crystals by means of wet pasting
with IZnC03 and ZnSO4 additions, the following wet
pastes were tested: 2inc oxide plus various con-
centrations of ZnC03 and zinc oxide plus various
concentrations of ZnSO4. In addition, admix:ures
of the acicular zinc oxides XX601 and XX4 to the
Kadox-15 were tested.

After drying plates made with wet pastes of the
InS0y additions showed the presence of basic zinc
sulfates in the X-ray pattern. Wet-pasted plates
made wi th ZnC03 additions showed simple mixtures of
Zn0 and ZInC03 in their X-ray patterns,

Table X1 shows the initial capacity, cycle data,
construction and appearance of cell components on
failure analysis.

Cells 1 through 18 were fabricated with thin plates
ard 21-plate construction with the usual four layers
of fibrous sausage casing separation. Trouble on
cycling was immediately experienced, some cells
failing before 20 cycles. These could be brought
back by extended overcharges but they wouldn't last
long anyway even after the over-charge. This is
believed to be an electrolyte starvation situation
at the zinc electrode due to the high ratio of
separator weight. Control cells {19-27) behaved
the same way.

It is interesting and must be significant of something
that the 21-plate construction which utilized ZnC03
and InS04 additions to the negative plates did not
experience this difficulty (cells 38-55). These

gave respectable cycle lives ranging from 132 to 180
cycles with the cells having ZnSOy-containing

e

negatives showing up a little better. These cells
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exhibited very heavy zinc mossing around the bottom
and edges of the plates, although they did not fail
by short-circuiting but by loss of active material.

Cells 28 through 37 contained admixtures of XX4 zinc
oxide in 2, 5 and 10% by weight concentrations. These
utilized thin-plate, 17-plate construction, so the
ratio of plate weight to separator weight was higher
than in the case of the 2l-plate construction, These
cycled without any problem, but their life of 157
cycles doesn't represent any increase over that ob-
tained with the 15-plate construction and the addi-
tion of Emulphogene BC-610,

A repeat test was made with the standard 15-plate
construction with negative plates containing ZnCO

and ZnS04 (cells 59-76). Some improvement in cyc?e
life was achieved by cells containing negatives with
5% ZnS0L and 5% appears to be a near-optimum conceri-
tration. The addition of ZnC03 was definitely harm-
ful on this test. These cells accumulated 14.4 a.h.
of overcharge for about 0.6% per cycle and they ex-
hibited a relatively low amount of washout. The neg-
atives showed mixed oxide and metallic zinc on tear-
down. It seems possible that these cellis may have
done slightly better if given a little more overcharge,

In an effort to determine if an electrodeposited zinc
electrode would “increase cycle life of the cell system
six 25 a.h. cells were constructed using electrodepos-
i ted negative plates with results at three different
depths-of-discharge as shown in Table XI1}1i.

TABLE X111

Cells Constructed Using Electrodeposited Negative Plates
With Resuits at 3 Different Depths-of-Discharge

No. of initial Cycles at CKcies at Cycles at
cells Capacity 60% GOD 0% DOD 25% DOD
2 20 a.h. 96
18 96
2 22 228
28 228
2 29 700%
29 700%
Controls
I -6 28.5 204 LOO** 850
204 LOO** 850
* failure due to shorts

** test stopped
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The main cause of failure wag due to loss in
negative plate capacity. The plated negative, upon
inspection, showed the same pattern of shedding and
agglomeration as did the regular production plates.
Figure 56 shows a photomicrograph of a plated

negative after 96 cycles at 60% DOD.

An experimental 25 a.h. cell coritaining three layers
of cellulosic membranes was constructed as follows:
All the negative plates had a center section

removed in the shape of a rectangle, and a plastic
shim was inserted in the cavity. This area was

2" x 3/4", Additional plates were utilized in the
element such that the surface area of active material
was the same as in regular 25 a.h. cell construction.
This cell delivered 290 cycles at 60% D0D. However,
additional cells constructed with standard 25 a.h.
size plates having a smaller apening at the plate
centers (1" x 1/2™) only yielded 130 cycles at 60%
DOD.

Additional cells were constructed to try to optimize
the hole size which seems to prohibit the zinc mater-
ial from agglomerating at the plate centers; but no
success was obtained by this method.

Influence of Membrane Separator Characteristics

The final report on this sub ect wil! pe published
separately by the Whittaker Corporat on.

Sites for Zn0 Overgrowths

The basis for th's approach toward extending the
capacity and, pe haps, cycle life is to provide
cryctal! sites for precipitation of InD within the
zinc plate itself, thus discourzging its transport
through the separazor ard to the bottom of the

plate. Fast precipitas o shou'd tend to increase
the zinc plate capecity by slowing gown the accumu-
lation of zincate ior in solution, wtich might be
expected in turn to =low down the onset of passivation.
Also, if precipitatic could be induced at the
location where tne zinc is going into solution during
discharge, on the subsequent charge the formation

of meta iic zinc mighi be expectaed Lo take place at
the same location, thus tending to stabilize the
geome rizal distritution o® zinc on the electrode

and so p-omotz longar life.




«r Russian work (N, Julidov, Author's Certificate No.
116812 of 3/7/58) had shown the possibility of
using C5(0H)2, which is quite insoluble in alkali,
to accompiisn this purpose in the study of zinc-
nickel oxide cells. Based on that work, 18 cells
were constructed, 6 cells each containing 1, 3 and
5% by weight of finely divided Ca0 in the negative
plate, initial capacities were checked, and the
cells cycle~life tested. The data are shown in
Table X1V,

_ L s

TABLE X1V

Initial Capacity and Cycle Life of Cells with
Negative Plates Containing Insoluble Cab

No.of Ca0 in Negative Initial Capacity Cycle

Cells (% by Weight) (A.H. Life
6 1 241 156
6 3 24 1 96
6 5 23.8 155

The data show no obvious effects on either iritial
capacity or cycle life, and it is concluded that

the use of Ca0 does not achieve the desired result,
at least in these small concentrations, This is

in sharp contrast to the behavior of BaSQy in lead-
acid cells which has appreciable effects on

capacity of lead plates when used in quantities of
less than 0.5%. Figures 57 through 59 show photo-
micrographs of negative plates containing 1%, 3% and
! 5% Ca0.

& The reason for the ineffectiveness of Ca0 additions
N {(which was also found to be true by V.V, Romanhov,
'"On approaches to Extend Service Life of the
{ Nickel-Zinc Battery") was shown by him to be due
to the slowness with which Ca(CH)2 induces pre-
cipitation of zincate ion from solution. Although
{ substantially complete precipitation could be
| achieved in a 90-day period, it takes 30 davs to
reduce the zincate ion concentration by one-half,
Romanov used a Ca(0OH)2 concentration in the ratio
of 1:2.2 to Zn0 in his plates, and he abandoned
this approach toward extending zinc plate cycle life.

tJ
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A literature search has been made by Dr. W. VanDoorne
(Calvin College, Grand Rapids, Michigan) in order

to disclose, if possible, other oxides or hydroxides
which might possibly be tried out to achieve the
desired effects. This survey is included in this
report as Appendix Il in order to preserve the
referencing system in his report.

The search disclosed the following oxides as possi-
bilities - all of which form solid solutions with
Zn0: Be0, MnO, FeO, CoO, NiO, Cu0, PdO, Mq0, CdO,
Sn0. In addition it was found that both Ni(0OH)2
and Co(OH)2 form solid solutions with Zn(0H)2,
Thus, from the point of view of crystal structure,
any one or all of these might be tried for their
possible effects along the desired lines.

If the slowness of precipitation of zincate ion

from solution were to hold, regarcdless of the nature
of the host crystal, then this approach is doomed

to failure in any case (for the Z-hour cycle);
however, inasmuch as this is not known at this time,
such of these materials as meet the criteria described
below might be tried out in the next year's work,

e e e

The criteria are:
(1) the oxide or hydroxide must be insoluble;

(2) the oxide or hydroxide must have a reduction
; potential more negative than that for the
Zn0 = In charging reaction.

Il

! The reasons for these criteria are fairly obvious.

. If the material is soluble, it can't remain in the

s plate in its crystalline form. |If it is reduced to

: metal at potentials less negative than that for the
7210 = In, then on the formation charge it would go

to tre mecallic state and reamin that way on the
platc. 1In the latter instance, it would, furthermore,
be d.castrcus te incorporate a substance with a low
hydroge~ overvo.tage, because then hydrogen gas
generation rates would be expected to become unibedr-
atle for seiled cell operation. Fe0 is a good
erxample of che Iatter situation. It is well known
that the “rcn electrode of the Edison cell has a

very shori chargad stand life because of the rate

at which i generates hydrogen in the KOH electrolyte
environment.

T ISR
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Reference to Latimer, '"Oxidation Potentials," 2nd
ed., Table 85 (Prentice-Hall, Inc. 1952,
Cliffs, N.J.) gives the line-up in Table Vi for the
oxidation-reduction potentiais of the candidate
oxides or hydroxides in alkaline solutions,

TABLE XV

Reduction Potentials

Enalewood

E°
03
69
62
.55
. 245
.216

91
877
828

.73
.72
358
080

<
~I

Be and M..

Couple
Ca + 2 OH™ = Ca(DH)2 + 2e -3.
Mg + 2 OH™ = Mg(0OH)2 + 2e -2,
2Be + 6 OH™ = Be203= +3 H20 + 4e -2,
Mn + 2 OH™ = Mn(O0H), + 2e -1
ZIn + 2 OH™ = Zn(0H)2 + 2e¢ -1
In + 4 OH™ = In02= + 2 H20 + 2e -1
Cr + 4 OH™ = Cr0p”™ + H20 + 3e -1.
Sn + 3 OH™ = HSn03™ + H20 + 2e -0
Fe + 2 OH™ = Fe(OH)2 + 2e -0,
Hz + 2 OH™ = 2 H20 + 2¢ -0.
Cd + 2 OH™ = Cd(0OH)2 + 2e -0,
Co + 2 OH™ = Co(OH)2 + 2e -0
Ni + 2 OH™ = Ni(OH)2 + 2e -0
2 Cu + 2 OH™ = Cu20 + H20 + Ze -0.
Cuz0 + 2 OH” + Ha0 = 2 Cu(OH)2+2e -0.
Pd + 2 OH™ = Pd{OH), + 2e +0.
On the basis of these data, only Ca, Mg,
oxides or hydroxides would noc te expectad to be
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given up on Ca(OH)2 and Mg(0H)2 and he data of this
report show that addition of a0 has no beneficial
effect.

BeD is quite solubie in strong NaOH, to the extend
of 3 + gm/100 gm saturated solution. While it would
be a simple matter to saturate the solution (assuming
that it would have a similar solubility in KOH) and
then add excess Be0 to the plate, the solid phase

in existence with BeO in concentrated solutions is
not Be0, but Se0:NaQOH-H90 (Seidell, "Saolubilities

of Inorganic and Metal 8rganic Compounds," 4th Ed,,
Vol. 1, p. 412, D. VanNostrand Company, Inc.,

New York, 1958). If a similar compound were to
form in KQH solutions, the crystal structure would
be changed, of course,

Solubility data for Mn(OH), in NaOH solutions show
0.03 grams per 4.14 molal solutlon with solubility
increasing with concentration (Seidell, Vol!. I},

p. 558). The presence of manganese in the system
is to be eschewed, however, because soluble per-
manganates arc certain to be formed on charge at
the silver oxide plate which would oxidize the
separator,

tt is conc’ ‘ded from the available information that
this app: ..~ . appears to be hopeless, and abandoment
is recommended,

Development of Failure Analysis Technigues

Throughout this program, all cells that have failed
cycle life tests have been inspected and analysis
has been undertaken to determine the cause of
failure.

In general, the major causes of cell failure have
oeen loss of negative plate capacity, and shorting.
A third cause is tack of ccli charge acceptance,
particularily at 60% DOD, which ties in with the
loss of negative plate capacity.

The loss of negative plate capacity is due to actual
loss of active material from the grid, The material
moves down toward the bottom center of the grid

&
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q’ losing suirface area and developing high current
density sites which tend to produce hydrogen. There
is also some solubility of the zinc oxide in KOH

electrolyte.

When cells have failed, the components such as
separators, plates, and any free electrolyte are
inspected. Samples of plates are sectioned and
photomicrographs are obtained. Chemical analysis

for silver, zinc and zinc oxide are made to determine
their presence in separators, and adjoining electrodes.

s The following chemical procedures are in use in this
] program.

1. Determination of Zinc in Separator Materials

a. Depending on the choice of the person
desiring the analysis, either measure and
calculate the actual area of the separator
material or assume a standard 6 square
inch area,

b. Dissolve the zinc on the separator sampie
i by placing HNO3 on the separator into a
250 ml,.beaker and adding 25 ml, of 1:3 HCT,

c. After the zinc has been dissolved from the
separator material, neutralize the solution
with concentrated NHLO0H to a pH of approxi-
8.5 - 9.0. Use the Beckman pH meter for
this step and the following step also,

d. Add a few drops of a saturated aqueous
solution of sodium acetate; then add enough
50% by weight acetic acid to bring the
solution to a pH of 5.0 - 4.5, The pH of
the cold solution should not be Tower thar
4.5, -

TR IR TR, 2 TR T R v

e. Add 2-3 drops of the COPPER-EDTA sclution
and enough PAN indicator solution to turn
the sample solution a deep violet color,

f. Heat the solution to boiling and titrate
with 0.1 molar EDIA sviution untii the
sample solution changes to a clear yellow
color, (A wvery definite end-point,)
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g. Run a blank determination and subtract the L
value of the blank from the value for zinc.

h. A 10 mi. burette graduated in 0.02 mi. may
be used to dispense the EDTA solution.
CALCULATIONS

* TOTAL GRAMS ZN = ml EDTA x An FACTOR FOR EDTA
GRAMS Zn PER SQ. [N, = TOTAL GRAMS Zn/AREA

* In Zn factor for the EDTA solution will be
found in the standard solutions book. 1
ml. of EDTA solution should equal approxi-
mately 7 mg of zinc,

NOTES

i. Better results are achieved if steps 3
through 5 are carried out on a cool solution,

j. Answers are reported in total grams of zinc
found and in grams of zinc per square inch,

2, Determination of Silver in Separator Materials

a, Depending on the choice of the person desiring
the analysis, elther measure the exact area
of the separator material or assume a 6 square
inch area.

b. Put the separator material into a 250 ml.

! beaker and add 25 ml. of 1:2 HNO3. Swirl

: beaker to wet entire separator. Place heaker
! on medium heat hot plate to aid the sclution
of the siiver. Normally it will not be
necessary to boil the acid and separator to
cause solution of the silver,

c. Upon dissolving the silver, add 75 ml. of
water and stir solution.

d. The silver is titrated with O.1N NH,SCN
using a ferric ior as an internal indicator.
Add 5 ml. of FeNHy(S0y)7, ferric ammonium
sulfate, to the solution of silver and titrate
with O.1N NHLSCN to a reddish-brown or rust-
colored end-point.

{
t
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*TOTAL GRAMS Ag = M1 O.IN NH4SCN x Ag
FACTOR OF O, 1N NHySCN

* The Ag factor of NH?SCN will vary with the
normality of the solution, and should be
calculated every time a new solution is
prepared by standardizing against AgNO3.
The ag factor should fall in the area of
0.010777 gms. Ag per ml. NHLSCN,

Divide total grams of silver calculated by
the area to get grams of silver per square
inch,

Answers are reported in grams of silver per
square inch, and in total grams of silver.

NOTES

The end-point of the titration is quite
distinct but requires some care and practice
in determining it. A definite rust color

is desired but not to the extent of over-
titration,

Normally the Ag factor for the NHLSCN will
be recorded in the standard solutions book
and on the bottle containing the NH4GCN.

Determination of Silver & Falladium in Silver-

7inc Negative (Zinc) Plates

a,

b.

Reagents:
1. Nitric Acid (1:1)
2, Nitric Acid, Conc.
3. Hydrochloric “cid (1:3)
L., Methyl OGrange Indicatoy
5. Ammonium Hydroxide, Conc,
6. Nioxime, 0.8% solution in Hz0

Procedure for Silver:

1) Cut the sample into small pieces to
facilitate dissolution. Dissolve in a
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2)

3)

L)

5)

300 m!. beaker:; dampen sample with e
cistilled water; slowly add 20 ml. of L
(1:1) HNO3; place on oscillating hot

plate, medium heat; add conc. HNO% and

distiiled water to complete dissolution

of sample.

When sample is clear, cool to room
temperature, then filter through a Black

Ribborn paper. IT filtrate is not clear,
re-filter through a Whatman #42 filter
paper.

Add 10 1. of HCt (1:3) and simmer for
30 minutes.

Filter, hot, through a previously weighed
Gooch crucible. Use hot water and rubber
policeman to remove precipitate from
beaker sides. Retain filtrate for
palladium determination.

Dry precipitate one hour at 110°C.,
cool in dessicator, reweigh, for AgCt.

in?2 = g, AgCl x 0,7526
Mg. Ag per in Flate area, in.<

Frocedure for Palladium;

1)

2)

3)
k)

Add 5 drops oi Methy! Orange indicator
to the filtrate from the silver analysis,
agitate on a magnetic stirrer,

Add conc. NHLOH until sample turns

yellow (pHS5-6). Add more methyl orange
as color terids to fade rapidly. Zinc
hydroxide will probably be precipitated,
slight to heavy precipitate. The zinc
hydroxide is filtered, Black Ribbon paper.

If solution is not yellow cler, refilter.

Complete palladium per procedure for
palladium in separators starting with

Al EatkA AR moAmecad A o F rene
Ug-uuu\.’ AR ll|u:’ll\'|-l\r 2Lt eI,




2)

3)

k)

5)

300 ml. beaker; dampen sample with -
distilled water; slowly add 20 ml. of LV
(1:1) HNO3; place on oscillating hot

plate, medium heat; add conc. HNO? and

distilled water to complete dissolution

of sample,

wWhen sample is clear, cool to room
temperature, then filter through a Black
Ribbon paper. |If filtrate is not clear,
re-filter through a Whatman #42 filter
paper.

Add 10 ml, of HC! (1:3) and simmer for
30 minutes.

Filter, hot, through a previously weighed
Gooch crucible. Use hot water and rubber
policeman to remove precipitate from
beaker sides. Retain filtrate for
palladium determination.

Ory precipitate one hour at 110°C.,
cool in dessicator, reweigh, for AgCl,.

2 _ mg. AgC! x 0.7526
Mg. Ag per In Plate area, In.*%

Procedure for Palladium:

1)

2)

3)
k)

Add 5 drops of Methyl Orange indicator
to the filtrate from the silver analysis,
agitate on a magnetic stirrer,

Add conc. NHLOH until sample turns

yellow (pH5-6). Add more methy! orange
as color tends to fade rapidly. Zinc
hydroxide will probably be precipitated,
slight to heavy precipitate. The zinc
hydroxide is filtered, Black Ribbon paper.

If solution is not yellow clear, refilter.
Complete pailadium per procedure for

palladium in separators starting with ...
agi tate on magnetic stirrer,

4%




600-2000 angstroms. Again, Figure 61, the pores of
the VM millipore material would %e 170-250 angstroms
for the black dots and 1300-4000 angstroms for the
white areas. The Dow Corning glass disk had pores
in the 50-75 angstrom range, Figure 62, The 2, 2XH
polyethylene separator pore size was k0-100
angstroms, Figure 63. The plain unradiated poly-
ethylene surface was basically smooth and without
detail. : S

The VF WP millipore material was manufactured by

the Millipore Curp., Bedford, Mass., According to
their literature, this material.is made of mixed
esters of cellulose in a white plain surface with

a mean pore size of 100 angstroms plus or minus 20
angstroms. Its porosity is 70%. The second material
(VM WP millipore) was also made of mixed esters of
cellulose but had a mean pore size of 500 angstroms
plus or minus 30 angstroms according to the manu-
facturer's specifications. The third type of
separator was 2.2XH polyethylene, a radiated grafted
polyethylene sheet made by Radiation Applications
Inc. The mean pore size of this separator, as
claimed by the manufacturer, was 40 angstroms or
less. Also, a plain sheet of RAl's polyethylene was
submitted so that its surface could be ascertained.
The disk of Dow Corning glass was reputed to have
pore sizes of 36-54 angstrems..

Direct one-step carbon replicas were made of the
millipore type naterials in a vacuum evaporator
shadow caster; Gold or chromium was pre-shadowed
on small strips of the separators and then 100-
200 angstrom thick carbon was put down on the
surfaces in a continuous film, Small pieces of
this replicated material were placed on 1/8 inch
specimen grids of 200 mesh and into an acetone
reflux column equipped with a cold finger. After
three hours in the reflux column, the original
cellulose material was dissolved away leaving a
clean direct replication of the material's surface.

A two stage replica technique was used for the poly-
ethylen=2 and the porous glass. Two drops of Ladd's
replication solution were placed on an inch strip

of Ladd's plastic replicating tape and this tape was
placed on the surface of the polyethylene and left
to dry. When dry, the replicating tape was peeled
carefully from the polyethylene and fastened to a
glass slide with scotch tape. A carbon replica
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was then made of the surface of the plastic tape by
the vacuum evaporator and reflux column techniques.

The replicas were viewed with an RCA EMU-3F
electron microscope and the images were recorded
on Kodak electron image phatographic plates..

The total magnification of the prints was based
upon a replica of a 28,800 lines per inch grating.

Several attempts were made to pot some of the
materitals in epoxies and to slice ulira thin
sections of the cross-sectional areas with a
Porter Blum ultramicrotome. This technique did
not work - primarily because the polyethylene
would not be cut by our diamond knife. The epoxy
would not saturate or permeate the sample so
there was little bonding of the epoxy to the
polyethylene. ,

Figure 60 shows the surface of the VF WP milli-
pore material at 150,000 X magnifization. This
separator should have pores of about 100 angstroms
ih diameter. The size of the smal! black dots

in this photo is about 100 angstroms. According

to the manufacturer's specifications, this material
is 70% porous; however, these dots do not cover 70%
of the surface area. |If the large white areas are
the pores, then their pore size would range from
600-2000 angstroms and still they would not occupy
70% of the area.

Figure 61 shows the small black dots of the VM WP
millipore separator to be in the 170-250 angstrom
range., Its magnification was also 150,000 X. Now
if the white areas were the pores, the dimensions
of these would be 1300-4000 angstroms. Again its
porosity according to the manufacturer was supposed

. to be 72%.

The porous glass made by Dow Corning is pictured
in Figure 62 at 300,000 X. The small black and
gray projactions represent the ﬁores which range
from 50-75 angstroms., Figure 64 is another view
of the porous glass.

The surface of the 2.2XH polyethylene separator

at 61,000 X looked like that pictured by Figures
30 and 65. Replica number 30 was not pre-shadowed
with a metal; replica number 32 was shadowed with

-41-
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chromium. At this magnification the pores cannot
be seen. Figures 66 and 67 show parts of "5" and

"6" respectively at 300,000 X.

The pores in the

separator are represented by the small round pro-
jections which are similar to those of the oorous
glass. The diameters of these pores range from

0-1000 angstroms,

The actual pore size openings of the separator

surfaces are represented in the photos.
shape and size of the pores as they proceed

through the interior of the separators could not

be determined using our known technigques.

Stoichiometric Ratio of Formed linc

Groups of three 25 a.h. cells were constructed with
weight ratios of formed zinc material to silver in
2:1, 3:1 and 4:1, Cycling was done at temperatures
of 30°F, LO°F, 75°F and 110°F, and at 40% D0D and
60% DOD. The results of the.e cells are shown in

Table XVi,.
TABLE YVI
Stoichiometric Ratio of Formed Zinc
Initial Cycles @ (Cycles@
Ratio Capacity Temperature 40% DOD 60% DOD
2:1 24 ah 30°F 12 2
2:1 23 Lo 84 0
2:1 26 75 380 184
2.1 23 110 410 175
3:1 24 30 50 3
3:1 22 Lo 60 0
3:1 22 75 L60 204
3:1 24 110 349 204
4:1 25 30 2 2
L1 25 4o 60 0
L1 25 75 L35 220
b1 25 » 110 336 210

The cause of failure was due to loss of capacity of
the zinc electrodes. In general, the failures at
low temperatures were due to the inability of the
zinc electrodes to accept the recharge in the 85-

minute charge time.
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Figure 68 shows a photomocrograph of a negative
plate with a 2:1 construction,

Figure 69 shows a photomocrograph of a negative
plate with a 3:1 construction. -

Figure 70 shows a photomucrograph of a negative
plate with a 4:1 construction,. :

hatios above 2:1 show a little increase in cycle
life at room temperatures, but the resulting
increase in volume area does not warrant a cel!
design change.

Alternate Method of Surface Area Measurement

This section is written by Prof. T. P. Dirkse,
Calvin College, and is included in Appendix V.

Separator Development

The initial study b{ RAl Research Inc., was to
preparc experimental batches of membranes from
. three different polyethylene base materials;

namely, Bakelite 0602, Phillips 1712 and USI 280.
The th-:e base materials were crosslinked to 90
Mrads, and radiation grafted with acrylic and
methacrylic acid. The samples were of 100’
lengths, about 1-1/2 mils thick_and had a resistance
of about 30-90 milliohm inches. '

Five 25 a.h. cells were constructed with 2, 3 and
L layers each from the three base material samples,
and cycled at 60% depth-of- dnscharge The results
are listed in Table XVII.
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TABLE XVII_ C
Separator Development ’
Acrylic Methacrylic
Initial Acid Acid
Cells RA| Membrane (apacity Giaft Graft
10 L Layers 24 a.h. 6G(5)*  116(5)*
Bakelite 0602
10 3 Layers 26 60(5)* 116(R)*
Bakelite 0602
10 2 Layers 24 60(2)} 50(1)!
Bakelite 0602 76(3)1 80(4)!
10 L Layers 140(3)!
Phillips 1712 30 LO(5)*  112(2)1 ;
10 3 Layers 30 k8(1)!1  103(5)! '
Phillips 1712 60(4) 1 '
10 2 Layers 30 60(5)!  36(5)! | '
Phillips 1712
10 4 Layers 30 48(1)1  140(5)*
ust 280 60(4)*
{0 3 Layers 30 L8(3)1 56(3)!
ust 280 (2)> (2)*
10 2 Layers 30 36(5)T  2u(5)]
Usi 280 H
i‘ 3 Controls 22 120(3)*
g L Layers FSC
3 Controls 25 123(3)* ¢
i 3 Layers FSC
L Controls 31 76(4)1 !

2 Layers FSC

* = Capacity Failure
() = No., of Cells
()' = Failure by shorts

i
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‘Table XVIII shows the appearance of the cell com-

ponents. The resuits of the teardown inspection
revealed that in all cases, the zinc electrode had
material bunching along the center and bottom
portions of the grid showing the effect of heavy
agglomeration, fhere was no incication of zinc

‘creepage on any layer of membrane with the acrylic

acid graft, With the methacrylic acid graft, however,
there was zinc creepage around the layers. This
occurred only in the Bakelite 0602 and Phillips 1712
base materials. :

Cells containing two layers of Bakelite material,
both acrylic and methacrylic acid graft, delivered
as many cycles as the control cells containing

two layers of FSC. Cells containing three an¢

four layers of the Bakelite methacrylic acid giaft
cycled nearly as well as the control cells. Although
cells containing four layers of Phillips 1712 and US|
280 methacrylic acid graft did obtain more cycles
than the controls, the two layer samples did not
perform as well as either the two layer Bakalite

or control cells.

On the basis of this test, 500 foot lots of Bakelite
acrylic and methacrylic acid radiation graft,
crosslinked at the 90 Mrad level wecre prepared

by RAl, Inc, A third sample, containing chemically
grafted methacrylic acid was also furnished.

Groups of eighteen 25 a.h. cells were constructed
with each of the three membrane samples. The
eighteen cell group contained 5, 4 and 3 layers of
each membrane. These cells were cycled at 60%,

LO¥% and 25% depth-of-discnarge. |In addition, cells
containing 4 layers of each membrane are presently

‘'under cycle test at the indicated depth-of-discharge

at the Quality Assurance Laboratory, Crane, Indiana.
This is done so that a comparison of cycle life can
be macde with cells containing 4 layers of separation.

Table XIX shows the initial capacity and cycle life
obtained at the various depths of discharge for these
cells containing the three membrane samples. The
control cells contained 4 layers of celiulosic membrane.
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The failure mode is by loss cf negative material and/or

short circuiting.

All cells

in this test are considered

to have failed by short circuiting if the open circuit
voltage is below 1.52 V, after a week's charged stand
time after completion of cycle testing.

TABLE XIX

Initial Capacity and Cycle Life at Various Depths-of-

Discharge

A. 90 Mrad Methacrylic Acid Radiation Graft Membrane

Controls 3 Layers L4 Layers 5 Layers
Initial 22 a.h. 27 a.h. 28 a.h. 27 a.h.
Capaci ty
Cycles at  156(L)Y*  120(6)* 72(3)* 132(2)*
68 poo 96(2)*
108(2)*
40% DOD 288¢(2)* 180(1)'  253(3)*  120(2)*
312(2)*  288(2)]! 216(3)*
276(2) 240(1)*
288(1)*
25% DOD 396(2)*  L32(1)1  4oo(1) 553(1)*
L80(1) SuL (1)l 428(2) 600(5)c
528(1) 456(2)!
492(1)1
601(1)!
B. 90 Mrad Acrylic Acid Radiation Graft Membrane
Initial Same as 25 a.h. 28 a.h. 25.5 a.h.
Capaci ty A
Cycles at " L8( - Shi{3)* 48(2)
60%D0D 72(3)¢ 72(4)!
72(1)*

40% DOD " hL(1)1 144 (2)* 120(3)*
156(1)*  thu(1)! 156(3)*
180(1)!
204 (1)1
240(2)*

25% 0OD i LOB(1)* 324(2)* 336(2)*
L68(1)]  300(1)* Lo8(1)*
492(2)! LE8(2)*
517(2)*




TABLE XiX {Cont‘'d)

controls 3 Layers L Layers 5 Layers

N

:% ' (. 90 Mrad Methacrylic Acid Chemical Graft
1
|

Initial
. Capacity 24 a.h. 22 a.h. 20 a.h. <3 a.h.
| Cycles at Th44(1)* 48(2)1 2(3) 30(3)!
60% DOD 168(3)* 84(2)!
96(2)!
96(3)*
L0% DOD Awaiting Tests - - - = = = - = = - = = =~
25% DoOD Awaiting Tests 348(1)*  Awaiting
400(2) Test
* = Failure
() = MNumber of Cells
()!= Failure by Shorts
()¢= Cycling

Table XX shows the number of cells that failed by
short circuiting with the number of layers of mem-
branes tested at the indicated depths~of-discharge.

TABLE XX

Number of Cells that Failed by Short Circuiting

3L MA 3L _AA 3L _CMA
60% DOD 0 5 6
40% DOD 5 3 2
25% DOD 5 2 6

LI MA LL AA LL CMA
60% DOD 0 0 L
40y DOD 0 1 3
25% DOD 0 0 6

5L MA 5L _AA 5L CMA
60% DOD 0 6 3
Loy DOD 0 0 3
259 DOD 3 3 6

-48-
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TABLE XX (Cont'd.)

Control Cells

60% DOD

40y DOD 0
25% DOD 3
MA = Methacrylic Acid

AA = Acrylic Acid
CMA = Chemically Grafted Methacrylic Acid

Table XX!I shows the appzarance of the cell components
after cycle testing, The main differences here in

the polyethylene treatad membranes and the cellulosic
controls are:

1. The cellulosics will deteriorate (rot) while
the polyethylenes will not,

2. The zinc material will creep around layers
in big splotches in and on the cellulosics,
while in the polyethylenes the same material
will penetrate in one or twc¢ areas in each
layer about ihe size of a dime if it does
occur, In many irstances, the penetration
can not be seen, yet cell! shorts have occurred,

3. The cellulosics will swell to over twice the
original thickness, while the polyethylenes
will not. In fact, there appears to be a
"deswelling" causing a stretching of the
membrane across the plate. This is probably
what is making the positive plates buckle
and, since pressure is reduced in the perpen-
dicular direction to the face of the plate,
this is causing increased shedding of the
negative material,

Figure 70 shows the appearance of the negative plate
material after the indicated cycle failure due to
loss of negative plate capacity. These plates are
from cells containing 3 and 5 layers of the radiated

methacrylic acid graft. The control plate is in the

center from a cell containing b layers of cellulosic
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membrane material. In all cases after cycle
failure, the negative material resulted in this
configuration. ‘

In general from the cycle data ob*ained to date,
the 90 Mrad crosslinked polyethylene methacrylic
acid radiation grafted membrane gave longer cycle
life, layer for layer, than did the acrylic acid
grafted membrane at each depth-of-discharge. In
addition, three layers of the methacrylic acid
graft are as good as or hetter than the separator
for the control cells. The best cycles obtained so
far are with the 5-layer methacrylic acid graft at
25% depth-of-discharge. |t is believed that loose

element pack construction could be a factor in some -

early cycle failures at all depths-of-discharge.
All cells now under construction have proper shim-
ming.

The results of the tests on cells containing four
layers of RAI 90 Mrad crosslinked acrylic and meth-
acrylic acid graft performed at the Quality Assur-
ance Laboratory at Crane, Indiana are comparad with
those obtained at Delco-Remy,

TABLE XX!1
Cells Containing Four Layers of RAI 90 Mrad

Crosslinked Acrylic and Methacrylic Acid Graft

1. Cells containing four layers of acrylic acid

graft.

pob Cell No. Crane Delco-Remy

25 1 203% 324%
2 369* 324%
3 357* 300!

40% 4 Bl 144%
5 8l 144
é 84* 144%

60% 7 34 84*
8 3% 8L
9

3% Bl
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2, Cells containing 4 layers metnacrylic acid

graft,

Dob Cell # Crane Delco-Remy

25% 1 215! LOO*
2 237! 428%
3 2371 L28%

40% 4 8L4* 253%
5 Rhx 253%
6 8L 253%

60% 7 4% 72%
8 3h4% 72%
9 34 72%

3. Contro! cells containing 4 layers FSC

DoD Cell # Crane Delco-Remy
25% 1 1100 396?
2 900 3961
3 --- h801
I L --- 528
Loy 1 100* 228%(2)
2 100% 312%(2)
60% 1 38* 156*(L)
2 38+
* = failure by loss of capacity
1 = failure by short circuiting
() = number of cells
¢ = cycling

An additional 5000 feet of 90 Mrad crosslinked poly-
ethylene methacrylic acid radiation graft has been
utilized in 25 a.h. cells throughout the remainder
of the piogiam, This material was cOnSistentéy
uniform. The resistance was 60 milliohms in,
throughout, and had a constant thickness of 1.7,
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Much of the separator has been used in the cells
g; testing the various zinc oxide samples as reported
under Section D.

An additional test of electrolyte concentration was
accomplished with cells containing seventeen plates,
and four layers of polyethylene grafted membranes
along with control cells of seventeen piates and
four layers of cellulosic materials., The following
table shows the number of cells, electrolyte con-
centration and initial capacity of the cells tested
at 60% DOD.

TABLE XXill
[ Eiectrolyte Concentration
' Electrolyte Initial No. of
; No. of Cells Concentration Capaci ty Cycles
» 4 polyethylene 30% KOH 28 a.h. 84
B 2 controls 30% KOH 13 a.h. 60
%; 4 polyethylene 35% KOH 30 a.h, 112

L 2 controls 35% KOH 15 a.h, 112

T: L polyethylere 40% KOH 24 a,h, 124

¥ 2 controls 14+0% KOH 19 a.h, 124
fg L polyethylene 45% KOH 25 a.h. 84
! 2 controls L5% KOH 19 a.h, 112

¥ 4 polyethylene 50% KOH 25 a.h, 150

E 2 controls 50% KOH 23 a.h. 150

I

i The cause of failure was loss of negative plate

e capacity. It is interesting to note here that the

| best capacities are obtained by cells containing

8 polyethylene separators at the lowest electrolyte

i A . s
B concentrations, and the opposite is true of the cells
o containing the cellulosic separators.

N. Electrolytes

A srudy of electrolyte mixXxtures, using percentages

of 45% and 50% KOH and 45% NaOH in addition to vary-
ing layers of separator material was accomplished.

-53-




Table XX1V shows the cell construction, cycle data
and appearance of cell components of some 60 cells
tested. The best combination tested prior to the
development of the polyethylene radiated graft
membranes was four iayers of cellulosic membranes
in 50% KOH electroiyte yielding a8 cycle life of
220 cycles at 60% DOD.

The mixtures of KOH and NaOH were tried out because
previous experience at lower depths-of-discharge
(25% and 40%) had shown that NaOH increased cycle
life over equivalent weiaght concentrations of KOH,
The NaOH-containing electrolytes just could not
support the rates of charge necessary on the 2-hour
cycle regimen at 60% DOD. Charge voltages went

way up; the cells heated up, and gassing resulted,
indicating inefficiency of charge.

GENERAL DISCUSSION

- As a prelude to examination of the a2ffects on cycle

1ife of the several variations incorporated in the
negative plate during this program, consideration should
be given to the pure effect of the depth-of-cischarge
factor. That is to say, the question should be asked:
what actual capacities are available from these nominal
25 a.h. cells at various rates of discharge for the
ce!l design concerned? Reduction in capacity as a
function of discharge rate is expected for any electro-
chemical cell and it may vary as a function of cell
design. In order to determine this for the 15-plate,
L-layer cellulosic 0.5% BC-610, cells were discharged
at 25 and 50 amperes and found to have capacities of
19.0 and 15.0 a.h., respectively. The average of all
the control cells run on this program to date is 26.7
a.h. at the 15-ampere rate. On the basis of these
data, the following table was constructed.
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TABLE XXV

Capacity Available at Cycle-Life Test Rates

Required Rate Capaci ty

Depth-of- Required on 2-Hour Cy- Available at
Discharge Depth-of- cle (35-min. Cycle-Life
(% of Nominal Discharge discharge) Test Rates
Capacity¥*) a.h. ~_amperes a.h.

100 25 L3 15.5

8o 20 34.3 17

70 17.5 29.8 18

60 15 25.8 19

Lo 10 17.2 23

25 ‘ 6.25 10.7 31

* Nominal Capacity = 25 ampere-hours at 15-ampere rate

It is apparent that this cell design would not be able
to cycle at all on the 2-hour reqimen at depth-of-
discharges cf 100% or 80%, because it does not have
sufficient capacity at the required test rate of
discharge. -

From Table XXV we may construct another table relating
the allowable capacity loss before failure from the
data in columns 2 and 4 of the table for depth-of-
discharges of 70% or less, This is shown in the
foiiowing tabie:

TABLE XXVI

Allowable Capacity Loss Before Failure Related to % DOD

Allowable Capacity

Loss Until Failure Expected
% DOD a.h. Cycle Life
70 0.5 : 28
60 L 226
Lo 13 735
25 24,7 1400%

*Accual cycle life from data of Table 12,
AFAPL-TR-66-79.
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Now, assuming that there is a direct ratio between the
allowable capacity loss until tailure and the actual

# cycle life, data for expected cycle life as a function
4 of DOD may be calculated, &s in the third column of the
E table. The actual cycle life at 25% DOD was used to

i estimate expected cycle life at the higher depths-of-
3 discharge, An actual cycle life of 600 cycles at 40%
' DOD for negative plates with 0,5% BC-610 Emulphogene
l additions may be compared with the value of 725 from
F the table. (See Teble 11, AFAPL-TR-66-79.) The
average cycle life of 33 control cells on this program,
{ so far, is 164 + 36 cycles with some groups going over
i 200 cycles. This may be compared with the value of
| 226 cycles in Table XXVI.

In estimating the expected cycle life as a function
i of depth-of-discharge and the allowable capacity loss,
it is obvious that the condition of the negative plate
will be much better at the end of life at go%rdepth-
of-discharge than it is at 40% depth-of-discharge and
so on. This is evident 7rom the fact that if the depth-
of-discharge is reduced after failure at 60%, the cell
will continue to cycle. :

The point of this discussion is this: during the first
year of this orogram we have been looking very inten-
sively at the effects of the several variations on
agglomeration and dispersity of the active material.
This was a natural sequitur to the discovery that cycle
life could nearly double with the use of Emulphogene
BC-610 and that this resulted from reduction of the
rate of agglomeration (AFAPL-TR-66-79, Table 11 and
Figures 47 through 51), and the maintenance of dispersity
of the metallic zinc. It seems possible, judging from
the photomicregraphs, that even at 60% depth-of-discharge
there is sufficient true surface area (i.e., lack of
agglomeration or particle size growth) to support the
discharge and that Toss of active material around the
top and sides of the plate may have been a predominant
factor in determining tife, {Actually, true surface
area of the available zirc needs to be measured to
support this possible conclusion,)

Several other possibie effects can be thought of thet
coulid come into piay in shortening life: one, the

loss of small amounts of active material would be more
serious in reducing life at the higher depths-of-
discharge; two, the loss in geometric area of the active

R I R S Y Sy - e A e 3
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material would be more serious, due to increased IR c
losses; and three, if availability of electrolyte is

a controlling factor in determining capacity then the

reduced geometric area might mean that the electrolyte

at the top and the sides is not available for reaction

and, moreover, the change in the electrolyte concen-

tration due to inhibition of diffusion by the separator

would be more serious, due to the increase in geometric

current density and the reduced geometric area.

If these effects are dominating factors in determining
cycle life, there are two cbvious ways to go in order
to alleviate the situation. One way is to find the
cause for the rearrangement of the active material from
the tops and sides to the center and bottom of the
plate and see what can be done about it. In a very
interesting study made recently (J., McBreen and G. A.
Dalin, "The Mechanism of Zinc Shape Change in Secondary
Batteries," Extended Abstracts of the Battery Division
of the Electrochemical Society - Fall Meeting,
Philadelphia, 1966, p. 123), gravitational effects,
"washing' caused by rise and fall of the electrolyte in
the negative plate compartment, and cell case taper
were ruled out as possible causes. The second way to
go is to provide a separator which will reduce the
extent of electrolyte concentration change, and perhaps
provide a higher energy yield in the equivalent cell
volume,

Based on the predominance of short-circuiting failures
when only three layers of fibrous sausage casing were
used, and the low cycle life resulting {around 110 - 120
cycles, see Table 11), four layers of fibrous sausage
casing were used for standard construction in order to
insure zinc plate failure,

Results of the electrolyte study seems to indicate the
use of 50% KOH electrolyte for maximum cycle life. A
repeat test using radiated polyethylene grafted membranes
also varifies this fact, although this test only produced
some 150 cycles at 60% DOD. Figure 72 shows the results
obtained using various electrolyte concentrations and

two different separator systems.

in the study of zZinc oxide powders furnished by the New
Jersey Zinc Company, the additions of 1% Al and 1% Pb
in the zinc oxide showed an increased cycle life at 60%
DOL. The use of cellulosic membranes combined with
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increased concentrations of Pb show a decrease in cycle
life due to severe deterioration of the ceilulosic
membranes. There is no detrimental effect on the
radiated polyethylene grafted membrane. Figure 73 and
Figure 74 show the cycles obtained with the various
concentrations of Al and Pb doped zinc oxides and the
two different separator systems used,

Limits on the concentration of Fe in the zinc oxide
were established, and a maximum limit of .010% Fe
appears to be tolerable in the zinc oxide for battery
usage, although a limit of .004% Fe is called for where
possibie.

In the study of surfactants it has been resalved that
Emulphogene BC-610 in concentration of 4% to 1% has
a beneficial effect on cycle life of the zinc electrode.

A stoichiometric ratio of 2:1 zinc to silver should be
maintained for maximum cycle life on this 2~hour regimen.

In the separator development work, a successful inert
membrane has been produced by RAl Research Corporation.
This is a polyethylene base, crosslinked at 90 Mrad,

and radiated grafted with methacrylic acid monomer.

Cycie life obtained by cells using these membranes has
been equal to or better than cellulosic control membranes.
inspections after cycle life show th¢ material to be
unaffected by electrode or electrolyie environment.

Studies on base polymer material, precrosslink, dosage,
grafting techniques and the graft monomer have resul ted
in producing a membrane of uniform characteristics.
Three polyethylene base materials were used; i.e.,
Bakalite 0602, Phillips 1712, and USi %480 and pre-
crosslinked at 90 Mrad,

Two monomers, acrylic and methacrylic acid were radi-
ation grafted and 100 ft. sample:z were furnished for
cycle test at 60% depth-of-discharge. The results
indicated that the Bakelite 0602 base polyethylene
grafted with methacrylic acid produced the best cycle
life, and was fairly equal to tine controls,

Additional 500 ft. samples containing the 90 Mrad
precrosslinked fiim with radiarion grafted methacrylic
and acrylic acid were furnished., A third sample of

90 Mrad precrosslinked film was chemically grafted with
methacrylic acid.
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"~ Thi
- niques outlined in the Final Report by RAl Research

The results show that the radiation grafted meth-
acrylic acid membranes yield longer cycle life than

the acrylic acid grafted membrane, and are equal to,
and in some cases better than the control membranes.
The importance of the data here is that 3 layers of

the methacrylic acid grafted membrane were as good as

L layers of the cellulosic membrane in nearly all depths-
of-discharge, This indicates that a higher energy
yield can be expected since less space and weight are
required with this membrane system and, as cell manu-
facturing techniques improve with the use of this
membrane, it is expected that no more than three layers
will be required for many applications »of this cell
system.

The test results on the chemically grafted membranes
are not favorable, and this method of grafting will
not be studied further on this program.

At the present time, it appears that controls used
in the manufacture of the 90 Mrad precrosslinked
Bakelite 0602 polyethylene base, radiation grafted
methacrylic acid membrane, are adequate to produce
a membrane having uniform chemical and physical
characteristics.

An additional 5000 ft. pilot run was produced and this
material was found to be uniform in thickness and
resistivity. This matciial was used in cells involved

in zinc oxide and electrolytie concentration studies.

In all cases, it was notad in cell inspections after
cycle failure that no zinc creeping was detected around
or through this separator system. The silver penetration
is En the order of .2 to .4 milligrams per square inch.

membrane, as presently manufactured by the tech-

Corporation, is found to be satisfactory and in many

instances superior to cellulosic materials in silver-
.zZinc sealed or vented secondary cells.

RECOMMENDAT1 ONS

Study NaOH electrolyte concentrations in cells contain-
ing polyethylene membranes. Earlier work with cells
utilizing NaOH electrolyte and cellulosic membranes
showed an increase in cycle life by quite a margin,

5
N
| .
|
|

.
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but failure modes were due to separator deterioration.
It is possible that the inert pclyethylene membranes
will sustain a larger cycle life because of immunity
to electrolyte environment,

Additional study of Fb and Al doped Zn0 in higher con-
centrations; &% to 10% and also with or without the HgO
additive, to determine cycle life and corrosion of the
zinc electrode.

Methods of charging the zinc electrode such as pulse
charging techniques which use A.C. imposed on B.C.
current which may retard shape change.
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Negative Plate in Control Cell at 140 Cycles
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Negative Plate Containing 5% Asbestos Fibers
at 134 Cycles. 140X
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Figure 3. Negative Plate Containing 10% Asbestos Fibers at 134

Cycles 140X
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g 15% Asbestos Fibers at 134
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Figure 5. Negative Plate Containing 5% FSC Fibers at 146 CycLes
140X
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Negative Plate Containing 15% FSC Fibers at 146 Cycles
140X
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Figure 8,

Negative Plate Containing 5% Zinc Fibers at 171 Cycles
140X
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Figure 10. Negative Plate Containing 15% Zinc Fibers at 168 Cycles
140X
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Figure 12. Negative Plate Containing 1.2% LSA at 168 Cycles. 200X
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Figure 13. Negative Plate Containing 2% LSA at 14k Cycles. 200%
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Figure 14. Negative Plate as Control at 157 Cycles
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Figure 15. Negative Plate Containing 1% Cotton Fibers at 144 Cycles
100X
-76-
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Figure 16. Negative Plate Containing 3% Cotton Fibers at 144 Cycles
100X
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Figure 18, Photomicro
. graph of a MNegative Plate Co i
ntaining !5% AVICEL
-79- 200X




Figure 19, Ne i
. gative Plate Containin
g 30% Celiulosic Fib
ers at 300 Cycles
-80- 100X




Figure 20. Negative Plate Containing .15% BC-420 at 168 Cycles
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Figure 21. Negative Plate Containing 1% BC-420 at 168 Cycles. 200X
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Figurs 22, Negative Plate Containing .15% BC-720 at 120 Cyéles
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Figure 23. Negative Plate Containing 1% BC-720 at 108 Cycles
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Figure 2k, HNegative Plate Containing .15% 840 at 168 Cycles
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Figure 25, Negativz Plate Containing 1% BC-840 at 144 Cyclés
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Figure 26.

Negative Plate Containing ,5%
Control Cell _

BC-610 at 168 Cycles.
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Figure 27. Negative Plate Containing .15% BC-610 at 76 Cycles at ors
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Figure 28. Negative Plate Containing .6% BC-610 at 52 Cycles at L40°F,
-89- 200X




Figure 29. Negative Plate Containing 1% BC-610 at 58 Cycles at LO°F
-90- 200X




Figure 30. Negative Plate Containing .15% BC-610 at 110 Cycles at 100°F

-91- 200X
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Figure 31, Negative Plate Containing .6% BC-610 at 121 Cycles at lggg;‘




Figure 32. Negative Plate Containing 1% BC-610 at 124 Cycles at 100°F
200X
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Figure 33. Negative Plate Containing ,1% FC-95 at 150 Cycles
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Figure 36. Negative Flate Containing 1% Carbowax wi

~ th a Molecular
Weight Range of 6000 after 132 Cycles

100X
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Figure 37. Negative Plate Containing 1% Carbowax with a Molecuilar
Weight Range of 1000 after 200 Cycles 100X
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Figure 38. Negative Plate Containing 1% Carbowax with a Molecular
Weight Range of 200 after 100 Cycles 100X
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Negative Plate Containiag 1.1% LS4 After 108 Cycles
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Figure 42, Negative Plate Containing .028% Pb after 214 Cycles
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Figure 43. Negative Plate Containing 1.02% Pb after 221 Cycles 200X
-104-
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X Figure 44, Negative Plate Containing 2.4% Pb after 214 Cycles 200X
-105-
._}'




Figure k5. Negative Plate Containing .0006% Fe after 178 Cycles 200X
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Figure 46. Negative Plate Containing .0086% Fe after 168 Cycles 200X
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Figure 47. Negative Plate Containing .0092% Fe after 120 Cycles 200X
-108-




= BRI T T

T

Y N

Figure 48. Negative Plate Containing .26% Pb and .010% Fe after 192

Cycles 20
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Figure 43,

Negative Plate Containing .07% Al and .0010% Fe after 156

Cycies 200X
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Figure 50, Negative Plate Containing .9% Al and ,0008% Fe after 167
Cycles 117 200X
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Figure 52. Negative Plate Containing .3% Al after 1/0 Cycles 200X
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Figure 55. Negative Plate Containing Zinc Flake after 204 Cycles 100X
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Figure 56, Negative Plate of Electrodeposited Zinc after 96 Cycies 200X
-117-




bi

miy

O

"Figure 57. Negative Plate Containing 1% Ca0 after (56 Cycles
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Figure 58, Negative Plate Containing 3% Ca0 after 96 Cycles
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Figure 59. Negative Plate Containing 5% Ca0 after 156 Cycles 200X
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Figure 60. Electronmicrograph of the Surface of VF Wp Millipore
Material at 150,000 X 100X
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Figure 61, Electronmicrograph of the Surface of VM WF Millipore
Material at 150,000 X 100X
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Figure 62, Electronmicrograph of the Surface of Dow Corning
Glass at 300,000 X
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Figure 63. Electronmicrograph of the Surface of 2,2XH Membrane Material
by RAI at 61,000 X 100X
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Electronmicrogragh of the Surface of 2.2XH Membrane Material
by RAl at 51,000 X 100X
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Figure 66. Electronmicrograph of Surface of 2.2XH Membrane Material by
RAl at 300,000 X 100X

-127-




" ,-U-
1080R°

Rt
g
]
i
7

ol e

el m et n g e maL
ot

Figure 67. Electronmicrograph of Surface of 2.2XH Membrane Material by
RA| at 300,000 X 100X
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Figure 68. Negative Plate with a 2:1 Construction after 184 Cycles 100X
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100X

Negative Plate with a 4:1 Construction after 220 Cycles
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Appearance of the Negative Material After Cycle Failure in
the Separator Test

Figure 71,
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APPENDIX |

PREPARATION AND CHARACTERIZATION OF SPECIAL
ZINC OXIDES FOR EVALUATION IN
SILVER COXIDE-Z!NC SECONDARY BATTERIES
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NOTICE

Foreign announcement and distribution cof this report is not

authorized. Release vo the Clearinghouse for Federal Scientific and
Technical Information, CFSTI (formerly OTS} is not authorized. The
distribution of this report is limited because it contains technology
;H identifiable with items on the Strategic Embargo Lists excluded from
export or re-export under U. S. Export Control Act of 1949 (63STAT.7),

as amended (50 USC APF 2020.2031), as implemented by AFR 400-10.

This report is being published and distributed prior to
Air Force review. The publication of this report, therefore, does
not constitute approval by the Air Force of the findings or con-
clusions contained herein. It is published for the exchange and

stimulation of jdeas.
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g; ABSTRACT

} To permit studying the.effect of the starting zinc oxide or zinc
dust on the performance of the zinc electrode in silver oxide~zinc secondary F
batteries, a variety of zinc oxides and three zinc dusts were prepared. The

samples were selected to allow investigation of the effects of particle size

and purity of French Process zinc oxides, particle morphology of American
and Wet Process zinc oxide, and the effects of high surface area wet pro-

cess zinc oxide.
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I. Introduction
1 1 A variety of zinc oxides and zinc dusts have been prepared and v
E characterized for evaluation (by Delco-Remy) in silver oxide/zinc secondary
5 batteries. The objective of the project was to prepare samples which would
i permit some assessment (by Delco-Remy) of the influence of the starting ma-
terial on the ultimate performance of the zinc electrodes. Table 1 shows
I{ the varlables investigated for three types of zinc oxide.
’ TABLE 1
f ! Zn0 Variables Investigated
I
; Varilables Investigated .
Particle Particle Electrical
.i Type of Zn0 Size Morphology Purity Conductivity
:" French Process X X X :
| American Process X X 3
: Wet Process X X
g In addition to the above zinc oxides, three zinc dusts of varying
5 purity, particle size and particle shape were prepared.
: Il. Sample Characterization Tests
All of the samples were characterized by the following tests:
A. Alr Permeability Particle Size - The method used is es-
y sentially the one described by Pechukas and Gage (Industrial and
Engineering Chemistry, Analytical Edition, Vol. 18, Page 370, 1946). ' J
The reported results represent the surface mean particle diameter., All
Pi samples contaln a consideratle number of fine and coarse particles. The
measurement has been calibrated against absolute methods and gives com-
parable data.




()

B. Nitrogen Adscrption Surface Area - This measurement is based on
the “BET" theory by 5. Brunauer, P. H. Emmett, and E. Teller (Journal Am-
erican Chemical Society, Vol. 60, Page 309, 1938). 1In place of the usual BET
apparatus, an instrument called the AREA-meter, manufactured by StrBhlein and
' Company, Dﬁsseldorf, Germany, and distributed by the Fisher Scientific Com-

pany, is employed. This measurement yields a single-point BET plot, instead
of the usual four-point plot. The measured sreas are slightly higher than
those obtained by standard methods but these differences are not considered
serious, eapeclally in view of the high precision of the measurement. The
relation between the gurface area and surface mean diameter is given by

S = 6/pds where S is surface area in square meters per gram, p is density
(gm/cc), and dg is the surface mean diameter in microns.

C. Electron Micrographs - The pigments are well dispersed and
mounted in a thin nitrocellulose supporting membrane, with isopropyl acetate
as the solvent. The electron micrographs in the report are at 25,200X mag-
nification. This megnification clearly indicates particle morphology but is

" low enough to assure a representative numpber of particles in the field.

D. Qualitative Spectrographic Analysis - The procedure for
qualitative spectrographic analysis for impurities in a zinc oxide matrix
was developed by The New Jersey Zinc Company and is described in a paper by
G. W. Standen (Industrial and Engineering Chemistry, Vol. 16, Page 675,
November 15, 1944). The results, based on well-defined standards, are re-

ported egs follows:
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Standard 7%
(Approximate Range) Reporting Designation
10-100 ve (very strong)
10 s (s*vong)
1 B (wedium)
0.1 w (weak)
0.01 f (faint)
0.001 vf (very faint)
0.0201 xf (extremely faint)

Trace

With some sampies quantitative information with respect to the con-
tent of certain impurities was considered to be potentially important. Such
samples were analyzed using standard chemical techniques available in the
literature.
! E. Special Tests for:
1. High electrical conductivity zinc oxides.
i Changes in electrical conductivity were measured by a

"Dry Powder Resistivity" (DPR) test developed at NJZ. In this test the 2n0

powder is compressed in a glass tube and the resistance measured with an
electrometer. Resistivity is computed from the sample dimensions and can be
in the range of from 10! to 1010 chm-cm. Factors such as compacting pro-
cedure, temperature, and humidity are iuportant variables, especially fer
high resistivity samples. The measurement iz a satisfactrry quality control
guide for high conductivity zinc oxides,

2. Zinc dust samples.,

Due to the relatively large size of the particies, op-

tical micrographs (1000X) were used to show particle shape instead of elec-

o o e e ot et e e @ o= b e et

tron micrographs. The latter, even at minimum magnification, do not give

o s

resuits representative of the samples.
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The particle sizes were measured by the Coulter Counter method. See ( d
1 A.5.T.M, Special Technical Publication No. 234, pg. 245, by R. H. Berg for a

1 description of the method. To avoid the problem of rapid settling of zinc

dust,‘25 vol. % glycerine was added to the electrolyte.

For the flaked zinc dust sample, the average flake thickness was
determined by the covering area method. For test purposes, the particles are
rendered hydrophobic by freatment with stearic acid. The flakes are floated ou
water and the area covered by a given weight of sample is measured. See
"Powder Metallurgy"by John Wolffe, American Soclety for Metals (1942), pg. 127
for a more detalled description of the test.

F. Delco-Remy's Electrode Evaluation Procedure ~ The cells were

constructed with four layers of separator material so as to restrict the mode

of failure to the zinc electrode. Except for two samples, the cells were
charged to initial capacities of 25 a.h. A 2~-hr. cycle (35 min. discharge,

85 min. charge) involving 60% depth of discharge was used for all tests. The

electrodes were considered to have fziled when recycling reduced the capacity

to less than 15 a.h.

I11. Description of Samples Prepared and Characterized

A. General Descriptions
1. Types of Zn0 - There are two main commercially used methods of
manufacture of zinc oxide. French (or Indirect) Process zinc oxide is ob-
tained by heating zinc metal and burﬁing the vapor in air. American (or
Direct) Process zinc oxide manufacture invelves smelting the 2inc ore with
coal and burnlng the évolved zinc vapor and liberated gases in air. Due to
the source of the zinc, French Process zinc oxide has higher purity than

American Process. (See page 372 of "Zinc - The Metal, Its Alloys and

4
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Compounds" by C. H. Mathewson, Reinhold Publishing Corporation, for a des-
cription of menufacturing processes).

A third common method of preparing zinc oxide is referred to as the
"wet or precipitation" process. A zinc compound, such as zinc carbonate or
zinc oxalate, 1s prepared by wet chemical techniques and then thermally de~
composed to zlnc oxide. This procedure yields a high surface area, finea
particle size zinc oxide. Another wet process procedure involves precipi-
tation of zinc oxide by the action of Na, K or NH4 hydroxides on zing
chloride water solutions. (Procedures have been described by K. Terada,
Institute of Physical Chemical Researgh of Tokyo, Vol. 16, Page 75, 1931 and
in German patent number 481,284 issued January 27, 1927).

2. Particle Size and Morphology of Zn0 - French and American Pro-

cess zinc oxides covering a particle size range of about 0.1y to 0.5u can be
produced by varying the zinc vapor combustion conditions. By reheating
techniques, the particles can be grown to about 3y, so the overall range is
0.1p to 3u. Wet process zinc oxides with about 0.02p particle size can be
prepared.

Zinc oxides with well-crystallized nodular or acicular needle-like
particle morphology can be prepared by careful control of the zinc vapor com-
bustion conditions in the American Process. Both particle morphologies can
also be obtained for wet precipitation processes. However, wet process zinc
oxides are not as well-crystallized as the French or American Process types.

3. Purity and Electrical Conductivity of ZnO - The purity of ZnO

can vary considerably depending on the source of zinc and manufacturing con-

ditions. In some cases, specific impurities (generally cationic) are added

i
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to zinc oxide to alter its properties. A brief discussion of some of the
factors involved in doping zinc oxide is given below.
Zinc oxide is a well-known n-type (excess electron) semiconductor.
The excess electrons a-ise because the usugl preparation techniques yield a
zinc oxide mon-s:oichiometric in the direction of excess zinc. The excess
zinc, occupying interstitial Jattice positions, ionizes to yield free or
quasi-free electrons with significant lifetimes and mobilities. The con-
centration of free electrons can be changed by incorporating impurities in
the zinc oxide lattice. Addition of trivalent metal cations, for example,
Al or In, increases the free electron concentration. The structure of zinc
oxlde is close-packed hexagonal but, si‘nce the zinc and oxygen atoms occupy
only 44% of the volume, relatively large (0.95 A) open spaces are available
for accommodation »f impurities. Impurity promoters of 2Zn0 are divided into
the following two groups:
1. Intracrystalline ~ impurities with ionic radius approx-
imately 0.6 to 0.9 A which are internal to the crystalline
lattice. Such materials give rise to solid solutions.

2. Intercrystalline - impurities are external to the
crystalline lattice,

Such classifications can not be regarded as an absolute rule because intra-
or intercrystalline occupancy of positions will be at least partially de-
pendent on the preparation procedure.

A relatively common method for impurity additioms involves prep-
aration of an intimate blend of an oxide of the dopant with the zinc oxide
followed by calcinavion. This is frequently a preferred procedure when
addition of anion impurities is to be avoided. 1ln some cases, the.mally

decomposable dopant coxalates or carbonates are also ured.
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B. Descriptions of Exploratory Samples

1. French Process Zinc Oxides of Varying Particle Size - Four

French Process zinc oxides covering the particle size range 0.13 to 0.40y were
selected from New Jersey Zinc Company commercial production. Portions of the
0.40-py sample were reheated to grow the particle size. The sample designated
243-23-1 was heated 1 hr. at 600°C. in 5% Hy-95% N, followed by 1/2 hr. at
600°C. in air. The particle size was increased to 0.62u. Sample 243-27-1
was heated for the same time in the two atmospheres but at a temperature of
725°C. The particle size was increased to 1.02u. This procedure success-
fully increases the particle size, while avolding excessive sintering and
formation of excess interstitial zinc. Table 2 gives the air permeability
particle size, N, adsorption surface area, and qualitative spectrographic
analysis data for this series of samples. Figure 1 shows an electron mirro-
graph of a typical French Process Zn0 and Figure 2 shows a Zn0O calcined to

increase the particle size.
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2. Impurity-doped French Process Zinc Oxides

A. Survey of Common Impuritiee - Table 3 gives the
characterization data for a special super-purity French Process Zn0O made with
high purity metal. Table 4 shows the data for Zn0O's containing a variety of
metallic impurities. The electron micrograph of the sample in Figure 1 is
also typical of these doped ZnU's except that the doping procedure causes some
increase in the particle. size.

Except for the excess zinc-containing sample, the doped samples were
prepared by 600°C. calcination in air of an intimate admixture of the zinc
oxide and an oxide of each specific metallic impurity.

(1) Fe, Cd, Cu, Sn, Mn, Pb ~ These samples contain approximately
equal mole percentages, rather than equal weight percentages, of added im-
purities. Since each sample contains an equal number of impurity ions, in-
tercomparisons, as well as individual comparisons with high purity zinc
oxide, are possible.

(2) As ~ Since growth of dendrites is a factor in the failure of
zinc electrodes, a sample was doped with As at a level more than adequate to
prevent growth of acicular particles in American Process zinc oxide manu-
facture.

(3) Zn - The n-type semiconducting properties of zinc oxide are
generally attributed to the presence of excess interstitial zinc., To study
this effect, the excess zinc content of a French Process zinc oxide was in-
creased from a normel value of about 0.002 wt. Z to 0.009 wt. % by calcina-

tion at 800°C. in a reducing atmosphere.
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TABLE 3

Super-Purity French Process Zinc Oxide (Sample 243-31-1)

Bl e i S N

0.33-u Particle Size

3.7-M%/Cu Surface Area

[ ———

"Qualitative 3
Spectrographic .
Analysis Chemical Analysis i
Zn vs !
Si xf-vf - :
Pb vi PbO 0.0006% :
Cd xf-vf Cc0 0.0001% :
Al xf-vf ;
Fe Trace Fey0,4 0.0001% ‘
B - \
Cu xf Cu0 <0.00005% §
Mg Trace ;
Sb - i
T1 - :
Ge - !
Sn - !
tn - ;
Ag — :
Ga -~

Bi -
In - >|
S as SO, 0.002%
Co, 0.021% i
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B. Various Levels of Fe and Pb Impurities - Electrode evalu-
ation results indicated that Fe at 0.07% had a detrimental effect on cycle-
life whereas Pb at 0.25% was beneficial. Therefore, additional samples con-
taining these dopants were prepared in an attempt to investigate the con-
centration dependency of their respective effects. These Fe-doped 2Zn0's
covered the range 0.0003% to 0.01% Fe and the Pb-doped ZnO's 0.028% to 2,5%
Pb. Samples were prepared as in Part A, i.e., 600°C. calcination., Since Fe
may be present in ZnO as "tramp" material, one sample was prepared as a
simple dry blend of the oxides and not calcined., It was also considered that
Pb might counteract the detrimental effects of Fe. Thus one sample was doped
with both of these impurities.

It should be wentioned that a qualitative X-ray diffraction ex-
amination of the samples containing 1% Pb or more indicated that not all of
the Pb went into solid solution with the Zn0.

The characterization data for these samples are given in Table 5.
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C. Al- and In-Doped Zinc Oxides - The general methods for

development of high conductivity in zinc oxide were described in Part III
A-3. The specific procedure for doping with A1*3 is described in U, S.
Patent 3,089,856 by H. M. Cyr and N. S. Nanovic, assigned to NJZ, and issued
May 14, 1963. Details of the procedure for doping with In*3 are considered
propriletary informat.ion.

Two other Al-doped samples were prepared in an attempt to assess
the importance of high electricai conductivity vs. the simple presence of
Al in the Zn0. These were prepared by the 600°C. air atmosphere calcination
of a blend of ZnO and Alp03. The surface area and electron micrograph data
(Figure 3) show that unfortunately very little of the Al formed a solid solu-
tion with the Zn0. The many fine particles apparent in Figure 3 are believed
to be Ai,04.

The High Conductivity Al-doped ZnO sample (No. 243-41-1) had a
particle size of 1.02u and is therefore appropriate for comparison with the
1.02u reheated French Process Zn0O (No. 243-27-~1) shown in Table 2. It should

also be noted that normal French Process Zn0’s have "Dry Powder Resistivities"

of the order of 1010 ohm-em vs. 102 to 104 ohm-cm for the High Con

ouxides.

Characterization data for the above samples are given in Table 6.
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Characterization Data for Al- and In-Doped Zn0

TABLE 6

Sample No.
Amount and Type
of Tmpurity

Dry Powder
Resistivity

Air Permeability
Particle Size

Ny Adsorption
Surface Area

Qualitative
Spectrographic
Analysis -
Element

Zn
Si
Pb
cd
Al
Fe
B

Cu
Mg
Sb
Ti
Ge
Sn
Mn
Ag
Ga
Bl
In

High Conductivity

"Low" Conductivity

Electron Micrograph

Figure No.

#*Residual C1~ content-0.02%.

243-41-1 243-45-1 243-139-1 243-139-2
0.30% Al* 0.48% In 0.07% A1 0.92% Al
9.4 x 10° g-cm 3.5 x 103 g-em  ~- -
1.02p 2.3 0.46p 0.36u
1.3 mé/g 0.36 m/g 2.7 w/g 4.4 mzlg ‘
i
!
vs vs vs vs 1
vi vf f £ )
vi £ £ f !
xf-v{ xf~vf x£ xf i
w-m vf w w-m :
vf x£ xf-vi xf-v{ ;
vi vE - - ;
xf xf-vf xf-vf xf-vf i &
x£ xf xf~-£f xf-f
Trace Trace Trace Trace !
- £ - - 3
—— Trace - - :
- &~s - - |
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3. High Surface Area Wet Process Zinc Oxides

A. Wet Process Zinc Oxide from Basic Zinc Carbonate - In these
preparations, basic zinc carbonate (5 Zn0.002.4 HZO) is formed by adding CO,
gas to a vigorously agitated water dispersion of 0.33u French Preocess ZnO.
With calcination, the basic zinc carbonate decomposes to yield a voluminous,
high surface area, fine particle size ZnO. The time and temperature of cal-
eination determine the particle size and surface area of the Zn0O product.
Calcination conditions and other characterization data are given in Table
7. Figure 4 is an electron micrograph of a typical wet process ZnO.

In addition to sample characterization tests previously described,
the particle size of sample 243-67-2 was measured by the method of X-ray
diffraction line broadening. This method involves the measurement cof the
width of the lines in the X-ray diffraction pattern, and ther estimating the
particle size from the Scherrer formula. For this sample the estimated size
was 0;018u. Alr permeability particle size measurements are not too satis-
factory for very fine particle samples. Hence the 0.018-u line broadening
size 1s probably move representative of the actual size than the 0.025-u

air permeability value.

16

O

g

. —

NI Sy v




L iad

Sample No.
Calcination Time
and Temperature
Alr Permeability
Particle Size

R s e

e e S e

TABLE 7

Characterization Data for Wet Process

Zinc Oxides from Basic Zinc Carbonate

243-59-1 243-63-1

1-1/2 hr, 460°C. 1-1/2 hr, 360°C.

Nitrogen Adsorption

Surface Area
COZ—Content

Qualitative
Spectrographic
Analysis

Zn
Al
Si
Ti
Fe
Ca
Mg
Cr
Ni
Pb
Mn
B

Mo
Cu
cd
St

Electron Micrograph

Figure No.

0.052u 0.031u
21.7 u?/g 33.7 wt/g
0.21% 0.23%
vs vs
vi xf-vf
v f
v vE
xf xf
xf -
x£ -
v vi
xf —-
vi vi
xf-vf xf-vf
xf-vf xf-vf
xf~vf xf
4 -_—
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243-67-2
4 hr, 310°C.
0.025y
51.0 n/g

0.34%

Trace
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B. Wet Process Zinc Oxide from Zinc Chloride - Samples of wet
precess 7n0 were prepared by the reactions of ZnCl2 with NaOH, KOH, and
NHAOH. The NaOH and KOH reaction products are fine nodular oxides, with
NaOH yielding the smaller particle size. The NH40H reaction product is
acicular.

The NaOH and KOH reactions were carried out by adding a solution
of 5.4-M reagent grade ZnCl, to a 6.8-M solution of the base at 100°C. under
moderate agitation. Two mols of base were used per mol of ZnCl? added. The
addition time was 4 hr for the NaOH reaction and 3 hr for the KOR. The pro-
ducts were washed by reslurrying in distilled water to remove the residual
chleride and dried in air at 110°C. The final dry cake was micropulverized.

No detailed conditions for the ZnCl2 + NH,OH reaction are pre-
sented, since this is considered proprietary information.

The characterization data are given in Table 8. Figure 5 shows

the electron micrograph of the acicularxr sample from inCl, + NH4OH.
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4. Acicular American Process Zinc Oxide - American Process (A.P.)

Zn0 with acicular particle morphology can be nbtained by careful control of
the Zn combustion conditions, as previously meationed. Since the impurities
(water-soluble salts and sulfur) present in A.P. ZnO might affect electrode
performance, an attempt was made to "purify"” the acicular A.P. ZnO by a wash-
ing procedure.

This is accomplished by dispersing 240 gm of acicular A.P. zinc
oxide in one liter of distilled water at room temperature. Aqua ammonia is
added to increase the pH from 6.9 to 9.1. After 1/2 hr cf mild agitationm,
the zinc oxide is filtered out, dried at 110°C., and micropulverized to break
up particle aggregates.

Table 9 and Figure 6 give the characterization data for this sample.
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TABLE 9

Characterization Data for Acicular American Process Zinc Oxide

Sample No.

Method of Preparation

Alr Permeability Particle Size

N, Adsorption Surface Area

Chemical Analysis: % Cl,
% S as S0q
% H,0-So0l. Salts
% PbO

Qualitntive Spectrographic Analysis

n
si
Pb
Cd
Al
Fe
B

Cu
Mg
Sb
Ti
Mn

*Impurity of typical acicular A.P. ZnO.

Electron Micrograph Figure No.
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243-35-1
Washed A.P.
0.26u
4.7 o?/g
0.04 (0.22%)
0.11 (0.50%)
0.068 (0.08%)
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C. Types of Zinc Dust

1. 2inc Dust (High Purity) - Zinc dust is prepared by condensation

of refined zinc vapor in an inert atmosphere; hence the metallic content is
high and the iron content low. (See J. N. Pomeroy and J. E. Crowley, ACS
Monograph No, 142,318 (1959) for more information on zinc dust manufacturing
processes).

2, Flaked Zinc Dust - The flaked zinc dust was prepared by ball

willing a portion of fhe above type zinc dust of product in a varnolene dis-
persion. This milling treatment causes some "flattening" of the zinc par-
ticles. The varnolene residue is rewmoved by repeated washing with acetone,
The washing and drying occasions some oxidation, which decreases the metallic
zinc content. Steel balls used for the milling cause some increase in iron
contamination.

3. Blue Powder - The Blue Powder sample 1s a by-product of the ver-
tical retort zinc smelting process. It is collected by water scrubbing the
condenser exhaust gases. Due to the method of collection and drying, con-
siderable oxidation of the zinc occurs. The iron impurity content tends to
be high because at this stage in the vertical retort process the metal has
not been refined.

The characterization data for these samples is given in Table 10

and Flgures 7-9.
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D. Samples Prepared for More Extensive Electrode Evaluation C ‘
Delco~Remy selected the following samples for more extensive

electrode evaluation tests:

w |
II

Sample No. Description Quant ity Prepared
243-41-2 High Conductivity Al-doped ZnO 25 1b
243-107-5 0.25% Pb-doped ZnO 25 1b
243-123-2  Flaked Zn-Dust 25 1b
243-41-3 High Conductivity Al-doped ZnO 75 1b
243-107-6  0.25% Pb~doped ZnO 75 1b

Characterization data for these samples are given in Table 11. The

electrode evaluations are still in progress.
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IV. Summary of Delco-Remy Electrode Evaluation Results

This section contains a brief summary of the electrode performance
data obtained by D-R on the smaller samples, No attempt will be made to
electrochemically interpret the results or judge their significance. The
evaluation procedure employed by D~R has been described in section 11 of this
report.

Table 12 covers the effect of French Process Zn0 particle size on
cell 1ife. The results are not conclusive but they do indicate decreased per-
formance for excessively large particle size ZnO. _

Table 13 gives the effects of relatively high levels of metallic im~
purities. Many of these impurities are present at low levels in commercial
French Process Zn0. Of those listed in the table, Fe and Pb were considered
of interest. The Fe had a definite detrimental effect, whereas Pb appears to
be beneficial.

Table 14 shows the detrimental effect of Fe at various concentra-

tions from 0.003 to 0.07%. The data suggest that Fe levels should bz kept as
low as possible.

Tahle 15

gives resgults for varicus levels of Fb  The data indicate
a generally high performance for Pb-doped ZnC but do not clearly define the
concentration effects A conparison of sample 243-135-1 with 243-131-2B
(Tatle 14) suggests that Pt migit pus~ibly compensate for the adverse effects
of Fe.

Table 10 shows the infiuence of Ai~lmpurity added under two con-~
ditions; (a) controlled activation tc yleid high electrical conductivity,

and (b) simple 600°C. air atmosphere ca.cinaiion which yields low electrical

conductivity. A high conductivity In-doped ZnC is also shown. Nothing
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definite can be sald about the effects of Al. However, the results do show

Y o N SO . AP S AR

that both of the high conductivity somples perform quite satisfactorily in
comparison with an undoped oxide (243-27-1) of similar particle size.

Table 17 covers the effect of particle size, but in this case
very fine particle size Zn0's prepared by wet processes were evaluated. The
results do not indicate any advantage for Zn0's with particle sizes less than
normal French Process Zund.

In Table 18, the performances of nodular and acicular ZnQ's of
similar particle s'!ze are compared. The American Process acicular ZnO was
very poor and the wet process sample no better than nodular French or wet
process Zn0's. These results have not clearly established the effects or
particlz morphology. Delco-Remy have noticed that upon cell tailure the
acicular Zn0's tend to exhibit less electrode erosion than the nodular oxides-

Table 19 compares 3 types of zinc dust samples. The normal Zn-~
dust and flaked Zn- dust performed satisfactorily in comparison with the Zn0's.
However, the Blue Powder, possibly because of its particle size or Fe coatent,
failed completely.

V. Appendix

Electron or optical micrographs of samples.
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Figure 1. Sample No. 243~15-1 - French Process Zn0
Particle Size = 0.335
Surface Aree = 3.7 m“/g
Magnification = 25,200X
(Sze Tables 2 and 12 for more informstioxn.)
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Figure 2.

i
¥

Sample No. 243-27-1 - Calcined French Process Zn0O
Particle Size = 1.02yu
Surface Area = 0.95 m2/g
Magnification = 25,200X
(See Tables 2 and 12 for move information.)
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Figure 3. Sample No 243-139-2 - 0.92 Wt. x Al-doped French Process Zn0O
Cal-ined 600°C. in Aiz
O Particle Size = 0.36y
Surface Area = 4.4 n‘/g
Magnification = 25,200X
(5ee Tables 6 and 16 for more information.)
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. Figure 4. Sample No. 243-59-1 - Wet Process ZnQ frowm Bas:ic Ziac Curbona:e
{;} Particle Size = 0.0525
Surface Area = 21.7 m/g
Magnification = 25,200X
(See Tables 7 and 17 for more informaiion.)
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Sample No. 243-79-1 - Acicular Wet Process Zn0O from ZnCly + NH, 0H
Particle Size = 0,155u
Surface Area = 7.1 m?/g
Magnification = 25,200X
(See Tables 8 and 18 for more information.)
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Figure 6.

Sampie No. 243-35-1 - Acicular American Process ZnO
Particle Size = 0.265
Surface Area ~ 4.7 m‘/g
Magnification = 25,200X

(See Tables 9 and 1§ for more information.)
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Figure 7. Optical Micrograph - Sample No. 243-115-1 =~
Blue Powder Type Zn-Dust
Particle Size = 10.5u
Magnification = 1,000X
(See Tables 10 and 19 for more informatioi.)

42

D W9 RS s Pob T g g v da e



Optical Micrograph - Sample No. 243-119~1 - Zinc Dust

Figure 8.

Particle Size = 5.3y

Magnification = 1,000X
(See Tables 10 and 19 for more information.)
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Figure 9. Optical Micrograph - Sample No. 243-123-1 -

Flaked Zinc Dust
Average Fleke Thickness = 2.5u

Magnification = 1,000X
(See Tables 10 and 19 for more information.)
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ntroduction

i Our original objective was to determine whether simple alcohols, gly-
' cols and other organic structures related to Emulphogene could be adsorbed
on & zinc electrode in strong alkaline media, and if go, to measure the ex-
tent of their adsorption. Additionslly we wanted to study how adsorption
affected the electrochemical processes,

A summary of our results follow; details are given in the sections on
Results and Discussion. We found that simple compounds desorbed at potentisls
too positive to affect the zinc reuction., Mors complex organics, and Emul-

b phogens, which did adsorb could not be measured quantitatively due to slow

'; establishment of equilibrium conditions required for quantitative measure-

i ments. We established with a reasonable degree of certainty that the poly-
,i ethylene oxide end of Emulphogene is closest to the electrode surface, amd

: in particular that the oxygen atoms irn the polyethylene oxide chain are

g closest to the surface. Scme similar compounds, such as methyl cellulose,

[ exhibit strong adsorption similar to Emulphogene.

H The secondary objective of our study was to determine how adsorption

f of Emulphogene-like compounds affects the electrochemical process, OQur orig-
i inal thinking was that this would not be too hard to do, but we soon found

I out that electrochemical processes at zinc in alkaline media were not as well
understood &s we had originally thought. This required us to spend a large

amount of time on a study of the basic electrochemistry of the zinc~-zine (II)
reaction before we could determine how it was altered by adsorption.

Particular emphasis was placed on & study of the zinc~zinc amalgam
system since battery plaies are normally amalgamsted, and amalgamation re-
movas contribution to the reaction kinetics from crystallization processes. I |
All our latest evidence leads us to believe thaet the mechaniesm of the reac 3

L2 o
Vi vl saTavuivil

involves two successive one-electron transfers, with the E® for the Zn (II),

Zn (I) electron transfer being more negative than E° for Zn (I), Zn(Hg) with

rate constants for both electron trensfers of the same order of magnitude.

; This mechanism is very similar to the mechanism proposed by Farr and Hampsont
! (:} for the gzinc metal electrode.




Qur studies of the effects of adaorption on the electrochemical pro-
cesses suffered from lack of quantitative adsorption measurements. 4lso,
it required so much time to study the unperturbed system, that by the time
we began to get a reasonatle understanding of the unperturbed system there
was no time left for a careful study of its behavior upon addition of sur-
factants. About the only qualitative observation it was possible to make
was that addition of Emulphogene caused a lowering of the apparent rate
constant,

Experimental

The potential-step chronocoulometric instrument is similar in most
respects to that described in the literature® (Figure 1). Additions have
been made to the basic circuitry to allow for partial comi:ensation for
solution fesistancc to improve the overall rise-time. A fraction of the
output of the current measuring amplifier is fed back to the potentiostat.?
The potential step 1s generated by adding in a new control potential by
means of a high speed mercury wetted relay. The lﬁtegmtor, current-
measuring amplifier, and the potentiostat are Philbrick SP656 chopper-
stabilized, operational amplifiers. The follower and other control ampli-
fiers are Philbrick P65AU differential operational amplifiers.

This instrument is particularly useful for both qualitative and quantita-
tive atudies of adsorption by being able to measure directly the charge on the
electrode. By stepping from one potential to another in the case where no '
Faradaic reactiion occurs at either potential and integrating the current that
flows as a result of this change, the difference in charge between the two
potentiala can be readily observed. Following this procedure it is possible
to easily determine the shape of the q vs. E curve. To determine the curve
exactly it 13 necessary to know the absclute value of the charge at some
potential on the curve. This can be determined by holding the potential con-
stant, changing the area of the electrode, and integrating the charging cur-
rent. |

If there is adsorption of a matefial on the electrode surface, the
shape of the q vs. E curve will vary with the concentration of the material
in solution,
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In the event there is a Feradaic reaction involving a non-adsorbed species
at the potential stepped to, it is s}%él possible to determine a charge valuw.
This may be done by plotting Q vs. t /° and extrapolating back to t = O. The
intarcept on the Q axis is the difference in charge between the two notentials.

The automatic capacitance bridge was based on the circuit designed by
Kowalski and Srzednicki*»® The published circuit® contains an error. The
error is corrected in the circuit diagram in this report (Figure 2). The
transistors used in our circuit are 4ll RCA SK3004. Potential is applied with
respect to ground from a high impedance source to post A. Post C is attached - K
to the input of a current measuring amplifier.

For purposes of calibration, test runs were made with both instruments on
& .1 M solution of potassium chloride utilizing & hanging drop mercury elec-
trode. Water was purified in a Barnstead still from basic permenganate.
Reagent grade KC1 was used without further purification. Mercury was triple-
distilled quality. Drop sizes of 0.018 cm® for differential capacity measure-
ments, and 0.032 cm® for potential step measurements were reproducibly obtained
from a Metrolm micrometer electrode obtained from Brinimam: Instruments.,

Computer programs for data processing were modified versions of progranms
supplied to us by David Mohilner. They are given in Appendix I.

The gas chromatograph uses were a F&4 scientific model 609 with tempera-
ture programming and a flame ionization detector. 4 sgseven foot, une-quarter -
inch diameter column was used, packed witlh Borapak and operated at a tempera- .
ture of 150°C. Propylene oxide was extracted from the XOH solution with bex~
ane. The above conditions geve a complete separation of the hexane and pro-
Pylene oxide peaks with the propylene oxide peak appeering first, so that we
were able to use the maximum sensitivity to detect the propylene oxide.

Several different rotating zinc disk electrodes have been constructed
which differ in electrode area and purity of the zinc msial
electrode (Figure 3) is made by sesling 0.020" zinc wire, 99.9% pure, in a
Teflon rod 0.5" in diameter. The other end of the rod is drilled out to
accept a 0,25" steel shaft which makes contact with the zinc wire. The shaft
is then mounted in two ball bearings and is driven by a Motomatic E-150 servo-
motor. The rotator may be set to rotate at any speed from zero to 10,000 rpm.

ML - e —4A .._ _n_ 7
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A Lippmann capillary electrometer vas used to obtain electrocapillary
~ data. The capillary is drawn from 1/2 millimeter capillary tubing and
attached to a mercury reservoir which in turn is connected to a pressurizing
system, Coarse pressure adjuatment is obtained by filling the system from
a tank of w-ter. pmnped nitrogsn. Excess nitrogen is released through a fine
needle valve. When the approximate pressure is reached, the system is closed
and final adjustment is made with a large brass bellows in the system,

The capillary was calibrated with 0.1 N K1 solution using & 0.1 N calo-
mel reference electrode with no liquid junction. The data were from Devanathan
and Peries® that was used to calibrate the capillary. The KC1 solution was
parified with activated cha.rcoal and then electrocapillary curves were measured
until there was ag:edinent over the whole curve between our measured data and
the data from the literature to at least 0.1 dyne/cm. KOH solutions were pur-
ified with charcoal before addition of Emulphog-us. Conductivity water from
a Branstead still wa:ls used to prepare solutions.

We obtained from Eagle-Picher 99.9999% pure zinc metal and an electrode
was constructed by casting the metal in a pyrex capillary under 10"° m He
vacuum. When the glass had cooled, it was broken away from the resulting
metal rod, a length of which was sealed in a teflon sleeve and made into a
rotating disk electrode similar to the cne previously described. The rates
of the electrode reactions at the zinc and zinc amalgam electrodes were made
with the instrument and cell previously described using both chronocoulometry
and chronoamperometry.

The mercury hanging drop electrodes as well as the hanging drop amalgam
electrodes were formed by a Metrohm micrometer electrode obtained from Brink-
mann Instruments,

Samples of Emulpbogene BC~420, BC-610, BC-720 and BC-840 were obtained
from General Aniline and Film Corporation. Klucel-HA was obtained from the
Western Company. Other chemicals were obtained from the regular chemical
companies and were used without further purification. Solutions were pre-
pared from comductivity water prepered by distilling previously deionized
water from basic permanganate in a Barnatead still.

An addition to or s instrumentation was a Princeton Applied Research HR-8
lock~in amplifier with a type G preamp. This instrument has allowed us to
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verform phase selective ac polarography which in turn allowed us to obtain |
much more ugeful kinetic information from an ac experiment,

A different method of preparation of zipc amalgem was used to increase 4
storage 1ife of the amalgam, A weighed quantity of mercury was placed in a
cell which was then evacuated on & high vacvum line to below 10~ mm Hg pres~
sure., The cell was then filled with purified heliwn and opened, While the
cell was open, a rapid stream of helium flowed through the cell. A carefully
measured piece of 99.9% pure zinc wire which had been cleaned and lightly
amalgamated by dipping for a few seconds in mercuric chloride solution was 3
, then added to the mercury and the cell was closed and re-evacueted and was
'5 allowed to stand for a day with occasional agitation, This amalgam was then
used in the Kemula electrode with fresh amalgam used for each day's experi-
| ments, The amalgam 1s never exposed to air; ﬁhenaver the cqil is opened, it
is attached to a source of helium which flows over the surface. The cell is .
stored under vacuum. Amalgam prepared in this fashion has reﬁained stable for
i a period of several weeks. FPotential steps were always carried out on fresh
: drops which were not allcocwed to stand for more than a few seconds.

Recultg
Adsorption on Zinc Amalgam and Mercury Electrodes

! One of the techniques employed in investigating adsorption involved dster—~
mining the differentisl capacity (Cde) of the electrode in the background elec-
trolyte alone (e.g., 1 M KOH) as a function of potential, E, using the appera-
¢ tus for automatic Cde-determination. The compound under study was then added
and appreciable decrease of Cde was taken as an indication of adsorption.
Typical curves are shown in Figures 4 and 5. Of particwlar interest is tlie
potential range of about =1.4 to -1.9 V va Ag/AgCl, which represents the .zone
of stahility of a zinc amalgam elecirode in 1 | KOH. Adsorption of various
simple organic compounds chemically related to Emulphogen¢, including straight
chain alcohols through n-heptane, propylene oxide, and propylene glycol, were
studied by diffasrential capacity measurements. In all these cases especially
strong adsorption was not observed in the region of zinc electrode stability.
O Even at concentrations approaching solution saturation the cathodic desorption
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peaks for these compounds weru relatively broad and they were all desorbud
at potentials more positive than the zinc reaction potential.

A number of more complex compounds were found that did exhibit strong
adsorption behavior. Among these were Triton X-100, methyl cellulose, Klucel
HA (a cellulose derivative) and two different moclecular weight polyethylene
oxides (Table I), Some complex organics which did not exhibit strong udsorp~
tion behavior were gum arabic, a nonionic polyacrylamide surfactant and gela=-
tine. The Cde curve of a mercury €lectrode in a solution containing Emulpho-
gene 1s radically different from the curve obtained in a solution containing
compounds like simple alcohols or glycols. Specifically, decreases in Cde
from the pure solution are obtained at much lower concentrations of Emulpho-
gene than of simpler compouris., Also, the cathodic desorption peak occurs at
more negative polentials and over a much narrower potential rawge for Emulpho-
| gene than for simple related compounds. Addition of simple compounds related
ﬁ to Emulphogene did not cause lowering of differential capacity curves at zinc
| amalgam or zinc electrodes, while addition of Emulphogene to solutions caused
a lowering of the differential capacity at all these electrodes (Figs. é and 7).

Although qualitative evidence of adsorption was obtained from the differ-
ential capacitance measurements, rigorous quantitative determination of the
extent of adsorpticn can only be cbtained by electrocapillary measurements’

or by direct analyais of a solution before and after adsorption occurs.

An attempt was made to make quantitative measurements of the exient of
" adsorption of Emulphogene BC~720 on mercury in 1 M KOH by electrocapillary
measurements, A difficulty arises, however, in measurements such as these
with very strongly adsorbed substances. To determine the extent of adsorp-
tion, as measured by the surface excess, I', one must determine, with a high
degree of precision, the surface tension, ¢, at various potentials and concen-
tration of adsorbate, allowing sufficient time for equilibrium to be estab-
lished at the electrode-scluticn interface. Then, by thermodynamics (Lipmann
equation)®
T = (do/dlna)g

Since it is necessary to make at least some of these measurements with less

than saturation sw-face coverages where very strong adsorption occurs, this
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requires one te work at very low concentrations of surface active maberial.’
At these low concentrations equilibrium is established so slowly because of
slow mass transfer of the surface active substance from the bulk solution to
the mercury surface in the capillary, that it is nearly Impossible to obtain
a sufficient number of points to properly define the curve in a finite amount
of time. If one were able to allow a very long time for equilibration, other
problems would then crop up. Trace contaminants wow'd &lso have sufficient
time to equilibrate and distort results. A4lso, the capillary is attecked by
the alkali sclution and its calibration is altered Ly an unknown and time
variable factor. It was discovered that even after allowing tne electrode

to equilibrate for as much as 30 minutes at one potential &t low concentra-

tions of Emulphogene the surface tension was not constant and puints on the
curve showed a great deal of scatter, The first time measurements wers
attempted the scatter was so bad that nothing at all was learned from them.
Measurements were mede on a second a¢l of solutions and results that wers
more self consistent with less scatter were obtained (Fig. 8). However, after
running a series of solutions with different Emulphogene concentrations, a
test run was made on pure KOH and pressure readings were found to be differ-
ent by better than 10¢. Also, less than 20 points were obtained for any one
curve due to the time factor, and 20 points are not nearly enough to insure
reasonably accurate quantitative rasults.

However, some general tremds in the behavior of mercury electreodes in
solutions containing Emulphogene were observed. Emulphogene BC-720 is defin-
itely adsorbed at mercury c¢lectraiss since the surface {ension at a given
potential is lower in a solution containing Emulphogene than in a solution
which does not contain Emulphog.ne (Fig. 8). Also, addition of Emulphogene
to a solution causes the electrocapillary maximum (e.c.m.), which corresponds
to the potential of zero charge (p.z.c.), to shift to more negative potenti-
als, This adsorption and shifting occur at extremely low concentrations of

the additive, 10% by weight.

Direct measurement of adsorption requircs the determination of adscrbate
in a soluticn before and after an amount of metal of known surface area is
added. In this case complications arose because of the alkalinity of the
solution and of the difficulty of accurate quantitative snalvsis of low




concentrations of Emulphogene and related compounds. Furthermore, difficul-
ties in determining the surface area of the electrode material (zinc powder),
maintaining the notential of the material and prevention of corrosion of the
electrode material in the alkaline solutions occur. Preliminary experiments
failed to uncover a suitable spectrophotometric method. While gas chromato-
graphic procedures, particularly with low molecular weight materials (e.g.,
propvlene oxide) appeared more promising, reliable results were not obtained.
In retrospect we feel that direct measurements for these compounds onu zine
wvill be difficult, Perhaps a radiotracer method with carbon=14 tagged com-
pourxlis would be more successful.

Kinetics of the Zinc-Zinc (II) Reaction

Several different techniques were used in our study of the kinetics of
the zinc-~zinc amalgam aystem, including potential step chronocoulometry, rotat-
ing disc voltemmetry and a.c. and d.c. polarography.

Measurements of the rate of the zinc reaction were made at a mercury or

amalgam drop olectrode using the chronocoulometric technique with large

potential steps.i® 1In this technique a potential step is applied to the
banging drop electrode, and the %7 tal number of coulombs which pass, Q, are re-
corded as a function of time, t. The equatica governing the variation of Q

with § 1s 10:
. ri Q=xL3(axpyaerfcy+%-—1) (1)
whe

X = opax °[c, o @ EED) g o{ 1-0)uf(B-8°); (2)

y = Atd/3
-nf(E-€°) (1-@)nf(E-°)

A= k:[f-—]b,o. + 2 75 ] (4)

f = F/R?

A plot £ g vs /T becomes linear for y > 5, and shows an intercept on
the /T axis, /%, such that
I 5 | )

PP A .
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and allows the determination of A. A plot of In A vs E in regions where one

or the other terms in (4) are negligible shows a slope of -amf or (1-a)nf,

and allows determination of a. However, we have recently altered our method

of data analysis. Originally, we had plotted Q vs /2 and performed a linear
extrapolation to Q equal zero. It wac found, however, that this technique
could lead to significant systeratic erro Therefore, we wrote a computer

_program to perform an iterative aualysis of the data according to the complete

theory by selecting an approximate lambda, calculating theoretical values of

- Q at ‘the appropriate values of t and comparing these values of Q to ths

measured values and then altering lambda until an optimum fit wvas obtained.

The criterion used for optimization was the minimization of the sum of the
squares cf the differences between Q calculated and Q measured. This teclmique
gave results which were much more consistent than the previous téc!m:lquo, and
hence more trustworthy. Using this technique, we have obtained the following
results from a careful series of experiments at differemt cancentrations of

‘hydroxide (Fig. 9):

m‘cat’.hc:adic +66

CBga, = 3
k° = 1.06x 10
E° = 1.'216+¥1n[0!i‘]"n1!2; "

o
Eﬁ—=°

afou]

Conventional dc polarographic studies were psrformed using a dropping mercury
electrode only on the cathodic process. Data analysis followed that of Israel
and Meites'! (Pig. 10). Amalgam forming reactions are very susceptible to
distortion from spherical diffusion'2? particularly over the time scale of the
polarographic experiment which was from 5 to 11 seconds. Hence, it is not
umusual that dc polarography gave somewhat different results from potential
step measurements vhich were performed on a much shorter time scale and were
less likely to be distorted from theoretical planar electrode behavior.
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Our results from dc polarography were:

em = 1.0
; °o _ -
| ka = 5x10

E® was the same and there was no dependence of the rate constant on hydroxide

concentration.

AC polarography is even more strongly affected by departures from planar-
; ity and there is no adequate theory which inciudes contributions both from
j - drop growth and geometry.12 However, a theory for the simple charge transfer
i ‘ . reaction at a stationary spherical electrode has been developed.*? It is
| extremely difficult to apply, but it does predict that the bzhavior of the
phasa angle of the ac current with frequency and potential should be un-
I affected. Our measurements of the phase angle at various potentials and 4if-
| ferent drop times do not agree with those predicted by simple theory. 1In
particular we found that the phase angle appears to be different at differ-
ent drop times (Fig. 11). 4Analysis of one Cot 6 vs E curve by conventional
methods?® gives

m = '7
Bn = .5

o . -
k” = 6x 10

The results of our studies on solid electrodes, zinc metal ani amalgamated
zinc metal, are almost certainly distorted by adsorption from solution of trace
organic impurities, This is not a majo: problem with hangirg drop and dropping
mercury electrodes, since it is possible to obtain a fresh electrode surface
Tor each experiment with these, and the electrode doec not remain in the soi-
ution for a long period of time allowing trace contaminants time to diffuse to
it, Furthermore, for anodic studies, the current requirements for potential
step experiments are prohibitive, while d- measurements such as at a rotating
disk electrode (r.d.e.) are complicated Ly the fact that the surface of the

electrode is ripidly being altered by dissclution, & number of experiments

were performed with r.d.e.'s and stationary electrodes to get a qualitative
feel for the dissolution process at the solid electrode.

=10~

FET
L

e g e g gy ditp HY va ) Sewemerer iy G oSt




e

SRR SR S el L

14

.
TG et e R T NN N NG e P A A PRI S e L e By T J A e e L R TELRArt e e ST T ERT TR Y SRS

The dissolution of zinc metal electrodes, both stationary and rotating,
in the potential raunge cathodic to passivation appears to be limited by dif-
fusion from solution. Rotating disk polarograms show a leveling off of the
current as the potential is made more anodic (Fig. 12). The current on the
plateau is still rotation rate dependsnt and a plot of limiting current, i
vs square root of rotation rate, wi/z is linear (Fig. 13). Stationary poten-
tial scan experimonts exhibit a limiting current peak which varies approxi-
mately with the square root of scan rate. If the electrode potential is
made somewhat more anodic, the current observed drops sharply (Fig. 13).

It is not possible to observe stable intermediate values of the current. At
a stationary electrode, the current falls to zero. At au r.d.e. & current
dependent on rotation rate is observed, but its value is somewhat less than
1/5 of the current before "passivation". Scanning the potential back in a
cathedic direction causes the current to suddenly go back up to its original
level, but not until & potenticl slightly more cathodic than the passivation
potential. In the case of stationary electrodes when the gcan direction is
reversed the current jumps back in an ancdic direction. If the scan is con-
tinued, the current potential behavior is nearly identical to what it would
have been if the scan had been reversed at a potential just before passiva-
tion (Fig. 14).

Aualgamated electrode behavior is quite similar except that nc ~eveling
off of the pre-passivation oxidation current is observed (Fig. 15). ." the
potential of the amalgamated zinc r.d.e. 1s made sufficiently anodic, lowever,
another rotation rate dependent oxidation wave is observed at about <£.f
volts vs. sat. Ag/AgCl (Fig. 15). This wave has a definite limiting cuw.ent
plateau whose value is about the same as the level the current reached just
before passivation. The surface of a solid zinc r.,d.e. permanaently duils
after passivation, even when the electrode iz made cathodic. An amalgamated
zinc r.d.e. remains bright until the potential of the second wave is reached,
whereupon it dulls. If the potential of the amalgemated electrode is then
made more negative, so that it is off the second oxidation wave, the sur-
face becomes shiny again.

A platimm ring, amalgamated zinc disk elsctrode was constructed to

-1~




further study the anodic wave.'* The potential of the platinun ring was held _
at 0 volts and the potential of the disk was scanned from -1.5 volts in the (.}
positive direction. When the potential of the disk reached -0.5 volts, the

current at the ring started to increase rapidly in the anodic direction.

This observation generally means that a product is being formed at the disk

which can be further oxidized at the ring potenticl.*® Unfortunately, it

was only possible to perform one expsriment before the electrode deteriorated

and we were unable to construct another electrode which did not show appreci~-

able solution leakage around the electrode.

Effects of Adsorption on the Electrochemical Processes

at Metal and Amalgam Electrodes

Extensive quantitative measurements of the ef{fects of various adso>rbants,
particularly Emulphogene, on the electrochemical procesces at the varicus zinc
electrodes were not attempted due to our lack of quantitative knowledge of the
adasorption behavior of these compounds, The primary effect of addition of
Emulphogene was to cause the oxidation and reduction processes to occur at
potentials farther away from the standard potential (Fig. ~ ). In the case
of the reduction procuss at the amalgamated or amalgam electrode, it is pos-
sible to cause the process to shift so far cathodic as to be lost in the cur-
rent from hydrogen evolution. There appeared to be little or no alteration
of the limiting current for the anodic or cathodic prccesses at the amalgam
electrode., The potential at which nassivation occurred was not altared for
the solid electrodes. Potential step experimert:s at the amalgam elscirode
indicated that the rate constant was made cousiderably smaller by addition of
Emdphogene, but that the charge transfer coefficient was not significantly
altered.

Disrussion

AMdsorption of Zinc Amalgam o3 Mercury Electrode

Sirce o did not I{ind any simple compound chenically related to Emulpho-
gere which exhibited similar adsorption tehavior, the obvious conclusion is
that it is the very complexity of Emulphogene which causes its extremely

o
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strong adsorption. I* has beon well established vhat the polyethylene oxide
chain is the part of the molecule which adsorbs, since pure polyethylens oxide
has been shown to be a beneficial additive of about the same magnitude as
Emulphogene®® and our differential capacity measurements of polyethylene
oxides and similar polymers give results nearly identical to Emulphogene.
Unfortunately, because we were unable to make quantitative measurements of
the extent of adsorption of any of these compounds, good quantitative corre-
lations involving structure and extent of adsorption cannot be made. However,
the gualitative results were quite informative. One does not expect adsorp-
tion of a neutral species to shift the position of the e.c.m. unless it dis-
places an adsorbed ionic species.1° Neither potassium nor hydroxide ions are
adsorbed, however. Parsons’ has reported, though, that when a molecule with
a gignificant net dipole moment is adsorbed with the dipole nonparallel to the
electrode surfacs, it can shift the e.c.m, and the p.z.c. cathodic or anodic
depending on whether the negative or positive end of the dipole 1a closest to
the surface. This is attributed to the image charge effect; when a charge or
dipole is brought close to a metal surface, there is an attraction generated
between the metal and the charge. The magnitude of this force is calculated
by assuming the existence of a charge or dipole of opposite sign or orienta-
tion on the other side of the surface and the sams distance away. In other
words a "mirror image" of the charge or dipole. This image charge has all the
other properties of a real charge. Hence, if there are a number of charges or
dipoles adsorbed, then at any given potential the surface of the metal has a
different charge density than if there were no adsorption. With particular
reference to our case, if a molecule with a dipole moment was adsorbed so

that the negative end of the dipole was closest to the electrode surface,

then the electrode would be more positively charged at any given potential.
Hence, the p.z.c. and the e.c.m. would be shifted in a cathodic direction.

Since we know that the polyethylene oxide chain is adsorbed and simce
it could have a dipole moment with the negative end closest to the surface
if al1 the oxygen atoms in the molecule were closest to the surface, we will
make the assumption that this is indeed the case. The image charge effect
could also help explain why the adsorption of the long chain molecules is so
atrong and why desorption occurs over such a narrow potential range. The

13-
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image charge created by one oxygen atom would also attract the oxygen atoms

on either side of it in the chain. Thus, the adsorption of each oxygen atom (TE
in the chain would reinforce the adsorption of all the others, The forces of
coulombic attraction thus generated would be quite strong. For simple mole-
cules the similarly oriented dipoles of the individual molecules would tend to
repel each other and there would be no reinforcement. In the polymer, however,
the ohemical binding takes care of this repulsion and the monomers are forced
to be close to each other. The adsorption of one polymer chain would cause
the charge of the electrode to become more positive making it easier for an-
other chain to adsorb, This effect can be reversed when the potential and
charge density of the electrode is made sufficiently negative so that the
coulombic attraction atarts to become repulsion. Then when one chain desorbs
the charge becomes even more negative and so on. Hence desorption would occur
over a very narrow potential range. Methyl cellulose has & large number of
ether type linkages similar to Emulphogene and hence it was expected that

its differential capacity curves would be similar to those of Emulphogene.

Kinetics of the Zn, Zn (II) Reaction

The study of kinetics at smalgam electrodes was initiated when it was
found that the zinc-zinc amalgam system was not as well understood as a cursory
examination of the literature would indicate. Our interpretation of the re-
sults of our potential step experiments were completely at odds with nearly
all mechanisms previously published in the literature.!®» ** Fotential step
results are consistent only with a consecutive electron transfer mechanism:

zn(iI) + e - 2Zn(I) E°

(]

Hg +2n(I) +e —~ 2n(Hg) &

where E;o is more negative than E,o both rate constants are the same order of
magnitudv, and there are possible preceding and intervening chemical reactions.
The apparent rate conatant shous no variation with the hydroxide conceniration.
Contrary to statements in previous reports,’® we Lave found that neither brauch
of & log A vs E cwve shows hydroxide concentration dependence. Only the
atandard potential of the overall reaction is changed when the hydroxide con-
centration is changed (Fig. 9). This makes our results consistent with the

Q
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_ genergl Leshavior of other siudies.™» The principal reason for concluding
s from the potential step results that the reaction involves congsecutive elec-
tron transfers is that an and fn add up to considerably lese than two.3° 1In

1 this finding we are at odds with other researchers.' ** However, determina-

‘- tion of ¢ and 8 by most methods is highly dependent on the choice of mschanism
! used to formulate a model for evaluation of experimental data. FPFarr and Hamp-
| son' do propose a consecutive electron transfer mechanism for the solid elec-

{ trode which is very similar to owr proposed mechanism, but they do not feel

g that this mechanism also applies to the amalgam electrode.’

|

Because the mechanism elicited from the potential step data was at odds
with previously proposed ones, we turned to a.c. bolarography to provide addi-
, tional evidence to confirm or disprove our model. Although a.c. polarographic
| currents are very susceptible to spherical diffusicn effects in amalgam form-
| ing reactions,'? it has been shown that the phase angle of the current shculd
| be independent of time even with amalgam-amalgam formation for a quasi-reveraille
% single two electron step.'® Hung snd Smith2! have shown that for a consscutive
electron transfer reaction where E,° is much less than E, and charge transfer
kinetics are important, the phase angle at constant potential should vary with
time, The lock~in amplifier system allowed us to measure phase angle with
high accuracy. We observed that there is a significent change in the phase
angle with time.

The appearance of an apparently diffusion controlled limiting ocurrent for
metalllc zinc oxidation is hard to explain. Diffusion control by hwniroxide
loi at the particular concentrations used and using the geometric area of the
electrode should cause a much higher limiting current. Other workers®?~?* have
also noted apparent diffusion control in that chronopotentiograms give anodic
transition times which show comstant irl/2 behavior, and potential sweeps have
1} a limjiting current peak which gives some evidence of diffusion controlled be-

‘ havior. Other researchers® have theorized that this limiting current is
caused by film formation at the electrode surface which results in slower
diffusion through the film. Our observation that there is rotation rate de-
pendence of the current even in the passivated region throws considerable
doubt on this hypothesis since it is well lmown that surface effects of that
nature are not rotation rate dependent.®™ A possible explanation for this be-

O havior is some sort of potential dependence of the active area of the electrode.
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If the active area of the electrode becomes much smaller as its potential 1is

made more anodic, a limiting eurrent which was rotaticn rate dependent would ("w
be observed. Much more work needs to be done in this area. The problems in=~

volved, however, are enormous, chief among them being that at the current

densities involved, the electrode surface is rapiily altered, miaking repro-

ducibility and theoretical calculations difficult.

Amalgamsted zinc r.d. electrodes do not show the limiting current behavior
of nop-amalgamated electrodes. This indicates, perhaps, that the limiting be-
havior of the non-amalgamated electrode is due to the crystalline nature of the
pure zinc metal electrode. Passivation of amalgam electrodes appears to depend
on the concentration of zinc in the amalgam. At low concentrations of zinc
pagsivation is not observed. However, at high zinc concentrations, such as
with an amslgamated electrode, passivation is observed.

Effects of Adgorption on the Electrochemistry of Zinc

The nresence of a neutral organic adsorbate may have several effects on
the electrode process, It may change the transport processes of the reaction
species, reduce the effective electrode area, change the charge distribution
on the electrode, change the charge transfer reaction and change the chemical
reactions before and after the discharge. There is at present no adequate
general theory of the effect of adsorbed neutral substances on electrode
reactions.

It has been observed that adsorption may affect the charge transfer rate
of a reaction without affecting the diffusion limiting cwrrent, The normal
rate equation muet be multiplisd by & factor £{(I") where T' is the amount ad-
sorbed and:

0< (D) <1 when I'>0
f(ry =1 when T'=0

The reaction could also be affected by changes in the potential at the
outer Helmholtz plane due to changes in the structure of the double-layer
caused by the corganic adsorbats., The charge transfer coefficient, o, might
also be affected. '
The primary effect of Emulphogene on the electrochemistry oi zinc,
whether amalgemsted or not, seems to be to lower the apparent rate constant
without affecting the magnitude of the limiting current, {:!

16~
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Caonclusion

Some of the difficulties we experienced were in themselves revealing in
achieving a start on rationalization of atructure effects. It seems to us
that the special properties of Emulphogene are due to its tructure containing
a large number of closely spaced polar groups. Methyl cellulose and Klucel HA
have structures similar to Emulphogene and exhibit similar behavior,

Certain criterlia for the selection of possible additives can now be put
forward. It must be very strongly adsorbed. If the molecule desorbs at
potentials more positive than =1.4 V. va SCE, it will have no effect on the
reaction, Differential caprcity curves on mercury are relatively easy to
megsure, and if the compound does not adsorb on mercury, it is unlikely that
it will be adsorbed more strongly than hydroxide ion on zinc., The adsorbing
groups should be similar to the hydroxide ion so that they will compete with
hydroxide for reactive sites. Finally, the adsorbing groups should be very
closely spaced and not sterically hindered from adsorbing close to each other.

One possibility along these lines is a polysulfide molecule. Model sul-

; fide compounds with only ome sulfide atom per molscule such as thioursa exhibit
strong adsorption and also shift the electrocapillary maximum in a negative
direction, It is possible that a polymer analogous to Emulphogene with sulfur
atoms replacing the oxygen atoms would exhibit beneficial effects. However,

it is more likely that such a molecule containing mothing but sulfur atoms

' would adsorb too strongly and tlock the reaction combletely. It would be in- "
‘ teresting to test polymers containing varying proportions of sulfur and oxygen
i atoms if such could be obtained. Another possibility would be to increase

: the dipole moment of polyethylene oxide by attaching electron donating groups

% to the carbon atoms in the chain. GCare would have to be taken to insure that "j
f these groups did not adsorb more strongly than the oxygen atoms or else the

positive end of the dipole would then be adsorbed causing an anodic shift in
; the p.z.c.

PO W
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Table

1. Adsorption of Various Substances on a Hanging

Drop Mercury Electrode in 1 M KOH

-18-.

E

' c:zgzgnd Cone. Cde at Various Potentials
| -1.40  -1.50  -1.60

BC-420 1075 10uF/em?  13uf/cm?  22uf/cm?
BC-610 ux 108 10uf/cm?  1luf/em?  12uf/cm-
BC~720 wx10%% - - luuf/cn?
- BC-840 107% 8uf/em® 8.5uf/cm’® 10uf/cm?

 Carbowax #301 .18 - - -
Carbowax #701 A% - - - o
Triton X-100 .dl%r 5.§uf/§§2 8.3uf/cm2 g.uuf/cm2
Klucel-HA .18 9.2uf/cn’ 10.5uf/cm? 17uf/cm?

) .Hethyi Cellulose .1% 9;2vf/cm2 9.7uf/cm2.14uf/cm2
‘Gum Arabic . gt 22.2uf/cn’ 24.4uf/cn? 28uf/cm?

desorption

| =1.75v
-1.75v
-1.72v
«1.78V
-1.8V
-1.8V
-1.78
-1.65

~1.67
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Fig. 1 Block Diagrex of the Potential Step Apparatus
Fig. 2 Circuit Diagram «f the Automatic Double Layer Capacitance Bridge
Fig. 3 Diagram of Zinc Rotating Disk Electrode

Fig. 4 Differential capacity vs Potential* Stationary Mercury Drop,
Area 0.018 cm®, .9N KC1
Line 1 ,00137 ¥ i--butancl
Line 2 .0219 M n~butanol
Line 3 .1096 M n-butanol

Fig. 5 Differential capacity vs Potential Merucry Drop, 0,018 cm® area
5 M KOH, 30Hz
Line 1 0% BC-420
Line 2 2 x 10-3% KC-420

Fig. 6 Differenyial Capacity vs Potential 14 KOH, 0.1% Zn Amalgam Drop
0.018 cm® area, 1CO0Hs
Line 1 0% BC-420
Line 2 20;}.10-“% HC-420
Line 3 107 % BGC~420
Line 4 2 x 10™% BC-420

Flg. 7 Differential Capacity vs Potential Pure Zinc Electrode,
Area 0.002 em® 1@ KOH
Line 1 0% BC-720
Line 2 2 x 10™3¢ BC-720
Line 3 4 x 10-3% BC-720
Line 4 10~°B BG-720
Line 5 2 x 10~%% BC-720

Fig. & Pressure vs Potential for a Capillary Electrometer
1 M KOH, Mercury Electrode Potential vs 1 M KOH, Hg/Hg0
Line 1 0% BC-720
Line 2 10~'% BC-720
Line 3 107 BC-720 '
Line 4 107°% BC-720
Line 5 10™*% BC-720
Line 6 4 x 10™% BC-720

Fig. @ Log Lambda vs Potential from GChronccoulometry
_ 0.16 M KOH, 3.84 M XF
- - ~0.32 M KOH, 3.68 M KF
- =, 0.90 M KOH, 3.04 M KF
—ee =ve 1.76 M KOH, 2.24 M KF

Fig. 10 Log (i/id-i) vc Potential for Zincate Reduction at a Dropping
Mercury Electrode. t = 5 secinds, .96 M KOH, 3.04 M KF

#4131 potentials vs sat. Ag, AgCl unless otherwise noted.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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13

14

15

16

Co Tangent of the Phase Angle of ac Current vs Potential for
Zincate Reduetion at o Dropping Mercury Elecirode

.96 M KOH, 3.04 M KF

Line 1 t = 5 sec.

Line 2 t = 10 sec.

Current vs Potential for a Rotating Zinc Disk Electrode

2.5 M KOH, .002 em® geometiric area

200 radians/second rotation rate.

Current vs Square R.ot of Rotation Rate 1 M KCH, Zinc Metal
Rotating Electrode .002 cm® Area.

Potential set at -1.25 volts vs sat. Ag, AgCl

Cwrrent vs Potential for a Stationary Zinc Metal Electrode
5 M KOH, .02 cm® geometric area, scan rate 50 mV,/second

Current vs Potential for Rotating Amelgamated Zinc Electrode

4 M KOH, ,002 cn® area

Line 1 500 rpm rotation rate
Line 2 1000 rmm

Line 3 1500 rpm

Current vs Potential for Rotating Amalgamated Zinc Electrode

4 M KOH, .002 cm® area
1500 rpm

Line 1 0% BC~720

Line 2 2 x 10=3% BC-720
Line 3 2 x 10~%; BC-720
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A1 Potentiostab SP656

A2  Current Measwring smplifier SP656

‘A3  Integrator SPG656

A4 Follower P65AU

R 100K ohm

ey is the product of the current through
the cell times the value of R
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APPENDIX I. Computer Programs Used in Treatment of Data

A. Program SEFILS3

Program SEFILS3 is a Chippewa Fortran (CDC 6600) program which takes raw
electrocappillary data, smooths it and calculates the charge on the electrode.
The program requires subroutines CUBFIT, VIPRAB, TABLE, HUNTER, and QCAL.

Input format:

Card 1 number of curve families right justified in the first 5 columns.

Card 2 number of EMF's for which smoothed surface tension and charge are
desired right justified in first five columns (max. 50).

Card 3ff Master EMF set F10.4 -

Card xx Surface tension F7.2, EMF F7.4 beginning in column 24, concentration
Ell.4 beginning in column 47, and the number of points on the curve
I3 right justified ending in column 71.

Remainder of cards in curve punch only surface tension and EMF as
above format.

Each new curve in a family must have a new xx card and each new family
begins with a new Card 2.

e emaed Lo -
utput format:

Error statements are fairly obvious.
3
For each curve the output consists first of the smoothed value of the surface

tension in E18.10 format and then the EMF and the concentration, the rest of
the line gives indications as to how each point was calculated.

Then the charge, EMF, and concentration are printed out with some other numbers.

R. Program QGRAL

Program QGRAL calculates the charge from differential capacity data. It
requires a slightly modified subroutine CUBFIT, the variables are passed

through COMMON rather than in the cell,

~38-
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Input:

Card 1 Number of points inm the curve right justified in column S.
The number of the point equal to the potential of zero charge.

In both programs EMF's are stacked in order with the most negative first.
L]
Card 2ff EMF columnzs 1-10 Capacity columns 11-20.
Output:

Charge EMF Capacitance

=30~
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5201
€203
8204
5245
6266
s2u?

5211

5273

5272

5219
5224

5225

5226
5227

5231

5232
5233

5234

52135

5236

PROGRAM SEFILS3 { INPUT yOQUTPUT)
DIMENSION EMF(59)0SURF(50)‘SFIT(SOI'X(Q)oY(k)'CHlEFE(SO)o
SFIT2(50) . ,

IDCARD=13s
FORMAT (215)
FORMAT(F10.4)
FORMAT(F7.20lGXoF?-hil6XvEll.hgllXo!B)
FORMAT(518-1001X9F704916X9511-4|6X’159213012’13)
FORMAT(1Xy5SHCURV+s12928H W1S NOT 69TTSD B35YON4 POINTsI3)
FORMAT (1XsS5HCURVE s 13422H WAS NOT FITTLD AT ALLI2)
READ 5201 4NFAM.

DO 5241 N=1.NFAM

READ 5201 »NECHFOKU=VES
DO 5211 I=1,NECHF.
READ %2C3+CHIEFE(]) -
DO 5241 K=14KURVES
READ 5204 9SURF (1) oFMF (1) s ONC s NEMF

PO 5212 1=2,NEMF
PEAD 5204 ,SURF(1)sEMF(])
CALL VLPRAB (EMFoSURFQSFIT1NEMF1LOUNT9MJ)

IF (MJ=5) 1,5272,5272

IF (KOUNT) $5271+5272+5219
KOUNT =~KQUANT ‘
PRINT 5206sKsKOUNT
MARK =vu
DO 5273 I1=1.K0OUNT
PRINT 520505F1T(I)ctMF(l)o(ONC;KOUNTolsKoMAHk’IDCARD
CALL @QCAL (SFITstEMF sROUNT oK s CONC)
GO TO 5241
PRINT 5207sKsMy
GO TO 5241
DO 5242 I=1sNECHF
2Z=CHIFFE(I]) .
CALL TABLE (Zo[MFtNU'.F9J)

IF tJU~51) 8224452255224
MARK =0
PRINT SZOSvSFIT(J)ny’F(J)|CONC9K()UNTQI9K1-'~"N”K’IDCA.'\'D
SFIT2t1)=5F1T(J)
GO TO 5242
CALL HUNTER {Zs[MF 4 NEMF » )

IF tu~-52) 522695227+52Z6

IF (JU~(NEMF~1)) $523245227+5227
DO 5231 M=z=1,4
MM=tA+NEMF -4
X{M)=SF 1T (MM
GO TO 5240

IF (J=3) 5233,52123,523y

DO 5234 M=1,4

X(M)y=EMF (M)
Y{M)I=SFIT(M)
GO TO 5240
DO 5236 M=1,44
MMz=M+J=-3
X{M)=EMF (MM)
Y{M)=SFIT (M)

D



5240 CALL cupfFlITY {XeYsA\obLoCyD)
SEARZRZRI 4282, CR2 4
MARK =] . . :
PRINT 5205’SOZ|(UNCN\OUNT'XOK'MAHKQIUCAR!)
SFIT2(})=5
5242 CONTINUE
CALL wCAL (sF172vCHlt"LONt("F’K'(ON(,
5241 CONTINUL .
END

~41=-
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8U0)

8002

guu3

RULG

80e5

SUBROUTINE CUBFIT (XeSeAst3eCsD)
DIMENSION X(4)sY(4)sS5(4)sDEN(G)
Y(l)=S1{1) '
Yi2)==5(2)
Y(3)=513)
Y{h)n=5(4)
BA=X(2)=X{1)
CAsX(3)=X{1}
DAz=X (& )=X{1)
CBax({3l=X(2)
DBeX (4 )=X(2)
DCaXt&)=X(3)
DEN(1)=BARCA®DA
DEN(2) sBARCB*DY
DENI(3) =DCRCn®CB
DEN( &) =DC*OASDL
GB=X (2}
GCaXxX(3)
GD=X(4)
J=1
A=,
620
C20,
D=0
WA=GH+OC+GD
WEzGU#OGC+GB2GD+OC*GD
Wl==Y(J)/DEN(I)
AzA+Wl
WizY(JIRWA/DEN(J)
B=25+wWl
Wiz=Y{(J)¥WwL/DEN(J)
C=CewWl a
WizY (J)#GR*GCRGL/DENLY)
D=D+wl :
GO TO (8002»80L3480CU&sB8035)sJ
GB=X(1) ‘
J=2
GO TO 8001
GC=X(2)
J=3
GO TO 8901
GD=x(3)}
J=b
GO TO 8301
CONTINUE
RETURN

END

« P ————
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SUBROUTINE VLPRAB (XsYsYFITsNPTS oKOUNT 2J)

DIMENSION X(5C)eY(5U)eYFITi50)

-J=] .
X4S=2l,

X3saC,
X25= ),

. XIS! e

XZYSSO.
XYS=y,

viszoo

Sl=0,

GO TN (202025025) )

L=1

Mz4
INT=4
GO TQO &
L=INT=2

CuzINT+] .

INT=2[NT+]

DO &5 Iz v

YS=YS+Y(])

XYS2XYS+X{])y#v(])

X1S=X1S+Xx(1)

X2=X(+)nx(])

X2YS=X2Y5+X2%Y (1)

X2S5=X25+X2

X3S=X35+X2#X%( 1)

Sl=51+1,

XHS=Xa4S+X2#XD

DELTA=X4$’(Sl*XZS-XlS*XIJ)-XBﬁ*!SI’XBS-XZS*XIS)*XZS*(XBS’X}S-
X2S5#X2S)

A=X2Y$*(SI*X25-XIS*X15)/DELTA-XYS'(SR‘X35°X35’X15)/DELTA#
COYSR{XILEX]1G-X25%X2S) /DELTA

IF (A) 6412512 .

BE=XZ2YSR (S #X35=Y . 5%)]1) JOELTA+XYS (L i#X4LS-X25%X25) /Dl TA-
YoR{XGS®#X]1S=X3#X25) JOELTA

C=X2Yb'(X35*XIb-725*XZb)/DSLTA-XYS'(XAb'71$-X35*XZS)/DcLTn*
YS#{XLS#X2C-X392#%X35) /DELTA

GO TO (74848425) 94

L=1

M= [NT=2

J=2

GD YO 9

L=KOUNT=-}

M2]5T=2

DO 10 I=LM

YEITOI ) =ARX( 1 )nX (| )+isnx(])+C

IF (KNPTS=INT)22,22,11

KOUNT=INT

GO TO 1

[FINPTS=INT 116416513

INT=IKT+]

K=INT

YS=YS+Y(K)

XYS=XYS+X(K)tY (K}




16
17

18
19
20
21

22
23

25
24

X152X1S5+X(K)
X2=X(K)®#X(K)
X252 X25+X2

‘ X2YSuX2YS5+X2%Y (K)
X3S2X3S+X2#X(K)

SlzSl+1l.
XaSnX4S+X20X2
GO YO 15

GO TO (174184194251} 9J

KOUNT =0
RETURN
J=3
K=KOUNT-3
GO T0 14
IFIK=1120520+21
KOUNT ==KOUNT
RETURN
K=K=1
GO TU 14
GO TO (239234234524 J
J=4
KOUNT=KOUNT+1
L2NPTS=]
M=NPTS
GO TO 9
JEJI+S
CONT INUE
RETURN

END




ad

h

SUBROUIINE TALLE AsHRRAY 4NP ( Ly J)
OIMENSION ARRA T S L)
DO 1 I=]1,NPTS
IF (ARRAY(1)-x1142,41
CONT INUF
J=5]
GO 10 3
J=
CONTINUE
RETURN

END
SUBRUUI INE HUNIE- LA ARRAY NPT, )
PIYCNSION APRAY(50)
PO 1 I=1.NPTS
lF(ARRAY(l)-X)l'3v3
CONTINUE
J=52°
w0 TO &
J=1
CONT INUE
RETUPN

£
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5304

5312

5313

5314

SUBROUTINE QCAL {ouURF +EMF s NEMF 4K sCONC)
DIMENSION SURFIS5U) 1EMF (Sv)racb) ey id)
FORMAT(E1841001XsFTebol10XeElletsllXe213)
DO 5312 M=l.4

X{M)=EMF (M)

Y{M)2S5URF (M)

CALL CUBFITIXsYsAsBsCosD)

Qe{ =3, #ASEMF (1)1 REMF (1) =2 %BREMF (1)=C)/1ve -

J=1

PRINT 5304 +QsEMF 1) +COUNCyJrK

Qa( =3 FAREMF (2)REMF {2) =2 #B#EMF (2 C) /10,
J=2

PRINT 5304 sQ+EMF(2)9sCNONCyJeK

L=NEMF -3 :

DO 5314 I=2,L

Jzl+l

DO 5313 M=l,4

MM=zM+]~]

X{M)=EMF {MM)

Y{M)=SURF (MM)

CALL CUBFIT(XsY, A'E’C’D, -

Q=( =3¢ RAREMF (J)REMF \J) =24 #B#EMF . J)=C), 1o
PRINT 5304 +QsEMF(JYsCONCoJIsK

JENEMF=-1

Q=(-3.'A*EMF(J)*EMF(J)-Z.*B*EMF(J)—C)/IO-'

PRINT 5304 »QEMFJ)sCONCrJsK
J=NEMF C

Q= (=3 #AREMF (J) #EMF 1J) =2+ #H#EMF\ J1=Cl s 1lue

PRINT 5304 OQQENF(J)!CONCkoK
RETURN
END

¥




N

4 -

9

13

PROGRAM QGRAL llNPUioOUTPUl)
COMIMUN XoYorisBs (oD
DIMENSION EWF(B“)oCAP(53).CAPFlT(50)QX(A).Y‘“)

GRAL(ARG)I= (ARARG* ¥4 ),/ b o+ SRARGH#3), 3.+ JCRARG®ARG ), 24 +D ARG

“RTAD LoNIMFINOFE2
CORMAI1215) :
NQ 2 I=]1WNL'F- )
RCAD 3s EMFI(1})sCAPFL ]
FORVAT(2F1C.0)
DU 4 Mzlek
MiiaNUFEZ+'-]
XCAY=ENMF (24)
Yl 1) =CAPFIT (MM}
LL CUEF!I
QCSUL QAL'L”F(NOFEZ*I))nGRAL(F”r(NOFtZ))
SRINT SoQEbJLI9FNF\N0FLL*I)OLAPFII\NOFhL*Li
FoR~ /\T(IXOLIZOD’F70‘0916X’L110Q)
SUA=RKESULT
RESULT=GRALILMFINUFLZ42) ) =GRALILMF(NOFLZ+1) )
SU= JUM+RES UL
“RINT 595 UMO;'F(VOFLZ*Z) yCAPFITINOFLZ+2)
WOTE L+
L=NFF~3
DU 7 1=N»sL
DO 6 v=1s4
UM 4i0=1
X)) =EME (414
Y)Y sCAPF LT Li4in)
CALL CUBFIT
RESULT=GRALIENF (I42))1=GRALITMF [ +1))
SUM=SUNSRESULT
PRINT 595UMLMF 142 1+CaAPF],1+2)
RESULT=GRAL {EMF(NTRF) ) =CRALITIFINENF=1))
SUM=2SUM+RESULT
PRINT SeLUliaLMFINLMF ) o CAPFITINGF)
NS M=l,44
FMaNOFLZ+v=4
X (1) sEMF ('AM)
YIMY=CAPFLIT(MM)
CALL CUPFI! : .
PESULT=GRALIEMF (NNFLZ=1) ) =CRALIEMFINOFLZ )
PRINT SeREsul el C\NOrLL'l”kuPFI..hOFsu‘l)
SUM=RESULT
RESULT GRAL(t1F(NUFLL-2))—‘nnL\LPF\hLF“-I))
‘UN=3UM*PESULT
PRINT 5,54 ’E"F(NOFLL'cl’CAPFIitNOFEL“)
1=NNFEZ~-1 ’
CO 1< =leb
MM=M+ ] =4
XI{M)=FMF (M)
Y1) =CAPFIT (M)
CALL CUGLFIT
RE:ULT‘GQAL(LMF(I-Z),-URAL(EVF(I 1))
SUM=SUMeRESULY
PRINT S’SUJ’CVF(;-Z)'CAPFIT(A-Zﬁ

7=




11
12

IF(1-4111412,11
I=]=1

GO TO 9
RESULT=GRAL{EMF (1) )-GRALIEMF(2))
SUM= SUM+RES UL

PRINT 54SUMEMF (1) +CAPFITI(])
SUM= Go

PRINT 5,SUMsEMF INOFEZ) sCAPFIT(NOFEZ)
END
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Summary Report

Merch 25, 1968

T. P. Dirksc

€alvin College




SURFACE AREA STUDIES OF ZINC ELECTRODES
Summary Report
INTRODUCTION

In the development of zlinc electrodes for useiln alkaline
battery systems, the surface area exposed to the electrolyte 1s
of considerable lmportance. However, no convenlent method 1s
available to measure the surface area of battery electrodes of
the type produced by Delco-Remy. These are porous electrodes
made by the electrolytic reduction of zlnc oxide,

The purpose of the work described here was to develop a
method for measuring the surface area of such electrodes. The
approach was to determine the time required to passivate a zino
electrode and then relate this time to the surface area,

It is generally agreed that as the zinc electrode discharges
(is anodized) a solid product is formed. This product dissclves
readlly in the KOH electroiyte. When this dissolution 1s no longer
possible, the discharge product deposits on the electrode and
forms a fllm which passivates the electrode. If the anodization

e dissolving of the dig-

ot

ies cerried cut at a high current rate,
charge product may nci take place to an appreciable extent and

thls product then deposits on the electrode directly. It has bean
observed that the zinc may become covered witi. 8 blue film, This

film may be the passivating layer. The colcr of thili filw sug-

n
etk

gest hat 1V is about 500 A, ihick. Thus, if the ancélzation can
be carried out so rapidly that no dissolution of the aisclaige
product takes place, then tie n .mber of coulombs pascaecd befors

passivatlion tells us the amount of discharge product furmed on the

-}




TR TR AT

T

elecirode. Assuming a thickness of 500 A for the film or layer,
we can then calculate the surface area, or at least a relative
surface ares&,

Sheet zinc electrodes were used as reference standards for
surface area measurements. KOH concentrations ranging from 1% to

40% wer. used and runs were made at 0°, 15°, and 250c,

7 EXPERIMENTAL

The sheet zinc elecirodes were zinc strips 1.5 x 0.5 inches
and 0.02 inches thick. These strlipa were degreased in ethylene
dichloride and then given a slight etch with dilute HCl. Follow-
ing this they were rinsed thoroughly, dried, and then paintedrwith
polystyrene cement so that only an area 0.5 x 0.5 inches was ex-
posed to the electrolyte. They were trom stored untll ready for
use,

The clrcuit consisted of a 28 volt battery in serles with
variable resistors to reduce the curreﬁt to the proper level. A
switch turned on the current and an electric timer at the same
time.

‘The cell weas a Jar 6 x 5 x 3 inches holding about 350 ml of
the KOH solution. Iwo nickxel oxlde electrodes, 4 x 4 inches, were
plazed on either sidé of the cell. A pliece of zinc wire served as
a reference electrode., The test zinc electrode was placed between
the two nickel oxlde electrodes. A vaecuum tube volt meter was
used to measure the potential between the test electrode and the
reference electrode. When thls potentlal rose suddenly to more

than 2 vclts the current and timer were turned off and *%e electrode
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was consldered to be passlvated.

RESULTS

Effect of Pre-treatment.

During the time the sheet zinc electrodes were stoured it
is possible that they acqulred a small amount of oxlde ccating.
This had to be removed before the electrode could be’anodlzed.
Three kinds of pretreatment were used:

1- the electrodes were immersed in the electrolyte for 5
minutes, then treated cathodically at about 35 ma., for
one minute, and then allowed to remaln on open circuit
for another 5 minutes before anodizatlon.

2= the electrodes were placed in the electrolyte for §
minutes and then anodlzed.

3- the electrodes were abraded with a 3/0 silicon carbide
paper, rinsed with distilled water and allowed to re-

main in the KOH solution for 5 minutes before the run

was started.

These electrodes were all anodized in 104 KOH at 25%0. Thue
results are shown on Figure 1. There appears to be no significant
difference. The same results are obtained regardless of the method
of pretreatment. In subsequent work, pratrsatment #1 was usod.

It 1s likely true that the surface ares was not exactly the
same after the three types of pretreatment. Abrading should alter
the surface area while cathodlc current and 1mmérslon in the elesctro-
lyte would remove surface oxide films by reduction or by dissolving.
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Any such differences, however, are within the experimental uncer~
tainty of the method belng used. Several factors contribute to
this uncertainty. The main ones are: (e) 1lack of reproducibility
in exposing exactly a 0.5 x 0,5 inch area to the electrolyte; (b)

time lag in switching; and (c) the possibility that some of the
discharge product 1s belng dissolved.

Effect of Amalgamation,

Another factor to be considered is that commerclal zinec bat-
tery electrodes are amalgamated. ZEvidence is available that amal-
gamation has the effect of increasing the surface area of the zinc
electrode. Consequently, several sheet zinc electrodes were amal-
gamated by dlpping them for 30 seconds in a solution containing
50 gma. of HgCl2 per liter. These were then anodized and compared
with non-amalgamated electrodes., The resuits are shown on Flgure 2.
It is obvious from Figure 2 that this method cannot distinguish be-
tween the surface area of amalgamated and non-amalgamated electrodes,
if there 1s such a difference. Thus in using thi: methed %o compars
the surface arsa of porous zinc electrodes with that of sheet zinc
electrodes we need not take into account the fact that our sheet

zinc electrodes are not amalgemated while the porous electrodes are.

Effect of Surfactants,

Delco-Remy electirodes as currently produced cont
0.1% of an Emulphogene. This material 1s a surfactant which has

increased the cycle 1life of the zlnc electrodes. The reason for

pmdt~ S o

this improvement 1s as yet not known. Consequently, a few runs were

T

made to determine whether this surfactiant would alter the effectlve
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surface area of the electrode as determined by thls method.

:E An excess of Emulphogene BC-610 was added to 10% KOH (the

Ef solubility of the Emulphogene 1s very low). The results of the

. passivatlon times are given on Flgure 3 together with simllar re-
‘ sults obtained in 104 KOH containing no Emulphogene. Appareatly,

i the Emulphogene makes 10 difference 1n the surface area measure-

I ment by this method. Consequentiy, in making comparisons between
Delco-~Remy electrodes and sheet zinc electrodes, 1t 1s not neces-
sary to make any allowance for the presence or absence of Emwvlpho-

gene.

o f Effect of KOH Concentration and Temperature
In view of the assumed mechanism for the passivation of the
zinc electrode, both temperature and KOH concentration should

have an effect on the passivation times. The rate of dissolu-

tion of the discharge product 1s undoubtedly a function of the
temperature, The solubility 1limit 13 a function of the KOH concen-

tration. Consequently, at low temperatures and low KOH concen-

trations the dissolution of the discharge product should be mini-

mized. Then the coulombs needed to passivate the elactrode should R
be a direct measure of the amount of material needed to cover the -i
surface of the zinc electrode wlith a passivating layer,

Passlivatlion times were measured in a concentration range of

1 to 40% KOH and at 0%, 13°, and 25°C. Figures 4,5, and 6 give
the results obtalned at each temperature. These results are what
would be expected. More coulombs are needed to passivate the z'nc
{:} electrode as the KOH concentration increases, although the differ-
ence between 10 and 20% KOH is not great. The curve in 1% KOH
5=




at 0°C is almost parallel to the base, This suggests that the
same number of coulombs are required tc passivate the electrode
regardless of the current used. That is, the rats of dlssclution
of the discharge product is apyproaching zero.

The resultds are presentsd differently on Figures 7, 8, 9,
ard 10, Here the effect of temperature is more clearly seen. As
would be expezted, more coulombs &re needed to passivate the elec-~
trode as the temperature increases. This 1s because the 1ate of
dissolution of the discharge product increases with increasing

temperature,

Delco-Remy Electrodes.

Haeving obtained data about passivation times for shest zinc
electrodes under a varlety of conditions, the next step wus to
detsrmine passivation times for Delco-Remy porous alectrodes under
some of thess same ccndltiona. These electrodes could not be
palnted with polystyrene cemsnt to expose orly & limlted surfacae
area to the actlon of the electrolyte. Consequeatly, a 0.5 x 0.5
inch section of the electrode was used. This was out from the

upper corner where the lug or *ab was attached, In this way, the

lug nculd be used for esiectrical covnection to the ective materisal.

In naking these runs several experimantal difficuvities were

encountered. PFirst of all, a considerably higher currant was re-

quired to glve passlvation times comparable with those obtained for

the sheet zinc electrodes. Thls higher ocurrent rate was more dif-

ficult to conﬁrol and maintein constant throuwghout the run, Se-

condly, these electrodes behaved somewhat differently than did the

sheet zinc electrodes. For the latter, the voltage rose very

abruptly at passivation, There was no difficulty in determinlaug
-6
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from ine voltage change when the electrode had become passive,

The porous electrodes showed a gradual increase in volisge during
anodlic treatment. The voltage did not rise abruptly. Consequeni-
ly, 1t was difficult to determine from thr voltage change just when
the electrode had become passive. A rather arbltrary standard was
finally adopted. The electrode was consldered to have become passi-
vated when 1ts voltage showed that it had been polarized to the ex-
tent of 4 volts. This, admittedly, is arblirary and 1s partly
responsible for the rather poor reprcducibllity encountered in
measuring these passivation times.

A third difficulty was encountered in cutting and handling
these porous electrodes, During these p.oocesses some activa me-
tertal was lost from the electrode area that was to be taested.

This also centrituted to the lack of reproducibillity.

In addition to these experimental diffioculties there is anothsz
consideration, Th's method we are describing uses the amount of
anodic coulords as a measure of surface area, This means that only
the surface area which 1s zinc can be measured. It can undergo
anodic oxidation. Any surface area which is an oxidizel form of
zinz, e.g., cinc oxide, zinc hydsroxids, zinc cerbonate, will not
be measured by this method because it cannst be further oxidized.
However, 1f these materials should discolve in the electrolyte and
then expose zlnc, this exposed zinc could be 31Ld1zeh and would ba
included in any calculated area., This wethod, thea, does not
measure total aurfece area but rather 1% msasures the area avell-
able for electrochemical oxidation. And this 18 not necessgarily
the area that would be messured, e€.g., by the BET method using gae
adsorption. -

-7~
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The above conglderations are mentloned to help in iaterpret-
‘% ing the results that were obtalned.
The procedure used was as follows. The electrode was }laced

in the electrolyte at open circult for five minutes, It was then

given 8 cathodic treatment for one minute at a iow current den--
sity. Hydrogen was belng evolved at the electrode by the end of
this minute. Following this the electrode was left on open cir-
cuit for another five minutes and then anodized.
After measuring the time to passivatlon, thls time was com-
i pared with the time to passivation for a sheet zinc electrode.
* Por example, 1f the time to passivation for a porous electrnde was
10 seconds, then reference was made to sheet zinc electrodes passi-
vated under the same conditions of KOH concentration and tempera~

ture, Flgures 3-10. From these curves one reads the number of

e

coulombs required to pessivate a sheet zinc electirode in 10 se~
conds. The ratio cf thls number of ccoulombs to the number of
coulombs reqguired to passivate the porcus electrode 1n 10 seconds

he samé condiiions 1s considered Lo be aido the ratio of

8 iAo e
x [PV RV~ T

the surface areas of the two types of electrodes.

v

Themse ratios were determined under several conditions and

are sumnarized in Table I

tn =

TABLE I
RATIO OF AREA OF DELCO-REMY ELECTRODES T0 THAT OF SHEEY ZINC
! % KOH femp, °C Ratio
%0 =35 7:1
10 25 10:1
10 13 10:1
10 -3 13:1
1 -3 28:1

-8~

R - s, < e i

v




=R BT

3

Fo
W -

Tl L e e

RS A PCRALTE WETT

R LRI

i AR S B i DA ST (= e e < —————— Aol e it

The uncertajnty of the ratios given in this Table is about + 20%.
It appears to decrease somevwhal at lower temperatures and at low-
er KOH concentrations. It 13 abvlous that the ratic obtained de-
pends on the conditlons under which the measursments are wade.

The ratio increases 83 the temperaturs is lowered and as the KOH
concentrations are decreagsed. These are the same conditions under
which one would expect the rate of dissolution of the discharge re-
actlion product to be less, Thus, it seems that{ the less the in-
terference of the dissolving of the dlscharge product, the higher
18 the ratio of apparent surface area of porous zlnc¢ electrodes to
sheet zinc electrodes. This might suggest that the best ratio or
the most realistic ratio 1s the one determined in 1% KOH at 0°C.
However, this is merely a guess until an independent method is
available which will determine the surface area of the electro-
chemically active zlnc in these porous electrodes. Certainly, a
sarface area ratic of 30:1 sezms more reallsvic than a ratio of
7:1. Until 2n independent meihod 1s used Lo determine what the
surface area ratio is, this method cannot very well be used to
determins such a ratio. If such an Iindependent method wonld tell
us the rativ, then we could select the conditlons under which this
coulombic method glves the same ratio, and ugse the method for deter-
mining surfsce arean ratlos for zlrc electrodes, The method is fair-
ly simple and with furthsr work the uncertalinty could probably ba
reduced to ebout ¢ 10%.

Surface Ares of Falied Electrodes.,

Attempts were also mnunde to determine the relative surface
srea of Delco~Remy porous zinc electrodes which had been removed
from cells. These c¢élls had been cycled until fallurs, and failure

-
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was due to loss of zinc electrode capaclity. These electrodes were
treated the same way as the fresh zinc electrodes were, and the
same difficulties were encountered in making time-to-passivation
measurements.

In addition to this there was an added difficulty. This had
to do with selecting a representative samplec. In most electrode:
there was no active material left on the grid in the viclnity of
the lug. The active meterial on these electrodes had, during cyc-
ling, besan redistributed away from the top of the electrode towards
the bottom of the electrode. We were limited to the use of a 0,5
*x 0.5 inch segment of the electrode. We eventually selected a
sample from the center of the electrode. However, this was not
necessarlily a representatlve sample. This certainly had a higher
surface area of actlive material than did a similar glzed section
near the lug (where there was no active material). Because of this
the surface area messurement on such & segment will tell us only
the relative surface area of that section and will tell us little,
if anything, about the surface area of the total electrsde com-
pared to that of a fresh electrode

These surface area measurements were also made under sevaral
conditions and the relative surface areas 50 detaermined are gilven

in Table 1I.
TABLE I1I

RELATIVE SURFACE AREA OF FAILED ZINC ELECTRODES COMPARED 70

QREm 7TMr\ T TRAMDA
SHEET Z2INC ELECTRGUES

ZKoH Temp. °C Ratlo
40 25 9:1
10 ~3 14:1
1 -3 25:1
The uncertalnty in these measuremenis was aboul +74%. {1
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Comparing these resulis with those in Table 1 1t appears that
there 1s not a great deal of difference., The differences are with-
in the experimental uncertainties of each other. The value for
the failed electrodes 1s higher under two condlitions, but lower
under the third. Thus we may conclude that this method of measure-~
ment shows no difference between the relative surface area of a
fresh Delco-Remy porous zinc plate and a similar plate which has
been cycled tec fallure, However, &8s noted earlier, this measure-
ment was made on a segment of the electrode. There were othsr areas
on the grid of these failz:d electrodes that -had no active material,
Thus, because the actlve material stlll remalning on the grid had
a surface area equal to that of a fresh electrode, "¢ is obvious
that the total sur ‘ace area of a falled electrode is less than that
of a fresh elsctrode. To what extent it is less can only be judged

by noting what fraction of the grid has no active material on it,

Kinetic Interpretations.

The primary purpose of the work described in this report was
to evaluate thls method as a means to determine surface arsaa of
zinc electrodes, However, these results can be treated in other
ways a3 well., Baecause current and time were measured, these values
can be used to test various limiting conditions for the electrode
reaction,

The times involved in these measurcmentis were rainer ahort
and hence 1t is possible that these electrode reactions were limited
and controlled by diffuslon of sclution specles. One common way to
check this 1s to plot current vs. t'%. If the  results show a

linear relatlonship between these two values, then 1t is 1likely that
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the elcctrodé rénctton is diffusion controlled. (—;
Not all of our measurements were amenable to such treatment '

because the renge of time or the range of currents used at a given

temperature and in a given KOH corcentration were too narrov.

Figure 11 1= 2n | vs t73 plot for some of the results ve obtalned

vhere the spfead in t'me and current vas sufficlently broad to makse

the plot meeningful, and vhere a sufficlient amount of data was

available. The relationship is reasonably linear. This suggests

strongly that these electrode reactlons were diffusion controlled.

The results do not allow us to infer vhich ion 1ls the controlling

one. It may ﬁe diffusion of OH  lons to the electrode or the dif-

fusion of zincate ifons away from the electrode. It may be that

both »rocesses are equally signiflicant.

Solution Rates.

If ore accepts as valid the general outline for the anodic zinec
reaction given earller in this report; then the results we have ob-
tained may be able to give us an indication of the rate at which
the discharge reactgon product dissolves under various conditions.

The coulombs-tﬁme data given, e.g., on Figure 4 generally show
that the number of éoulombs accepted by the electrode during elec- |
trolytie oxidat16n~4ncreases with increesing passivation times. The
increesed tlme'allon more of the discharge reaction product to dis-
solve. Thus more caﬁlombs are needed so that the electrode surface

will be covered with urdissolved reaction product. The results in

o
1% KOH at 0 C, however, show no such positive slope. This suggests
that under these co&ditions the rate of dissolution of the reaction

product is so slov that all the coulombs accepted by the electrode

-12-
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are used to coat the surface of the electrode. Thus the number of

coulombs needed to bringJabout passivation is independent of the
time allowed for passivation. If this be so, then the number of
coulombs required for paséivatlon in 1% KOH at 0°C gives us a di-
rect measure of the surface area (this will be treated later), and
of the amount of reactlon product needed to coat the surface of the
sheet zinc electrodes. The amount required for covering the sur-
face of the sheet zinc electrodes then 1s 0.1 coulombd.

Later work under these same condlitions but over a wider time
range showed that at 0°C in 1X KOH the plot of coulombs vs, time
also shows a positive slope, Figure 12. The line, however, ddea
extrapolate to O.1 coulomb for the electrode. This then will be
assumed to be the amount of charge nseded toc cover the surface of
the 0.5 x 0.5 inch area of the sheet zinc electrodes., This auounfs
to 0.1/2 x 96500 or 5.2 x 10~7 moles of zinc oxide or hydroxids.
Any additional zinc compound produced cduring the time to passiva-
tion is assumed to have dissolved in the electrolyte.

The rate of dissolution of the zinc reaction product may then
be calculated as follows. From Pigure 3 & value of 3.8 coulombs
is obtained for a passivation time of 10 seconds. Of this, 0.1
coulomb was needed to coat the electrode surface and 3.7 coulombs,
the remainder, then represents the amount of discha:ge pioduct that
dissolved or diffused away in the 10 seconds. The 3.7 coulombs core-

rz2sponds to 19 x 10‘6

moles of reaction product. This smount dis-
solved over a period of 10 seconds which, oa a linear basis, corres-
ponds to 19 x 10~7 moles per second as a rate of dissolving. This

same procedure has been followed for calculating the dissolution

rates under other conditions. The results are summarized in Table IXI,

and on Pigure 13,
: ~13-
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TABLe I1l

RATE OF DI3SOLUTION OF ZINC ELECTRODE DISCHARGE PRODUCT

MOLES PER LITER PER SECO.D x 107
Y -3 ¢° 13% 25° ¢
£ X0H
1 -1 1 2
10 7 8 19
20 10 11 20
30 28 32
40 20 31 35

The result: on Figure 13 are given as rate of dissolution per squars
centimeter of electrode surface.

The dissolution rates are what would be expected.»-They'lh- o
crease with increasing temperature and with increasing KOH con-
centration, Whether they are real or not depends on the validity
of the assumptions made in calculating them. There is no other
way known to us st the moment for checking these results nor are
we awar§ of any cother such measurements having been made,

The solubility of the discharge product was studied in still
another way. After an electrode became passive 1t was assumed to
be covered with a film or layer of the discharge reaction product,
probably zinc hydroxide. This product is soluble in the KOH solu-
tion and when 1t has dissolved the electrode should again be electro-
chemically active. After being passivated the electrode was al-
lowed to remain on open circult in the electrolyte for a perlod of

time, It was then treated anodically and the time to passivation
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was agalin weasured. When the time to passivation was about the
same is that for a fresh electrode in the same solutlion, the
elactrode was considered to be electrochemically active,

One such serles of trials was carrled out in 104 KOH .t 25°0
using sheet zinc electrodes. It was found that when the c¢lectrode
remained cn open cilrcuilt for at least 10 seconds, it had regained
{ts electrochemical activity. For perlods of less than 10 seconds
the electrode showed some semblance of passivity, 1.e., time to
passivation was shorter than for a fresh electrode.

A similar experiment was carried out under the same conditions
using Delco-Remy porous zinc electrodes. With this electrode 1t
was found necessary to leave the electrode on open circuit at least
3 minutes before electrochemical activity was regained. This added
time reflects the increased surface area and the greater congestion
in the pcres of the electrode, The ratio of these two open cir-
cuit times 18 3 x 60/10 or 18:1, which is considerably larger than
the surface area ratio shown in Table I for these samec conditions.

No fvrther work was possihle in this area be~ause of time
limitations., Until more such work is done no significant conclu-

sions can be drawn from these data.

Dimensions of Surface Film.

It was pointed out earlier that O.! coulomb or 5.2 x 30'7
moles of reaction product are required to form the passivatinz layer
over the surface of the electtode. If this fila is zino hydroxide
then the welght of the film is 99.4 x 5.2 x 10~/= 5.2 x 10™> &rauzs.

The handbook density for this subatance 18 given as 3 gm/cc.

-15=

e -~

L

r s Wk

S | .
il o n AW i v_

Vra L RN o



This, or course, may not bde the denslty of the actual material 1q

the passivating layer. However, assuming that 1t 1ls, then the ' *
volume of the layer 1s 1.7 x 10°% cc. For a surface area of 0.5

x 0.5 inch, this gives a value of 1000 A for the thickness of the

film. This assumes a roughness factor of 1. A roughness factor of

2 to 3 13 a more realistic figure and this would give a film thick-

ness of 300 to SOOA. This may or may not be a realistic value,

Jf the thickness of the film could be determined by an independent

method then this could be used to calculate the roughness factor

for the sheet zinc surface.

Th2 experimental difficulty involved is 1n actually observing
the passivating film. It dissolves readlly in the KOH electrolyte.
Furthermore, if removed from the electrolyte, the film may undergo
changes in composltlon,

An alternate way of getting some indicatlion of the thickness
of tne'passlvating film is to assume that during passage_o( cur-~
rent there i1s film formation and film dissolution, with the latter
process being slower than the former. Then, the film gradually
thickens as the current s passed and when 1t has reached a cer-
tain thickness the elgctrode is passivated.

The rate of growth of the fila =k x 4. The thickness of the
f{1m, x, s

X =41 xt x 99,4 om. {1)

2 X 96,500 x 3 x 1.6
Where 1 = current ‘

ta time
9944: mol.wt., of Zn(OH)2
2= mol. wt./equiv.wt, for Zn(OH)2

3= density of Zn(()ﬂ)2 ’ 3

= surface area of the 3heet zinc electrodes
= the Paraday
-16-




The rate of disaolution of the f1lnm, Kys 13 constant at a glven

ltemperature 1h a glven KOH concentration. Thils is expressed as

moles/sec.

To éhunge this value to a correaponding film thickness

we change this to a corresponding welght and volume and divide by
the density.

X' = kg x t x 99.4
3x 1.0

Cm.

The thickness at any time Xt then i3 X - X' or

Xs

X =1 xt x 99.4
t 57X 96,500 x 3 x 1.6

_k, Xt x99.4
3x 1.6

or

t > 90.4 [ K - mﬂ = 20.6 t
$x 1.6 LT793,000

(2)

(b -%] ¢

For equatlion (3) we have values for 1 and t and estimated values for

kg-

of the layer from the time-current data we have obtalned.

the two terms in the br#ckets, i.e., 1/193,000 and k

An attempt has been made to solve equation (3) for the thickness

d

However,

are so nearly

en1) in value, that thé difference betwee.. them is less than the

experimental uncertaint& in either one. Consequently, this approach

has to be abandoned for the calculation of the thickness of the passi-

vating film until more ﬂrecise data become available.

\
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APPENDIX 1V

A LITERATURE SURVEY ON THE SOLUBILITY

OF ZnO IN OTHER DIVALENT METAL OXIDES

AND OF Zn(OH)2 IN OTHER DIVALENT METAL
HYDROX1DES
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In the seg:ch for a possible host lattice for ZnO asnd Zn(Ou)z, the only
compounds considered are those containing a divalcnt cation. Ihis limitation
immediately eliminates ccmpounds of the alkali metals, l;nthaniael, actinides,
and other metals which do not normally shoﬁ the +2 oxidation state.

The compound ZnO has a hexagonal (Wurtzite) lattice with the following
cell parameters: a = 3.24 X. c=5,19 R (l). Among the commonly occurring
metal oxides only beryllium oxide, BeO, has a hexagonal l;tncture.v Its lattice
parameters ire: a= 2,69 X, c=4.3 X (2).'4Eveﬁ though the difference
between these sets of parameters is somewhat greater than 15X, BeO and Zn0O do
appear to form a solid solution on which conductiQity and X-ray diffraction

3)

measurements were made . No other 1nformatioq on phase relationships
between BeO and Zn0 1is available i the literature.

Diadochy, rather than isomusphism, is the primary criterion in solid
solution formation, so that a hexagonal compound may form a solid soclution with
a non-hexagonal one if the ionic sizea are correct{4), substitution of one

cation for another in a particular lattice is often possible if the difference

in the ifonic sizes is less than about 15%. Using this criterion and Pauling's

1. C. W. Bunn, Pr. phys. Soc., 47, 835 (1935).

2. W. M. Lehman and M. Haase, Z. Kryst., 65, 537 (1927).

3. I. D. Tretyak and M. A, Emchik, Pitannya Fiz. Tverd. Tila L'vivs'k Derzh.

Univ., 1964, 80 (Ukrain).
C. A,, 62: 12560f

4. B. Maszon, Principles of Geochemistry, 2nd ed., J. Wiley and Sons, Inc.,

New York, 1958, p. 85.
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inirical values for crystal radu(s), the following ions may be diadochfic in

:ide structures:

Za 0.76 & Mn 0.80 A

Co 0.74 cr C.84

Nt 0.72 Pd 0.86

Fe  0.76 Cu  0.69 R ;

s is born out also by the fact that in minerals ‘the Zn ion is often replaced'
. * Mn, Fe, Co, or Cu.

The crystal structures and cell parameters cf the oxides of thes'e )

itals are as follows:

Q_rQ_A. probably cubic, parameters not detemined(6)

MmO , cublc, a = 4.47 § D

f_g_g » cubic, a 4.27 8 ®

: [¢]
Co0 , cubic, a = 4.25 A 9
N0 , cubic, a = 4.17 § (19 ,
| o 0yqr (11)-
Cu0 , monoclinic, a = 4.65, b = 3.41, ¢ = 5.11 A, B = 99~29"

PdO , tetragonal, a = 3.02, ¢ = 5.31 A (12

L. Pauling, The Nature of the Cheanical Bond, 3rd ed., Cormell Univetsity
Pfess', Ithaca, N. Y., 1960, p. 518. ‘
., H. Lux, L. Eberle, and D. Sarre, Ber., 97 (2), 503 (1964).
H. Ott, Z. Krist., 63, 222 ..(1926).
V. M. Goldschmidt, Ber., 60, 1285 (1927).
., H. P. Walmsley, Phil. Mag., 7, 1101 (1929)

J. Brentano; Proc. Phys. Soc. London, 37, 184 (1925)

, G. Tunell, E. Posnjak, and C. J. Ksanda, Z. Krist., 90, 120 (1935).

S e e e S ke

. W. J. Moore, and L. Paulin., J.A.C.S., 63, 1353 (1941).
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The compound Cr0O has not been well characterized. It is noc¢ affected by

qf? purc water but is readily oxidized by atmospheric oxygen (13). The most stable

and the most easily prepared appear to be the oxides of Co, Ni, Cu, and Pd.
No references were found in the literature (up to Dec., 1966) on solid
solution formation between Zn0 and Cr0. 2Zn0 does form solid solutions with

the other six oxides listed above. 1In addition, ZnO forms sclid solutions with

BeO (see p. 1 of this report), and with Mg0, CdO, and SnO.

Some aspects of the phase relations among these compounds are given in
the following references:

l4. R. Rigamonti, Gazz. Chim. Ital., 76, 474 (1946) C. A., 41, 71911

Formation of solid solutions of Zn0 in MgO, NiO, Co0, MnO and CdO.

discussed.

15. R. lsomatsu, and S. Kitagawa, Doshisha Daigaku Rikogaku Kenkyu Hokoku, 3,

(2), 67 (1964)
C. A., 62, 10167a
Phase diagram of the system ZnO-FeO is determined by X-ray diffraction.

16. J. Robin, Compt. Rend., 235, 1301 (1952)

Preparation, X-ray data, cell parameters, and limits of solubility are !

@]

XS .
o &de g ‘167, 47161

Preparation of mixed Co and Zn oxides, determination of phase diagrams.
17. E. Hayek, Monatsh., 66, 197 (1935)

c. a., 30, 39!

Mixed crystals of SnO with various oxides including ZnO are prepared by

precipitation from solution.

13. H, Lux, and E. Prdschel, Z. anorg. Chem., 257, 73 (1948)

L , AU




18.

19.

20.

21.

22.

23.

24.

G. Natta, and L. Passerini, Gazz. Chim. Ital., 59, 139 (1929)

C. A., 25, 633

Formation of solid solutions among the oxides of Ca, Cd, Mn, Co, Ni, and

Zn.

J. A. Hedvall, Z. avorg. allgem. Chem., 103, 249 (1918)

C.A., 13, 3098°
Formation of solid solutions of NiO with Zn0 and other metal oxides.
H. Kedesdy, and A, Drukalsky, J.A.C.S., 76, 5941 (1954)

C.A., 49, 15599¢

Formation of NiO-ZnO solid solutions, structure and X-ray data are given.

T. Ando, and R, Umemoto, Ceram. Abstr., 1952, 151 (in J. Am. Ceram. Soc.,

35, no. 8)

C.A., 47, 5669g

Describes formation of Zn0-Co0 solid solution from ZnO and CoCO3 in a
€0, atmosphere.

V. D. Balarev, Annuaire fac. sci.-phys. et math. Chemie, 47, 3 (1952)

C.A., 48, 7976e
Fusion of ZnO with Cu0 may indicate the existence of a eutectic in this

systen.

G. Yamaguchi, and H. Miyabe, Kogyo Kagaku Zasshi, 63, 562 (1960)

C.A., 57, 9276h N
Composition and lattice constants are given for various solid s»lution

phases in the ternary system Zn0~Ce. -MgO.

The followiny references are less directly related to this problem but

may be of interest:

V. P. Chalyi, and 0. I. Shor, Ukrain. Khim. Zbur., 27, 7 (1961)

C.A., 55, 17325g

A thermographic study of hydroxide mixtures. Dehydration gives solid

solutions of NiO and ZnO, depending on concentrations.
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3 C.A., 35, 7111

. Mineral. | §
25. C. Frondel, Am, Mineral., 25, 534 (1940)
Discusses exsolution growths of Zn0 in MnO. i

26. H. P. Rooksby, Trans. Brit. Ceram. Soc., 56, 581 (1957)

C.A., 52, 17871c

Distortion of the Ni0O structure by ZnO substitutionm.

27. 0. Schmitz-Dumont, K. Brokopf, and K. Burkhardt, Z. anocrg. allgem. ﬁ
Chemie, 295, 7 (1958)
C.A., 53, 1915g

Absorption spectra of solid solutions of Co0 and ZInO.

Information available in the literature suggests only two possible host :

lattices for Zn(OH)Z, namels Ni(OH)2 and Co(OH)Z. Zn(OH)2 occurs at at least ]

five different phases, two of which have been characterized rather well. The
a-form is hexagonal, with lattice parameters a = 3.1l and ¢ = 7.8 )3 (28).
The e¢~form is rhombic with a = 5.16, b = 8.53, and ¢ = 4.92 ){ (29). Co(OH)2
occurs in two forms. It is blue when freshly made, but changes to the more
stable pink form on standiug. It is slightly scluble in alkaline solutions,
and is easily oxidized by atmespheric oxygem. Co(GH)2 has a trigonal structure i

o] .
with a = 3.19 and ¢ = 4.66 A (30), R

28. W. Feitknecht, Ang. Chem., 52, 202 (1939)
29, R. B. Corey, and R.W.G. Wyckoff, Z. Krist., 86, 8 (1933)

30. G. Natta and A. Reina, Atti Linc. Mem., 4, 51 (1926)




T

- carage- e

- R O =

Ni(OH)2 is more stable toward oxidizing agents. It also has a trigcnal

structure with a = 3,07 and ¢ = 4.60 X (31).

The following references deal with the phase relations between the

hydroxides of An, Co, and Ni,

32.

33.

34.

35.

W. Feitknecht and W. Lotmar, Helv. Chim. Acta, 18, 1369 (1935)

C.A., 30, 2077%
Solid solution fermation in mixed precipitates of Zm, Ni, and Co hydroxides.
Structure and composition of crystals is given.

G. Natta and L. Passerini, Gazz. Chim. Ital., 58, 597 (1928)

C.A., 23, 1556
Discussion of solid solutions of Zn(OH)2 with Co(OH)2 and Ni(OH)z.

Th. v. Hirsch, Z. Physik. Chem,, 43, 227 {1964)

C.A., 63, 2451g

An investigation of coprecipitation and mixed crystal formation between
Co and Zn hydroxide, and others.

W. Lotmar and W. Feitknecht, Z. Krist., 93, 368 (1936)

C.A. 30, 62602

[N
1

Changes in ionic distances in Zn, Ni, and Co hydroxide solid solutions.

Two miscellaneous references were found which deal with the phase

relationships uvetween Zn0O and Zn(OH)Z.

36. G. F. Huttig, and H, M8ldner, Z. anorg. Chem., 211, 368 (1933)
C.A., 27, 3415.
A discussion of the relative stability of Zn(OH)2 with respect to
Zn0 in H20.

31. G. Natta, Attl accad. Lincei, 2, 495 (1926)
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37. R. Scholder, and G. Hendrich, Z, anorg, allgem, Chem., 247, 70
(1939)
C.A., 33, 52717

L

Fhase relations in the system of ZnO-Na;O-Hy0.
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Sizes of Zincate lon and Soluble Silver Species in KOH

In an attempt to achieve a better understanding of concen-
trated KOH solutions, available data from the literature
have been treated as discussed herein. It is of interest to
achieve a better understanding of battery strength KOH
solutions as a firm basis for further studies on zincate ion
and the soluble silver species, For exampi~, it would be
desirable to have a separator material which would allow
free migration and diffusion of KOH and yet screen out the
passage of zincate ion and soluble silver species. In order
for this to be achievable, a sufficient different in ionic
(or motecular) diameters would have to exist between Kt and
OH™ on the one hand and zincate and soluble silver on the
other. 1If an appreciable difference were to be found, then
it would make sence to try to develop separator materials
with a pore size large enough to admit free diffusion of
KOH, but small enough to block zincate ion and silver,
Conversely, if ionic (or molecular) sizes of KOH (K", OH™)
were to be found to be nearly equivalent to zincate and
silver sizes, then attempts to develop separator materials
to achieve the desired end on a pore size basis would be
useless, and different approaches would have to be found.

The work herein reported may be regarded as a first approach
to the problem and is incomplete in the sense that data for
the several separate ions have not been achieved except in
terms of upper and lower 1limits; however, data in the exist-
ing literature can be treated to obtain molecular volumes
for hydrated KOH in battery strength solutions.

Partial Molal Volumes

As a first step in the procedure, the density data* for KOH
solutions up to 50% by weight (68°F) were used to calculate
the volumes of solutions containing 1000 grams of water.
The data are shown in Table 1,

.




TABLE |

Volumes of KOH Solutions (68°F)

Volumes of Solutions Weight
AKOH  Density oo H0 (S.c) o grams  omp !

0 0.997 1233 0 0

2 1.016 1004 20 0.36
6 1.053 1010 65 1.16
10 1.090 1022 12 2,00
16 1,147 1037 190 3.39
24 1.226 1074 317 5.65
a0 1.288 1110 430 7.66
Lo 1.396 1193 668 11.9
50 1.512 1322 1000 17.8

From these data, the solution volume may be plotted against

the molality, as in Figure 1. The tangent to the curve at
any value of molality provides data for the calculation**

of the partial molar volume. As an example, from the tangent
at 40% by weight, the volume of KOH in solution is calculated

‘to be 20,5 c.c. This may be compared with 27.4 c.c. calcu-

lated for the molar volume from the handbook value of 2,044

gm. per c.c. for the density of solid KOH.

From the molar volume, the volume per molecule of KOH in
solution may be calculated, using Avagadro's number

20.5

=z 3 = 3.41 x 10-23 ¢,

Cc.

or 3.41 x 10723 x 102% = 34,1 cubic Angstroms.

*JACS, Apr. 1941, p. 1088.

**See, for example, 'Textbook of Physical Chemistry,"
Glasstone, 2nd Ed. p. 239, D. VanNostrand Co., Inc.

-2-
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If the molecule is treated as a sphere, the molecular
diameter is calculated to be

d3=__,nﬁ><3l*..-i = 65

d = 4 A°

On this basis, the diameter of either the Kt or the OH— ion
would be less than 4 A°,

From the shape of the curve, it is evident that the mclar
volume of the KOH gets progressively smaller as the concen-
tration of solution decreases. Thus at n2 = 2 {10% by weight
KOH), the molar volume is calculated from the tangent to be
12 c.c. per mole. Evidentily, KOH sclutions are quite non-
ideal, and the molecular volumes of dissolved KOH and

water are far from being additive, Just how far they are
from being additive is described in Figure 2 where the
volume per mole for KOH solutions is plotted against the
mol? fraction of KOH., These data were calculated from
Table 1I.

The deviation from ideality means, of course, that the ions
from dissolved KOH are more-or-less hydrated in solution.
As a consequence, the molecular volume and diameter previously
calculated for KOH in 40% solutions may be considered to be
effective values for KOH stripped of waters of hydration, and
therefore, not representative of the real situation in
solution, While Figure 2 says that there is a good deal of
solute-solvent interaction, the data of the figure do riot
provide quantitative means of determining how much water is
tied up by dissolved KOH as water of hydration,

Degree of KOH Hydration

A very thorough review of the literature has not yet been
made in terms of ionic hydration numbers in strong KOH
solutions; however, some information is available for com-
parisor with the treatment which will be made below. For
example, G. Yagil has found a hydration number of 3 for OH-
ion in concentrated KOH and NaOH solutions (JACS 85 (16),
2376-80, 1963) by means of reaction rate studies, in good
agreement with Ackermann (CA 55, 13054 a) who studied
hydration number of 4 for K* ion in concentrated KOH
solutions (11.36% and 18.81% KOH, by weight) using X-ray
diffraction (Norelco Report 5, 111, 1958), The latter
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article article also contains reference to theoretical means
of calculation of hydration numbers. Textbook values
(Glasstone, '"Textbook of Physical Chemistry, p. 921, 2nd

Ed. D. VanNos;rand and Co., New York, 1946) of hydration
numbers for K' ion in KC! solutions of 5.4 and 10.5 are
given.

At any rate, a treatment which enables calculation of hydration
numbers of KOH as a function of concentration is proposed,
hereby, which is believed to be novel and which indicates

that hydration numbers depend substantially on concentration.

The concept and treatmert of data are very simple.

Determination of molecular weights from freezing point de-
pression, boiling point elevation, vapor pressure reduction,
etc., are all commonly used techniques, and any standard
elementary physical chemistry text provides the theoretical
basis for making such determinations. Furthermore, the

same texts discuss solutions of strong electrolytes, where
100% ionization is assumed to be the case. The major
problem seems to be that such experimental data are good
only for relatively dilute solutions (1 to 2 molal, or less).

When freezing point depression data, boiling point elevation
data, and vapor pressure lowering data for KOH solutions

are examined, it is apparent that the quantities involved
are substantially larger than those which can be calculated
on the basis of the simple theory, assuming 100% ionization,
as concentration increases beyond 1 or 2 molal, It is
suggested, therefore, that this result occurs simply because
of the hydration of ions (and/or molecules), and that
comparison of the actual data with that calculated as
theoretical based on 100% ionization (From Raocult's Law)

can provide a means of determining the extent of hydration.
What this means is: because of hydration, the water of
hydration becomes a component of the solute* and, consequently,
the real concentration of a solute becomes appreciably larger
than that calculated from the straight mola! quantities of
each component originally added in making up the solution.

The vapor pressure lowering relationship is chosen to illus-
trate the method of data treatment. In Figure 3 are shown
the measured values of vapor pressure of water for solutions
of KOH up to 50% by weight at 68°F. (International Critical
Tables, Vol. I, p. 373). On the same graph are shown

*See, for example: ‘'"lonic Sizes,'" Stern and Amis, Chem.
Rev. 59, Feb. 1959, n. 23,
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values of the vapor pressure calculated from Ranult's Law
based on 100% ionization (this latter curve is different
from the one shown in Figure 24, Second Quarterly Report,
because Raoult's Law was improperly handled in calculating
the thecoretical vapor pressure lowering in the earlier
report, as pointed out by Professor Dirkse in a private
communication dated May 15, 1967),

The tie~lines drawn in the figure indicate that a 3 molal
solution behaves like a theoretical 4.5 molal solution, a
5 molal solution behaves like a theoretical 9.3 molal
solution, an 8 moial solution behaves like a 21.8 molal
thaoretical solution, and so forth,

Now, a 9.3 molal solution contains 55.6 moles of water in
the ratio 9.3/55.6, so the 5 molal solution behaves as though
it contains water in the same ratio.

5.0 _ 9.3
X = %6
X = 29.9

But, inasmuch as the 5 molal solution actually contains 55.6
moles of water, then 55.6-29.9 = 25.7 moles of water have
become part of the solute as water of hydration. Therefore,
25.7 moles of water are associated with 5 moles of KOH for

a hydration number of 5,14k, In similar fashion, a hydration
number can be calculated for each concentration of KOH, and
the curve described in Figure 38 is obtained. The curve
indicates that the number of moles of water associated with
one mole of KOH falls off as concentration is increased.

Now we are in a position to calculate the size of the
hydrated molecule. Using a 40% by weight solution (11.9 m),
from Figure 38 it is seen that 2.6 moles of water are tied
up with 1 mole of KOH. Because there are 11,9 moles of

KOH in a 40% solution, 42.9 moles of water are hydrated,
leaving 12.7 moles of solvent water. |If it is assumed that
solvent water has the same specific volume as pure water,
then the volume of solvent water is

12.7 x 18.1 = 230 c.c.
Cut, from Figure 1, an 11.% molal solution containing 1000
e

grams of water has a volume of 1190 c.c. Therefor
volume of hydrated KOH is

o -
t
=

1190 - 230 = 960 c.c.
or 960/11.9 = B80.6 c.c/mole
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The value of 80.6 c.c. per mole may be comparec with the
additive value of 90.9 calculated from the molar volume of
solid KOH and that for 3,6 moles of water.

Again, using Avagadro's number, the volume per hydrated
molecule for KOH in a 40% solution is

) 80.6 -23
6023 x 10 = 13.4 x 10 c.c.
or 13.4 x 10°23 x 1024 - 134 cubic Angstroms.

If the hydrated molecule is treated as a sphere, the molecular
diameter is calculated to be

d3 = éfé?llﬂ = 255.5 cubic Angstroms
d = 6.35A°

For a 4 molal solution (hydration number 5.6), the volume per
molecule is caiculated to be 187 cubic Angstroms and the
spherical diameter to be 7.1 A°, On this basis, the diameter
of either the hydrated K* ion or the hydrated OH™ ion would
be less than 7.1 - 6,35 A°, over the concentration range
involved.

The phase diagram for KOH - H20 solutions indicates formation
of the solid compound, KOH-4H20, at 44% KOH by weight (-28°F),
This is 13.9 molal, for which there are exactly 4 moles of
water per mole of KOH available for hydration. At the freezing
point, the degree of hydration may be regarded as corresponding
perfectly to the available water, It is interesting that

the proujected curve of Figure 4 lies under 4 waters of hydration
for the Ll weight % solution. It would be expected on this
basis that the degree of hydration should decrease as tempera-
ture increases, and it would be interesting to go through
similar calculations for vapor pressure curves at other
temperatures, as well as similar treatments of the freezing
point depression curves and boiling point elevation curves,

It is interesting, also, that at & molal (18.8% by weight)

the total hydration obtained by the scheme used in this
section is 5,6, This may be compared with a possible expected
total of 4.0 + 3.0 = 7.0 from the references quoted at the
beginning of this section.
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Figure 5 shows the total moles of both bound and free water,
calculated from the data of Figure 4, as a function of
concentration. The data of this curve corrects thec upper
curve of Figure 26 in the Second Quarterly Report.

On the basis of the fact that the phase diagram shows the
concentration of KOH to be 52,8% by weight (20 m) at a
freezing point of 68°F, another point can be located on

the curve of Figure 39 for 20 molal and it would correspond,
of course, to 55.6 moles of bound water. (This assumes that
the vapor pressure of water at the freezing point would be
substantially nil). Extrapolation of the actual vapor
pressure curve of Figure 3 to zero indicates zero vapor
pressugesaround 20-22 molality for a hydration number of

2.6 - 2.8,

lon-lon Assocation

In the Second and Third Quarterly Reports, some speculation
was given to the possibility of ion-jon association in
strong KOH solutions, on the basis of Fiqgure 26 in the Second
Quarterly Report, and on the basis of the fact that the
product of the conductivity and the viscosity divided by the
molarity was found to be not a constant at 20°C. Professor
Dirkse in a similar calculation (private communication

dated May 25, 1967) showed constancy of the function 3A/C
for KOH solutions at 25°C. Consequently, the data were
recalculated for 25°C, using the viscosity data given in
Table 5, page 155, of "Characteristics of Separators for
Alkaline Silver Oxide P-tteries - Screening Methods."

These data were found to agree exactly with viscosity data
given by Hitchcock and Mcllhenny (Ind. & Eng. Chem., Vol.
27, p. Z66). Data for conductivity at 25°C. were obtained
from the resistance values of KOH at 25°C. given in Table

2, pages 149-150 of the Screening Methods reference given
above. Table Il shows the data and the calculated values

of nA/cC,

TABLE 1!
Data for the Function hA/C for KOH Solutions at 25°C

Concentration

(Molarity) n A na na/c
0.6 0.91 0.130 0.118 0.198
0.8 0.93 0.170 0.159 0.197
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TABLE 1 (Cont'd.)

Data for the FunctionnA/C for KOW Solutions at 25°C

Concentration

(Motarity) h A ni nA/C
1.0 1.00 0.200 0.200 0.200
1.6 1.02 0.295 0.304 0.204
2.0 1.10 .0.360 0.396 0.198
L.C 1.40 0.575 0.80S 0.201
6.0 1.83 0.6L0 1.17 0.195%
8.0 2 L2 0.620 1.50 0.187
a0 2.82 0.583 1.64 - 0.1382

100 3.30 0.541 1.78 0.178
1.0 L. 00 0.505 2.03 0.184
12.0 L 83 0.460 2.22 0.184
13.0 6.20 0.405 2.50 0.193
13.4 7.00 . 0.387 2.7 0.202
Avg. 0.193 + 3.67

While there is some variation in the values of RA/C and,
possibly @ minimum in the value near 10.0 molar, actually
the values lie within an averaqe deviation of + 3.6% which
is probably not outside the limits of experimental error.

The point is this: if nmA/C is truly a constant, thenr there
should be no ion-ion association effects in KOH solutions,
even up to L5Y by weight, and, consequently, no regard need
be given to such possible effects on the values of hydration
numbers and ion sizes, as was attempted - in the Third Quarterly
Report (see text, pps. 4 and 5, and iilustration, Fiqure 2).
Again, it may be suggested that a body of such data should

be obtained with temperature as a parameter, These data are
very interesting in terms of KOH solutions, in view of the
existing theory concerning ion-ion association in strong
electrofytes. Similar work for solutions (other than KOH)

of high-concentration, strong elecirolytes is also suggested,
in order to check out electrolyte theory in this respect.

It seems possible that a good deal of this might be accorplished
with data already existing in the literature,.

lincate lon

A simple technique was used ‘to measure the volume increase
of a 45% solution of KOH as increasing amounts of In0 were

-’




added at 72°F. A 500 c.c. volumetric flask was filled to
the calibration mark with 457 KOH. Weighed amounts of InC
were added and when solution was complete, the increase in.
the height of the meniscus in the neck of the flask was _
measured with a centimeter scale. The internal diameter of
the neck of the flask was measured, and so, knowing the i.d. -
and the increase in height of the liquid level, the volume
change could be calculated. The results are shown in Figur2
6. The shape of the curve is slightly S-like; however, 3
straight line was drawn through the points and its stope -
20.9 c.c./mole. This may be compared with tb 86 c.c./mole:
calculated from the handbook value for the density of solid

In0., Therefore, the oxide occupies more volume when dissolved

in LSY KOH at room temperature than it does in the dense
solid state. )

Treating the In0 as a dissolved molecule and assuming a -
spherical configuration, the diameter may be calculated.

24
éoogsx ‘?OYB = 34,6 cubic A° = volume/In0 molecule
. X .
"3 - %x 3:_‘,6 = 8. 2§
r=2.2A°
d = L 04 A°

This value may be regarded as a value for unionized and un-
hydrated In0. However, as Dirkse's data show the molecule

is likely to exist as the Zn(OH)y, = .2H20 ion in solutions

of strongly alkaline KOH. This 's equuvalent to In02 = tho
or a In02 = ion with 4 waters of hvdration,

We can estimate a minimum volume for ZnOz = UH,0 in the . -
following way. From the data of Figqures 1 and 2 the volume
of one mole of bound water in L5% KOH nay be calculated to

be 13.4 c.c. per mole. Next, using the value of 14 .86 c.c. /mole

for In0 in the solid crystal and adding &4 x 13.4 - §3.6 c.c.
we obtain 68.5 c.c. per mole for IZn02 -~ .4H20 wothout
accounting for the extra oxygen atom. Then,

24
:80§3xx'?‘23 e 113.4 cubic Angstroms
g3 - 6 x 113.4 29
d = 6 A°
g
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so, a minimum dimersion for a spherical In0; = MH 0 ion is
6 A° diameter, which is not very different irom the values
6.4 - 7.1 A® calculated previously for hydrated KOM
molecules. While 6 A° is unquestionably slightly too small,
it could be concluded that the construction of a separator
membrane which would screen out 2zinc diffusion, yet allow
un-inhibited diffusion of KOM, is simply out of the question
based on pore sice alone.

e

i
4

However, it should be remembered that the d: ffusung Zincate
" ion has to drag along two hydrated K* ions with it, so some

differential could b2 involved. This can be esti.ated using

the value of 80.6 c.c. per mole for hydrated KQOH previously

calculated. Thus, if one-half the value of 80.6 is assigned

to a hydrated K+ ion, then the total volume per mole for

2 K* ions (hydrated) and In02 = .4H20 would be 149.1 c.c.

per mole. Then,

« 102k
149.1 }-%323 =« 249 cubic Angstroms

d3 - 6. x 249 |
X 475

d = 7.8A°

This value still doesn't appear to be sufficiently larger
than those calculated for hydrated KOH to attempt to meet
the problem by reduction of pore size in separators.

The question might also be asked: is there any experimental
evidence bearing on the situation in terms of relative
diffusion rates through membranes? In Table 5 of APL-TDR-
64-85 (Final Report on Air Force Contract Nr. AF33(657)-10643,
dated 1 August 1964) flux rates for KOH and zincate ion
diffusion through regular pore size_ fibrous sausage casing
(RPS) were measured to be 1.1 x 103 for _KOH under a concen-
§ tration difference of 12 M and 4.0 x 10°® for Zn0,"for a

P concentration difference of 1.3 M (in 45% KOH) gs
i estimated average value 2f D for KOH of 1.4 x 10" sec
and a value of 1.8 x 10°° for D of zincate ion in hh% KOH,
the value of fiux for KOH might have been expected to be

h %28 433 = 72 times that for zincate ion, Thus 4.0 x 10-6

x 72 = 288 x 10-6 = 0.3 x 10-3, and for this membrane KOH

- -— st o a4 o oL a et < et e o e L e e - nes




diffusion was 1.1/0.3 « 3,7 times larger than expected in
terms of our previous conclusion regarding the possibility
of obtaining screening on a pore size basis. This could
mean that some screening of zincate ion was being achieved.
Comparing the small pore size (SPS) membrane in the same
table of reference, the factor was C.75/0.22 - 3.4, which
represents less screening than was achieved by the reqular
pore size matersal Coina on down the table, values of '

the screening factor lying between 1.3 and 4.6 (the latter
for control fibrous sausaqge casung) are obtained. Fo: the
best of the RAl materials, i, 2XH (Table 6, same
reference) a value of 3.2 for the screening index was found,.
Tiese data, if reliable, would indicate some hope for being
able to obtain screening of zincate ion through pore size
reduction in spite of the previously estimated values for
ionic (molecular) sizes,

It can only be concluded that additional information is

necessary, either by way of preparation of smaller pore

size membranes or bv way of more refined measurements of
ionic sizes, or both.

Soluble Silver

While no experimental work has been done on the determination
of the size of soluble silver species, some information is
available. First of all, negative ions do not vary greatly

“in terms of ionic dimensions* and, Ffurthermore, if the soluble

silver species is Ag0~, it should have a smaller hydration
sheath thar. the doubly charged zincate ion. From the experi-
mental point of view, however, in the just-mentioned Tables
of reference, valuas of soluble silver flux equivalent to
those for zincate ion were measured. On this basis, it is
concluded that remarks apropos of zincate ion diffusion also
apply to diffusion of the soluble silver species.

*See Stern and Amis, "lonic Sizes," Table 14, p. 30,
Chem. Rev. 59, Feb. 1959,

See also Monk, "Electrolytic Dissociation,* Table 14, L,
p. 271, Academi ¢ Press, New York, 1961,
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APPENDIX V1

DEVELOPMENT OF IMPROVED SEPARATOR MATERIALS FOR
THE ALKALINE SILVER OXIDE-ZINC BATTERY
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ABSTRACT

Study on development of a separator suitable for silver-
zinc secondary batteries has been investigated in detail.
Families of separators prepared by radiation grafting of pre-
crosslinked polyethylene were characterized. It has been found
that the following parameters are of fundamental importance in
design of a membrane for secondary batteries: (1) The type
of resin used in preparing the film, particularly the molecular
weight distribution of the resin, (2} the crosslinking
densities of the resin, particularly the dose level of its
uniformity and (3) the type of monomers grafted onto the base
film., 1In addition, the percent graft and its uniformity and
various preparative procedures such as environment of
irradiation and washing procedure in KOH, are also of significant
importance.

The separators were characterized by tests such as
exchange capacity, electrical resistance, zinc penetration,
thermal stability at elevated temperatures in caustic, cycle
life in a 3-plate cell, swelling, tensile strength and zinc
diffusion. All separators were screened for electrical resist-
ance and cycle life at 407 depth of discharge in a 1.2 amp.-
hour 3-plate cell. Larger cells of 25-amp-hour capacity were
evaluated by Delco-Remy at various depth of discharge and

. using a variable number of layers of selected separators.
Results indicate that separators prepared from a resin having
a narrow molecular weight distribution which is precrosslinked
with 90 Mrads of radiation and suhsequently grafted with meth-
acrylic acid gives the longest cycle life, This membrane is
better than the cellulose sausage casing control. The common
failure mode for grafted membranes was by loss of capacity
rather than shorting which was the common failure mode for
cellulosics. This together with the absences of zinc on the
grafted separator during cycle life test indicate a different
type of transport mechanism for the grafted separator as
distinct from the cellulosic separator.

The test-tube quantities of grafted separators have
been scaled up for production in small reactors. A 5000 foot
sample was delivered to Delco-Remy at the end of this contract.
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1.0 INTRODUCTION

The silver oxide-zinc couple is undoubtedly one of the
best for design of a high energy density battery. The problems
associated with this system are primarily associated with wash~
ing of the zinc electrode and the inadequacy of cellulosic
separators to meet the requirements for long term cycle life,

The separator system has been the weakest component in
the development of an improved silver-zinc battery. Ideally,
a separator must be resistant to the chemical environment
encountered in the battery. Generally this requires resistance
to varying concentrations of votassium hydroxide up to 45 percent
and resistant to the oxidative effects of silver oxide and
silver peroxide at temperatures from 40°F to sterilizing
conditions of 135-145°C. Generally, however, the operating
temperature is 759F. The necessary function of the separator
is to prevent "shorting' by zinc dendrite penetration and/or
silver diffusion.

A separator should also have a low resistance and absorbd
sufficient electrolyte to prevent 'drying' of the plates. Ths
swelling characteristics of the membrane must not be excessive,
Cellulosics swell considerably in the electrolyte enviromment.
This permits tight packing of the battery. Grafted polyethylenes
swell to a lesser degree. The variations can be accounted for
by the battery design engineer provided the membrane properties
are reproducible. This then, i.e., the reproducibility, is a
most inportant primary requirement of any separator. The
reproducibility of separators investigated in this research
program was a fundamental consideration and was accomplished by a '
strict review of all aspects of materials and processes used in
preparing the membranes. Results of battery testing on
membranag developed during this research effort have been
extremely encouraging. As important, the parameters associated
with "building'" a separator have been identified. As in all
research,; the results of this program indicate areas for further
improvement, :

IR < AT EA e W TN A N ‘ it

The quality control of all materials used in this program
wus stressed throughout. The history of events leading to
iritiztion of this program is given in the following section
and is done to stress the importance of thoroughly characterizing
the materials used in developing membranes.
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. This amounted to an 807% improvement in cycle life for batteries

1.1 History of Membrane Development

&)

In April, 1963, RAI Research Corporation was awarded a
separator development program by the Air Force Aero Propulsion
Laboratory of Wright Patterson Air Force Base. The objective
of this program was to develop a membrane for use as a separator
in secondary silver-zinc cells. This work was accomplished
under Air Force Contract No. AF33(657)-10643, Task No. 817304
of Project No. 8173. RAI Research Corporation was subcontractor
to Delco-Remy Division of General Motors Corporation, the prime
contractor.

A number of grafted membranes were fabricated during
the course of that program. Various combinations of fluoro-
carbon acrylic acid and polyethylene-acrylic acid separators were
developed and evaluated at RAI and at Delco-Remy. In general,
it was found that a crosslinked highly grafted, low density poly-
ethylene separator was superior to amy other variation
fabricated. This separator, which was designated 2.2XH, was a
crosslinked, low density polyethylene acrylic acid copolymer.
Cycle testing of this material in three plate cells gave excellent
results at 25% depth of discharge. In 25 amp-hour cells tested
at Delco-Remy the 2.2XH separator also proved very encouraging.
In these tests the 2.2XH was used in multiple layers. Cells
using four layers of 2,2XH as the separator and cycled at 25%
depth of discharge at room temperature gave 2,700 cycles without
failures.(l) It is significant to note that controls using
cellulosics under the same test conditions had passed 1500 cycles.

using the 2.2XH membranes over the cellulosics.

Subsequent to these findings, samples of 2.2XH,
manufactured using identical conditions and materials procured
from the same suppliers, gave poor results. Because of these
later results an intensive in-house¢ pregran was initiated to
determine thc reason for the feilure to reproduce the original
excellent separator. Testing at Ral inciuced evagluation of
monomer types, grafting rates, grafting levels, solution
concentrations, addition of chain tranzfer 2g:wmts, purity of
solvents, crosslinking levels of the base film and variations
in the base polymers. These tects indica.e2 @ strong dependence
of the finished separator on three basic varianles, the bace
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polymer, the crosslinking level and the monomer type grafted.

Because of the prime dependence of the final separator on the

base film an investigatioun was undertaken to determine if our

F 4 film supplier had in any manner changed the base film used in
the manufacture of the original 2,2XH., After lengthy
discussions it was found that the base resin used by our sup-
plier was changed from a Bakelite resin with a 0.922 deunsity
to a USI resin with a 0.922 density and that two grades of
the USI 0,922 density resin were used. These differed in
antioxidant level. Further checking of invoices revealed
that samples of 2,2XH made under the Delco-Remy contract were
purchased in 1963 at which time the Bakelite resin was used
by the extruder. Film purchased in 1965 from the same supplier
was made with USI resin 280.

"

The culmination of all these occurrences was the
develcopment of separator materials superior to any films
previously made. The theoretical implication of our results
indicated that long cycle life battery separator materials
could be made by a proper attention to the polymer character-
istics of the base film and to radiation crosslinking and
grafting procedures. It had been theorized at the beginning
of the current program, that the reason for failure of the
2.2XH separator made from the USI 280 resin was due to the
low molecular weight averages of this resin. In particular,
failure was believed due to the low molecular weight fractiom
in this resin, which is of advantage to film extruders but
which is apparently detrimental to the development of
separators., The low molecular weight fractions were believed
to lead to failure by short circuiting. These fractions, when
grafted, are made quite hydrophilic and could be leached from
the separator during use. This action could result ia the i
development of pores which, in turn, would lcad to failure :
by zinc dendrite growth and shorting.

The effect of the three basic parameters, as well as
control of the preparation steps, particularly the grafting,
constituted the research and development geal of this pregram.
The results which follow gubstantiate the original preamise and
note the importance of each of the three basic parameters.
Further it has been sutiown that the importance of thz base resin ;
is not depended cn the molecular welght averages but rather
the molecular weight distribution. The importance of this
characteristic was shown to be related to the eificiency cf
crosslinking.

. . o e e e = e svvns i RS
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2.0 EXPFRIMENTAT, .

The materials and suppliers used are given in Appendix One.
The film extruders supplying the film are also given in Appendix
One, along with outside facilities used to crosslink the base
filnis and to graft the final separators.

2.1 Preparation of Final Sample

Figure 1 is a flow diagram which indicates procedural and
control steps used in preparing the 5,000 foot final sample sent
te Delco-Remy near completion of this contract. The procedures
given below are based on the preparation of this final sample
submitted to Delco-~Remy.,

2.1.1 Procurement of Film

T ey

The resin to be used in preparing the film was purchased
from Union Carbide Corporation and is designated Bakelite DEFD-0602.
The density of this resin was checked along with the weight
1 average (My) and number average molecular weights (Mp). The
- molecular weight distribution for this resin was determined using
gel permeation chromatography (GPC). The results of this analysis
are given in Table 5 in a following sect” - . The significance of
the distribution is given in a subseque.. .ection.

TR I

The resin, as received, was extruded as 2 one mil film
by the Philiip-Johanna Company of Ladd, Illinois. Subsequent to
completion of this program a new extruder has been used to supply
film. The original extruder could not hold the gauge of one mil
to a tolerance batter than twenty percent. The current supplier
has maintained a tolerance of better than ten percent.
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2.1.2 Crosslinking of Film

The rationale for the crosslinking procedure given here
ifs detailed in a subsequent section. One mil f{lm was folded in
twenty-five foot lengths. The film was thirteen inches in width.
Seventy-three layers of film were "stacked" uniformly on each
other, enclosed in a polyethylene bag and purged by first subject-
ing the bag to a vacuum and then back filling with pre-purified
nitrogen and, subsequently, heat sealing. The film was then
irradiated using a 1.5 MeV Dynamitron accelerator. The package
was subjected to a nominal Jose of 5 megarads per pass for a total
of ten passes. The bag was then reversed, back to front, and
irradiated under identical conditions for another ten passes.
Dosimeters(2) were used to determine the actual dose-depth relation-
ship of the film., Strips of blue cellophane dosimeters were placed
at every tenth layer of polyethylene film, and after irradiation
their transmission was read at 635 mu using a Beckman spectrophoto-
meter. The actual dose the film received is related to the
optical density and was read from a standardized calibration curve.

Gel studies were conducted to check the extent of cross-
linking as a function of depth and dose(3). This is done by placing
the irradiated films in individual stainless steel cages and, in
turn, each cage is placed into a 4-oz., jar filled with xylene.

The xylene contained 0.1% phenylbeta-naphthylamine to prevent
oxidative degradation of the films during extraction. The solvent
was maintained at 115°-120°C. in an oil bath, and changed daily
for two days. After the extractions were completed the films were
vacuum-dried at 90°C. for 24 hours, weighed and the percent gel
was calculated from the equation

Gel = Wg X 100
WL

where Wg is the weight of the insoluble fraction (i.e., gel) and
Wi is the initial weight of the film before extraction.

When polyethylene is subjected to a crosslinking dose
greater than thirty megarads the gel content is no longer of
significant value in determining the crosslink density. To note
the change in crosslink density at high irradiation dose the M¢
value was determined. This parameter indicates the molecular

bt
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weight between crosslinks in a treated film and was obtained
from a plot of the sol fraction of the gel curves vs. the
S5 radiation dose. The detailed calculations necessary to give
als the Mc value are given in a subsequent section. The equations
used are as follows:

S+S% =P, + 1 1
4, qguur
where S = Sol fraction = (l-gel content)
P, = the fracture (scission) density per unit dose
qo = the crosslink density per unit dose
u = the number average degree of polymerization
r = total dose

S.,is obtained from l-gel content
r,is the dose and is set experimentally
u,is calculated from the GPC curve

The Mg value is determined from the slope of a plot of equation

one,
m {slope) = _1_
qpou ’
do =~ _1'_..
mu ’
g (total crosslinking) = qu x T ‘
q 9T t

where W is the molecular weight of the repeating unit in the
polymer.




2.1.3 Rolling Film Prior to Grafting

The crosslinked film was prepared for grafting by inter-
winding with a wide mesh cheeseclcth to give a roll approximately
ten inches in diameter. This roll contains five hundred feet of
film, The cheesecloth was 15 inches wide. The film was rolled
loosely to permit diffusion of monomer into the roll during graft-
ing. 1deally the film should be rolled under constant tension,

since this was not possible the roll size and weight were controlled.
The finished rolls were placed in the grafting solution sparged
with nitrogen and then allowed to equilibrate for twenty-four hours.
The procedure was modified during the course of the contract by
pulling a vacuum on the roll to insure removal of alr pockets.
This modification of procedure, however, did not effect the graft-
ing results and was not made part of the final procedure.

2.1.4 Grafting

"The dose rate and dose were determined on small samples

" and set at 10,500 rads/hr. 1.51 megarads total dose. The dosimetry
of the vault was determined by personnel at Industrial Reactor

- Laboratories using standard techniques. The temperature of the
‘radiation vault was about 75°F.

The grafting solution was made using 26.4 percent glacial
methacrylic acid, 70.0 percent benzene and 3.6 percent carbon-
tetrachloride. The solution was thoroughly mixed and five gallons
was ‘added to a stainless steel reactor. The roll was prepared as
described under 2.1.3 on a stainless steel three-inch diameter
hollow core and was placed in the reactor. The roll of film and
- interlayer were positioned on the core so that the roll was kept
approximately ten to twelve inches from the bottom of the reactor
-and the center of the pclyethylene was at the center of the vertical
height of the can. '

The reactors are thirty inches in height. After position-
ing the roll in the reactor a cover is bolted on the vessel.

" . There is a port in the cover approximately one inch in diameter

_ to allow for pressure relief which might develop during initial
phases of the reaction. The film was allowed to swell in the
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monomer solution for twenty-four hours and then placed in the
radiation vault. The reactors are placed on rotators and -
revolved at about 25/revolutions per minute during radiacion.
At the dose rate spechied (10,500 rads/hour) the reactors

are exposed to the Co”" gamma rays for 144 bours. The total : :
dose received being 1.51 megarads. _ §

It is important to predetermine the position of the
Cobalt 60 source and the container to insure the alignment of
the vertical center of the source with the center of the
polyethylene film in the reactor. This is necessary since the
equal dose rate lines are 'parabolic” in shape about a line
perpendicular to the center of the source. Thus in addition
to a uniform dosimetry about the source in a horizontal plane
the dosimetry in the vertical plane can be maintained. The
uniformity of the vertical dosimetry about a line perpendicular
to the floor (i.e., paralleled to the reactor) improves as the
reactor distance from the source increases. The distance from
the source to the reactor is however set by the strength of
the source. Under the conditions of {rradiation used here
the center on center distance from the source to the reactor
was thirty-four inches and the variations in dose rate in a
vertical plane along the center of the roll being irradiated
was less than five percent,

2.1.5 Washing =

The reactor from 2.1.4 was removed after receiving
the required dose and the roll in turn was removed from the
reactor. The grafted polyethylene was unwound from the cheese-
cloth and at this stage was covered with a white homopolymer
of methacrylic acid. The initial ten to twenty feet of film
were generally unevenly grafted and were discarded. The film
was initially washed in hot water at 80°C for 10 minutes. .
Since the homopolymer was not completely removed under these
conditions the time was extended to almost three hours. The
graft was converted to the salt form by washing at 809-90°C
in five percent potassium hydroxide. Following this the
film was washed at 60°C and then at room temperature in

e Ao T . Ao

.water. The wet film was squeezed between nip rolls to remove

as much water as possible and then wound on to paper and
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dried. Subsequent to shipment of this material to Delco-Remy it
has been found advantageous to roll the final product on poly-
ethylene film and to package in a polyethylene bag.

2.2 Characterization of the Crafted Separator

The grafted separator was characterized by

2.2.1
2.2.2
2.2.3
2.2.4

+2.2.5

2.2.6
2.2.7
2.2.8
2.2.9

Exchange Capacity

Determination of Uniformity of Graft

Electrical Resistance

Zinc Penetration (Hull Test)

Thermal Stability at Elevated Temperature

in 407 Potassium Hydroxide

Cycle Life Testing in Three Plate Cells

Swelling Characteristics

Tengsile Strength

Zinc Diffusion

The procedures for these tests follow:

2.2.1

The exchange capacity of the separator was determined
by equilibrating a weighed sample of the separator in standardized

Exchange Capacity

potassium hydroxide and then back titrating with a known

concentraticn of hydrochloric acid to determine the cquivalence of

potassium hydroxide consumed. This is assumed to be the exchange

-10-
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‘equivalent of acid groups present in the separator.

Exchange Capacity = (Ng - Nf¢) X 1000 ’ 5

We

Ng = original normality of potassium hydroxide
Nf = final normality of potassium hydroxide
Wg = dry weight of membrane sample in acid form

The exchange capacity is given in milliequivalence per gram
of separator. The equilibration period for the separator in
the standardized potassium hydroxide was set at twenty-four
hours at 25°C.

2.2.2 Determination of Uniformity of Graft

The uniformity of the grafit could be determined in
a preliminary way by dyeing the grafted sample and then
determinin% the absorption spectrum of the film at a fixed
wavelength(4), This procedure assumes the absorption of dye
from solution is proportional to the percent graft and that
the optical absorption in turn is proportional to the dye
species. Figure 2 is a photograph of the colorimeter built
in this laboratory. Figure 26 is a trace of the percent
absorption across the width of the separator. The arrows in
this trace indicate the resistance of samples removed and
checked at various locations. There appears to be a general
relationship, as would be expected, but the gsersitivity of
the instrument used is not adequate. It is not easy to
distinguish between sections of the film based on the change
in absorption when the difference in resisztance ic eight
milliohms-in2.

« The basic procedure requires modification wherein the
carbonyl function would be measured using ultra-violet
radiation rather than dyeing and recording the visible
spectrun., Infrared is not satisfactory for quantitative
analysis here because the samples contain water.

-11-
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2.2.3 Electrical Resistance

Electrical resistance of the grafted film was measured in
407 KOH at room temperature using a Plexiglass cell as showm in
Figure 3. The circuitry for the resistance measurement apparatus
is shown in Figure 4. The resistance of the separator is obtained
as the difference between the cell resistance with and without the

separator, in milliohms-in.2. The resistance was determined as
follows: '

Rseparator - R(cell + separator) - R(cell with-

out separator) where
R stands for the electrical resistance of the

material. Resistance is measured using
an AC bridge at 1000 cycles.

2.2.4 2Zinc Penetration

The zinc penetration times were determined using a
Hull Test(5), The procadure as standardized at these
laboratories follows:

Size of Cathode Plate: 3-7/8" x 2-%"
Anode Plate: 2-%" x 2-%"

Electrolyte: 457 KOH in a 1 molar ZnO solution
Current: 1 Ampere
Size of Film: 6" x 5"

Cleaning Steps for Film:
Hot KOH @ H20 o Methanol (CH3OH)

I. PREPARATION OF ZINC PLATES

The larger plate must have its edges and corners
sanded smooth to prevent ary punctures or tears in the film. . 1;

14 - '
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PLATINIZED PLATINUM ELECTRODES

RESISTANCE CELL
FIGURE 3
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After the sanding, both plates are washed in a
solvent, such as acetone, to remove any 3urface dirt. The
smaller plate is connected to the positive terminal.

II. PREPARATION OF FIIM FOR TEST‘USE

A piece of film measuring 6" x 5" should be cut
from the desired sample to be tested. Cuttings should be
taken from a clean area of the film and should always be

handled carefully, by the ~dges, in order to avoid a punccture
or a tear.

Because this film is to be used in a basic environ-
ment, we must convert it to its basic form. This is done by
washing the f£ilm in a hot (80° - 859C.) 5% KOH bath for
approximately 25 - 30 minutes. The fiim is then rinsed in
deionized water to remove the KOH, and then in methanol,
removing any water, either on the surface or in the pores.

The film is towel blotted until d:y.

III. FITTING FIIM ON PLATE

The prepared piece of film must now be fitted to
the larger (3-7/8" x 2-%") plate. The film is first folded in
half along its length covering the plate evenly. That film
extending beyond the sides of the plate is folded backwards
and securely taped. That film remaining above the plate is
cat, so that it fire rightly around th- plate with no excess.
This plate is placed in the Hull Test Un.t and connected to
the negative terminal. The connection must be in contact with
the zinc plate, and is therefore, slipped under the film. The
connecting clip should clamp onto the cell wall. After this
is done, the 457 KOH-ZnO solution is poured to the filling line
on the test cell., The current is then passed at 1 ampere. A
timer should be used and set a2t 15 minute intervals. The test
for dendrite formation is a visual one with most of the films
showing dendrite formation at the closest distance between the
plates. The time when the dendrites just penetrate the film
is recorded as the failure time.

-17-




2.2.5 Thermal Scability in 407 Potassium Hydroxide -

1

The the .r.i stability of the sepa- i+ 'r was determined from
tests conducted = 40% potassium hydroxiae. The separator was
placed in a stainless steel bomb and potassium hydroxicde was added.
The bomb  was then capped and heated at 709 or '45°C. for 7 or 14
days. The weight loss of the film under these coniitions wss used
as a measure of the s::lility of separator toc therw. . sterilization.

2.2.5 Cycle life Testing in fhree Plate Cells

Cycle life of various separators was screened and evaluated
by testing in three plate cells, two silver and one zinc. The
cells had a capacity of 1.2 amp. hours and were cycled over a two-
hour regime at forty percent depth of discharge. The discharge
cycle was 35 minutes at 800 ma while the charge cycle was for
85 minutes at 350 ma. The cut-off voltage for failure was set at
1.3 volts and charge cut-cff was 1.96 volts. The cycle testor is
seen in Figure 5. Circuits for control of cut-off voltage are given
in Figures 6 and 7. Independently 25 amp-hour cells were used in
evaluating this separator. These cells were cycle-tested at 25%,
407 and 607 depth of discharge by Delco-Remy.

2.2.7 Swelling Characteristics

Duplicate pieces measuring 2" x 2'" are cut from the grafted
film for each concentration of electrolyte to be evaluated. The
film pieces are dried to a moisture content of less than 10% by
keeping at 40°C for 2 hours. This moisture content can be checked
by drying to constant weight at 60°C under vacuum overnight. The
film is not normally used in the absolute dried state since it is
very brittle and cracks. All samples tested are in the salt form.

The duplicate pieces of film are placed in beakers containing
th2 desired concentration of KOH and equilibrated over two hours at
room temperature. The membranes are then removed blotted dry and
measured. Data is reported as change in length and width.

-18-
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2.2,8 Tensile Strength

The tensile strength was determined using a table Instron
Tensile Testor. Tensile strength was taken on both wet and dry
samples in accordance with ASTM D882-56T(6). The strain rate was
kept constant at 0.2 inches per minute. Stress-strain curves
were recorded and the tensile strength is calculataed at break.

2.2.9 Zinc Diffusion

The diffusion of zincate ion through the seprator was
determined ?ccording to the procedure given by Cooper and
Fleischer (7),

22~
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3.0 RESULTS AND DISCHUSSIONS

The results of preliminary investigations indicated
the necessity to explore in depth three distinct areas. These
were the characteristic of the base polymer, the methods and
extent of crosslinking and the grafting procedures and

monomer type used in preparirg the grafted separator.

1t appeared at that time that rhe choice of resin made
in preparing the separator film should be based on the melt
index of the polyethylene. More detailed investigation under-
taken here however, contradict the primary importance of the
melt index and indicate that the molecular weight distribution
is a better indicator to follow in selecting a base resin for
preparation of a separator to be used in secondary silver-zinc
batteries., The importance of having a resin with a narrow
molecular weight distribution is related to the efficiency
with which beta radiation crosslinks the resin. The cross-
linking efficiency has been shown to increase as the molecular
weight distribution of the polyethylene decreases. It has
been demonstrated that the cycle life of batteries can be
increased by using separators which have been more highly
crosslinked, The importance of the procedure used in cross-
linking the polyethylene film has also been demonstrated to
be directly related to the uniformity of the crosslinked film
and, though not specifically confirmed, it is believed to
strongly influence the uniformity of the grafting process.

Only two monomers have been studied in detsil. These
monomers were selected based on previous experiences

xperiences wherein
theiy utility was demonstrated. A number of other monomers

were investigated in only a cursory manner because of the
limitations of time., In addition to radiation grafting a
proprietary chemical grafting procedure was used to prepare a
membrane comparable in chemical characteristics to one of the
promising radiation grafted membranes. The limited results
from this investigation indicate that the chemical grafting
procedure is inferior to the radiation grafted separator for

tho gerondary

.......... dary silver-zinc application. The use of chemical
grafted membranes for limited secondary, primary and/or

limited secondary sterilizable membranes however, is never-
theless possible. This area requires additional research.

-23-
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In addition to grafting crosslinked base resins the
reverse procedure was used to prepare a membrane, The P-1712
was grafted with acrylic acid, and subsequently crosslinked.
Preliminary resulte indicate crosslinking grafted membranes
gives separators which are comparable to those prepared by the
direct grafting process. 1In addition the grafting proceeds
considerably easier since the grafting step occurs prior to
crosslinking. It is believed that the reverse procedure may be
satisfactory for crosslinking acrylic acid grafted membranes but
is not satisfactory for post crosslinking methacrylic acid
grafted membranes. Additional research and testing is necessary
to take advantage of this preliminary finding.

The areas briefly discussed above are developed in depth
in the following sections.

3.1 Radiation Crosslinking of Films

It is well known that with electron radiation the dose
received by a film varies with the thickness of the material
into which the electrons are travelling(8), Thus, it is possible
when a parallel beam of fast electrons impinges on the surface
of matter, that the energy absorbed per gram of natter may be
greater at a depth below the surface. The effect is not due to
any iicrease in ion density along the electron track, but merely
results from the scattering of the initial parallel beam. After
scattering, the electrons are moving, on the average, obliquely
to the forward direction ¢f the beam, and leave more energy behind
in a thin layer of matter which is normal to the beam direction.

The dose depth relationship for an electron accelerator
can be determinct by placing cellophane dosimeters at various depth
in the material h“eing i1rciadfated and evaluating the change in the
absorption of the blue cellophane, Initial testing to determine
the dose-~depth relationship was performed on a package of stacked
polyethvlene sheets. One hundred and UTorty-one sheets were placed
in a polyethylene bag with dosimeters and irradiated. The result-

ing dose~-depth data is given in Table 1 xor nominal 1 MeV electrons,

and is also depicted in Figure 8. Curves A and B are plots of the

~24~

;Wi




}

N e

Q

e - S N RS

two runs made by RAI personnel using identical machines setting
on an RDI Dynamitron. The vocltage was set at 1 MeV. Curve C
is a theoretical plet for 1 MeV electrons. The points D
indicate data obtained by RDI for a single polyethylene slab
and was not corrected to unity density. The Figure shows that
the curves deviate from the theoretical 1 MeV plot and are
more indicative of a lower energy electron than the settings
indicate. This deviation is due to experimental conditions
and machine characteristics. The fact that the experimental
curve does not duplicate the theoretical curve 1s of minor
importance for our purpose since the main aim of the experiment
was to produce films with known doses. What is more important
is that curves A and B duplicate each other since this
indicates the precision and reproducibility of each run. How-
ever, it is apparent from this data that dosimeters are
necessary in future runs as a quality control measure to

assure reproducible crosslinking of the films.

Although the exact dose (and for that matter the degree
of crosslinking) is known, the amount of usable films within
a desired dose range is very limited. This is illustrated by
selecting the 90 Mrad dose level. From Table 1 it is seen
that oniy the film between the 19th and 37th layers is
usable from the first crosslinking run. The second
irradiation yields 90 + 5 Mrads crosslinked film between
the 15th and 20th layers. From the curves it appears that
we could use film from the 33rd to 68th layer (based on
corrected depth) for the first irradiation. For the second
irradiation we would eliminate from this range £ilm from the
43rd to 62nd layer. It can be readily seen from this
analysis that a better procedure for crosslinking film was
available.

A new simple procedure which has been adapted assures
uniform crossiinking of all the film irradiated and reduces
the deviation between films to less than 2.3%. 7This
procedure involves irradiating the half penetration thickness
of the corrected depth dose curve to one half the required
dose and then reversing the packaged film, back to fromnt,
and irradiating again for one half the required dose. The
total dose received by the stack of film using this technique
is illustrated in Figure 9. As shown in the solid curve, the
surface dose at the first layer of the stack corresponds to
about 607 of the maximum dose at the 73rd layer of the film,
which is as would be expected from the theoretical dose-depth
relationship. The dotted curve represents the total dose
imparted to the whole stack of film, which now is almost a
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Table 1
Dose-Depth Relationship of Crosslinked Films

Data From lst Irradiation

) Dose Per Total

Layer Corrected(a Pass Dose Gel
No. Depth (Mils) Mrads Mrads %

1 23.81 2.64 73 72

10 33.01 3.00 84 89
19 42.56 3.22 90 90
28 51.96 3.35 94 91
37 62.16 3.30 92 88
46 70.42 3.10 87 84
55 80.16 2.74 77 87
67 97.46 2.20 62 86
7% . 104.76 1.66 47 81
85 110.27 1.35 38 78
91 116.76 1.08 30 74

- g7 122,61 0.84 24 66

§ -

)

Table 2

Dog~-Depth Relationship of Crosslinked Films

Data From 2nd Irradiation _

1 23.81 2.35 65.8

5 27.96 2.50 70.0
15 38,41 3.25 31.0
26 42.30 3.35 93.8
30 53.96 3.65 102.2
40 64.36 2.95 82.6
45 69,76 2.70 75.6
50 74.76 2.80 78.4
60 84.76 2.50 70.0
65 90.16 2.25 63.0
80 106.76 2.00 56.0
98 123,76 1.15 32.2
126 - 0 0
141 - 0 0

v

(a) The average filw thickness was 1.13 wils for a nominal
1.0 mil material’
(b) The electron prior to inpenging on the film penetrates
1. 2 mi". titanium window
2. 6 inches of air and
3. 6 mlls of polyethylene (i.e., the bag)
This is equivalent to 22,76 mils of unit density: the depth
of film = layer number x average thickness x%.922 + 22.76,

g . ~26-
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straight line. The dose received was calculated to be 89 + 2
Mrads. The linearity of the curve reflects the uniformity of
dose receilved.

Ideally the film stack should be reversed every
gsecond pass. However using the technique indicated above and
reversing the film stack only once gives excellent results.
The 5000 feet of film irradiated for phase three of this
program was done using this procedure. The dose-depth
relationship for 1.4 MeV and for the dose-half-depth reiation
found are given in Figures 10 and 1i. 7The surface and exit
c¢ose for every pass was also determined using dosimeters. These
figures are shown in Table 3. This procedure gives an
average total dose of 94.3 Mrads but is not a true indicator
of the dose received by each layer of film since it includes
the six mil bag.

The importance of the development of this method which
assured uniformity of crosslinking cannot be stresged too
strongly. The extent of cresslinking has also been shown to
be of significant importance. The effects of ionizing
radiation 89 polyethylene have been extensively reviewed by
Charlesby( . Polyethylene,on reaction with ionizing
radiation degrades and crosslinks simultaneocusly. The ratio
of degradation to crosslinking (Po/qq) 18 given as 0.2 which
indicates a predominance of crousslinking.

The effect of the radiacion dose on the £film
irradiated here was determinad from the gel content and the
M. value. As crosslinking progresses the linear polyethylene
is converted to a three dimensional structure which is
insoluble in common solvents for the uncrosslinked polyethylene.
The procedure for determining the gel content is given in the
experimental sections. The ¢ffect of irradiation on gel
formation 18 given in Figure 12. The gel formatlon as a
function of depth is given in Figure 13. These figures were
derived from data obtained f£rom the initial irradiation
using 1 MeV electrons. The gel conteni. rises rapidly up to a
dose of 30 Mrads and falls ofi rapidly with thickness above
120 mils. :

These figures refl:ct the jmportance of using a minimum
of thirty megarads to effect a significant degree of crogs-
linking, maintaining a masimum thickness o»f 120 mils when

~29-
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Table 3

Surface,Exit and Average Dose of Crosslinked Film
for 5000 Foot Sample

Dose Mrad

Pass Surface Exit Average

1 3.8 5.5
2 3.8 5.5
3 3.8 5.5
4 3.8 5.5
5 5.0 7.24
6 4.75 6.88
7 3.75 4.70
8 3.75 4,70
9 4.00 5.00
10 3.75 5.00
11 4.00 5.20
12 4.00 5.20
13 4.10 5.25
14 4.10 5.50
15 4.20 5.15
16 4,20 5.25
i7 4,00 5.00
18 3.75 5.50
19 4.00 5.25
2Q 4.20 5.00
Total

4.65
4.05
4.65
4.65
6.12
5.81
4.23
4.23
4,50
4.38
4.60
4.60
4.65
4.80
4.68
4.72
4.50
4.63
4.63
4.60

94.31

-32-
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ng with 1 MeV electrons and using a more sensitive
parameter for measuring crosslink density above 30 Mrads of
irradiation.

As noted,above 30 Mrads. the gel content is a poor
indicator of the dose and crosslinking density since the gel
content at 40 Mrads of radiation is not much different from
that produced at 100 Mrads. Above 30 Mrads it is, therefore,
necessary to determine the Mg values of the crosslinked film.
This value is related tc the molecular weight between cross-
links. As the radiation dose increases, the Mc value
decreases significantly. This is indicative of a conuinuation
of crosslinking beyond the gel stage and a tightening of the
film network. This additional crosslinking could be
regsponsibie for the decreased diffusion of zincate into the
film and the subsequent plating of the zinc in the film. The
determination of the Mg value is given in more detail in
another section of this report.
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3.2 Effect of Base Yilm on Seperator Properties

The molecular properties of the base polymer used in
preparing film for use in secondary silver-zinc batteries is of
singular importance., The crystallinity, molecular weight
distribution and absence of low molecular weight fractions are
controlling parameters relating to the efficiency of crosslinking
and the extent of extraction in a caustic environment when the
graft is a cationic exchanger.

The three base films selected for evaluation after pre =~
liminary screening were precrosslinked to 30, 50 and 90 megarads,
grafted with acrylic acid and cycle-tested under identical
conditions. Films with zero and 70 Mrads were also tested, The
results of these tests are given in Table 4 and Figure 14.

Two factors are evident from Figure 14 (1) as the pre-
crosslinking dose is increased, the cycle life of the grafted
film increases and (2) the cycle life is some function of the
base films at high dose. Since the three films all received the
same dose, the difference in cycle life can only be explained by
differences in the properties of the resins alone.

Properties of the resin obtained from the manufacturer

were density and melt index. More important data for purpose
, portant catéd ror(fyy Pl

was obtained from gel permeation chromatography (GPC)‘""‘, The
interpretation and methods of GPC analysis are too involved to
discuss here. The reader is referred to the literature particularly
that cited in reference 10. Essentially, the GPC chromatogram
gives a size distribution of the polymer species, and by
calibrating against certain standards, the number average and
weight average of the polymeric material can be determined. The
relationship between molecular weight and elution volume (the
calibration curve) has been obtained mostly for linear polymers.
Branched low density Eolyethylene has only been recently studied
by Wild and Guliana(l1)." Their calibration curve for low-density
polyethylene has been used to obtain the molecular properties of
the three films evaluated. Figures 15, 16 and 17 are the differ-
ential molecular weight distribution curves for Phillips 1712,

USI-280 and Bakelite DFD 0602. Figures 18, 19 and 20 are the
cumulative molecular weight distribution curves for these films. o
Data relating to these resins are given in Table 5. 1
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Table 4

Effects of Base Film and Precrosslinked
Dose on Cycle Life

Cycle Life in

Pre- 3 Plate Cell at
Expt Type of crosslinked Monomey 40% Depth of 1
Jo. Filn Dose (Mrads) Type Discharge
211-32-2 P 1712 90 AA 182 Shorted
211-36-2 P 1712 50 AA 46 Shorted 3
211-38-2 P 1712 30 AA 42 Shorted
211~ 6-6 P 1712 0 LA 30 Shorted
211-48-1 P 1712 70 AA 112 Shorted
211-32-1 USI1-280 90 AA 190 Shorted
211-36-~1 USI-280 50 AA 46 Shorted
211-38-1 USI-280 30 AA 7 Shorted
211-122-P USi-280 0 AA 19
211-47-1 USI-280 70 AA 108 Shorted
211-32-3 B DFD 0602 90 AA 316 Shorted
211-36-3 B DFD 0602 50 AA 47 Shorted
211-38-3 B DFD 0602 30 AA 34 Shorted
211-56-~2 B DFD 0602 0 AA 35 Shorted
211-52-7 B DFD 0602 70 AA 130 Shorted

-37-
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Table 5

Characteristics of the Base Films

From Manufacturer - From GPC
Film Density Melt Index Mn Mw Mw/Mn
P 1712 0.917 1.20 29,261 223,078 7.6
USI-280 0.922 1.40 22,362 58,303 2.6
B DFD 0602 0.922 0.75 17,135 34,468 2.0

The GPC curves are very instructive in that they show
that the highest molecular weight resin does not correlate with
lowest melt index. The data from 1able 5 shows that the
Phillips 1712 resin has the highest molecular weight averages
but also has the widest molecular weight distribution. The
Bakelite DFD 0602 resin has a relatively low molecular weight
but has a very narrow distribution. Both the USI-280 resin and
the Bakelite DFD 0602 appear to have a normal log distribution
while the Phillips 1712 is bipopulate in character.

Charlesby(g) has shown that the efficiency of radiation
crosslinking is directly related to the molecular weight
distribution. He has noted that above 2 particular molecular
weight the narrower the molecular weight distribution, the more
efficient the crosslinking per unit dose. 1Indeed, such behavior
has been beautifully demonstrated by the gel-dose curve in this
study. Figure 21 is a plot of the percent gel vs. dose. From
this figure it can be seen that above 30 Mrads the percent gel
is greater at equal doses for that resin having the lower
molecular weight distribution and the gel content for the
resin increases in the order Bakelite DFD 0602 > USI-280 >
Phillips 1712. This order would be expected from the Mw/Mn
i.e., the molecular wcight distribution, Table 5 correlates
with the gel curve as an inverse function.
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FIGURE 21 GEL FRACTIONS OF
IRRADIATED POLYETHYLENE FILMS
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At high radiation doses, above 30 Mrads, the change in
gel content per unit change in dose is small. The relationship
between crosslink density of each film at high radiation doses
is more readily followed by the crosslink density q or the
molecular weight between crosslinks M,. In general, when the
crosslinking efficiently is determined the sol fraction S, which
is l-gel fraction, is correlated with dose. Charlesby has shown
that a plot of S + §% vs. 1 is linear for a random molecular
weight distribution and T is approximately linear for many other
forms of molecular weight distribution(9), ~The equation relating
sol fraction and total dose is given by

Py 1
S+ 5% =—+ 6
90 qou T

Where S = sol fraction, P, = fracture density per unit dose,
qo = crosslinking density per unit dose, u = number average
degree of polymerization and r = the total dose,

Assuming that the films all have random molecular distri-
bution which is true for the Bakelite DFD 0602 and USI-280, but
slightly off for Phillips 1712 both the slope and the intercept
of the Charlesby-Pinner curve can be used to calculate the cross-

linking density and M.. The slope of the § + §% vs. 1 curve is
T

1
o 7

m (slope) = and q, =

qpu

it then follows that




where w is the molecular weight of tge repeating unit in the
polymer. The intercept of the S + S% vs. % curve is

¢ = ko 10
which is secission to crosslinking ratio and is obtained by extra-
polating 1/r to zero, as r goes to infinity.

Data on tie Charlesby-Pinner curve of the three films is
given in Table 6.

Table 6

Intercept and Slope of Charlesby-Pinner Curve

Base Po 1

Resin do u dox do Mc

S iann e e e en ook 3
P 1712 0.38 1,045 18.99 .51 x 10 6.22 x 10
USI-280 0.29 798 13.39  0.94 x 10°%  3.31 % 10°
B DFD 0602  0.32 612 9.32 1.75 x 10°%  1.77 x 103

This table shows that the Bakelite DFD 0602 has a much
greater crosslinking density than the USI-280 which in turn has a
greater crosslinking density than the Phillips 1712, Data given
in this table is for film irradiated to 90 Mrads. The crosslink
density, q,, of a model paraffin, octadecene zn which u equals 18
has been given in the literature as 1.4 x 10 (12) If the last
column in the table, the M. value, is normalized by dividing each
value by 1.77 it is readily seen that the crosslink density of the
Bakelite DFD 0602 is double the USI-280 and over 3.5 time that
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of the Phillips 1712 resin. This data reflects the tightness
of the network structure of the three films and is indicative
of a reduced "pore size'.

3.3 Radiation Grafting of Films

Although there are numerous methods of grafting given
in the literature, 13) (14), the method used here is that of
direct grafting. 1t involves irradiation of a polymeric film
in a solution of an organic acid monomer. Schematically,

B
|
I
A

| 08

e s’ i

Wil

R _nB_ ————B8 + RB)m

, B
. B -———~L—~>-R. —Q—r— R-(B)m

where A-—A is the polymer, A—=» , A——2_— A are polymeric

free radicals, R is a low molecular weignt radical or
hydrogen atom, and B is the monomer., 1If the polymer is of the
degradation type, then under radiation, the resultant reaction
gives a block copolymer only, i.e,, A—— B. 1If, however,
the polymer is of the crosslinking type, then the reaction
yields a graft copolymer, i.e.,, A- - A, and

homopolymer R—B)y. fﬂﬂ?«/\

Since polyethylene crosslinks on exposure to radiation(9)
the formation of both graft copolymer and homopolymer is to be
expected. Another sourcz of homopolymer is due to radiolysis of
the monomer acid itself. The grafting scheme given above is
very simple. It must be realized, however, that there are many
parameters unknowa that affect grafting such as G values of
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the poiymer, monomer, solvent and interlayer (Gg is the free radical
vield per 100 eV absorbed in the irradiated medium) the energy transfer
process, the dose, the dosz rate, the atmosphere, the additive, the
diffusion of monomer to the pulymer film, the temperature of the
system, and the interdependence of all these parameters as the
grafting reaction proceeds. The interplay of these parameters

makes the study of graifting very complex, Detailed studies

on grafting are found in references (3).(9) and (13). Of importance
in this report is the fact that the grafted membranes should have
the required electrical properties. Uander the condizions given in
the Experimental Section, our resultant grafted membranes have about
70 - 807 graft by weight, and an electrical resistauce in 407 KOH

of about 20 - 60 milliohm-in.2 at room temperature.,

The substantiation that we have a grafted film having a
primary bond between the polyacrylic or methacrylic acld formed
and the polyethylene btackbone is evidenced by the stubility of the
graft in 40% KOH, retention of the exchange capacity after
extraction at elevated temperature, cycle life in a battery nd
its infrared spectrum. Figure 22 is an infrared spectium of the
grafted membrane. The characteristic carbonyl peak persists
regardless of the extraction conditions uszed to remove the ionic
polymer.

3.3.1 Effects of Montmer Conceatration on Percent Graft

Accurate kinetic data is importunt in designing a procedure
to give a uniform graft polymerizatleon. In pranciple, conventional
free vadical polymerization reactions and kinetics should be
applicable to radlation grafting systems. In practice, however,
the situation is net quite straight forward because the Interplay
of various parametars and reaction conditiong. The gel effect,
chain transfer, phase separation, and diffugion effects are but a
few of the many factors which can seriously affect the reaction
kinetics.

The simplified grafting kinetics for radiation grafting has

been described by Chapiru(3). This consists of initiation, propagation,
termination and chain transfer. The following rates are

-50-
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Initiation P _Eﬁ_ P- Rate = kgl
. Ki
P- + M PM. Rate = ki (P-) (M-)
Propagatio P-M- + M % PM Rate = k,(PM.) (M)
pagatren il T ) P
Terminacion  P-M-.+ PM tt PM Rate = 2k (PM')2
. 1Nal L '[.l 'm e —— (m_m) t
PMm-l- Pn
£ + SX —tr + - k :
Transfer PM.+ SX ~ PM X + S. Rate = tr(PMﬁ) )

Where 1 = Intensity of radiation
P = Polymer backbone
PM.= Polymeric radical

Fms Pns P(m + n) = Graft copolymer

M

SX

Grafting monomer
Chain transfer agent.

U |

If one assumes that the length of the grafted chain is long,
that the free radicals are in its steady state, and the chain
transfer can be neglected, the rate of grafting is then given by

kq (I)%(M) 11
2 kt
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is equation predicts that the rate of polymerization
is proportional to the square root of radiation intensity, and

power of monomer concentration.

Table 7 gives data

on the grafting of Bakelite DFD 0602 film precrosslinked to
90 Mrads with methacrylic acid, under constant dose rate and

total dose conditiouns.

Table 7

Effect of Monomer Concentration on Percent Graft.
Bakelite 0602 Precrosslinked 90 Mrads; Dose Rate
of Grafting 9214 rads/hr; Total Dose 1.55 Mrads

Monomer -1
Sample Concen-~ % R.D % hr
No. tration Graft B Resistance

213-30-5  25% MA 56.50% 0.336 76.2 Milliohm-in’
213-30-6 207% MA 36.67% 0.218 103.5

213-30-7 15% MA 33.85% 0.201 126.0

213-30-8 10% MA 24.33% 0.145 179.5

213-30-9 5% MA 19.23% 0.114 480

213-30-10 35% MA 89.32% 0.532 41.8

213-30-11 457% MA 91.937% 0.547 33.0

It is obvious that the percent graft increases with
increasing monomer concentration, and levels off at about 35
to 45% monomer concentration, as seen in Figure 23. If we
divide the percent graft by the time of grafting, an average
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rate of grafting polymerization Rp is obtained in percent graft
per hour. An approximate linear relationship between the rate
of polymerization and the monomer concentration exists as
required by the equation.

¥
R %
= i =
R, kp[ t] @) =k, ky(D)" (1)
2k ¥
R ¥
The slope of this equation k i __ 1is obtained from
a plot of Rp vs. M. t

Figure 24 shows such a relationship, disregarding the highest
monomer concentration where other factors such as the rate of
diffusion of monomer effect the kinetics. If we can show algc
that the rate of grafting is proportional to the square root
of I the intensity of radiation, it is quite possible that the
grafting reaction proceeds according to the above mechanism
scheme.

The effect of percent graft on the electrical resist-
ance of the separator is also tabulated in Table 7 and is
shown in Figure 25. From this figure it is seen that the
electrical resistance rises abruptly below 30% graft. This
brings in an intriguing question of uniformity of graft.
Actually, the percent graft in Table 7 is a grand average of
the increase in weight over a film area of 1 x 25 ft2. A non-
uniform graft could exhibit both high and low electrical
resistance spots, which are very undesirable in a battery.

In general, visual inspection is a gross indicator of the
uniformity of graft, but certainly is not totally reliable.

A quality control method was developed to check the uniform-
ity of graft. The method makes use of light absorption of
the functional group in the grafted chain. The carbexyl group
of acrylic or methacrylic acid has been shown to absorb both
ultra-violet (250 mu) and infrared light (5.8u){(15). 1In
addition, basic dyes that are accepted by the carboxyl groups
absorb visible light. The infrared spectrum of an acrylic
acid-grafted separator has been shown in Figure 22, for the
top, middle and bottom part of the separator as it came from
the reactor drum. In all the bands, the bottom part of the
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separator absorbs more than the top which in turn absorbs mere than
the middle part of the film. Assuming that the absorption is aﬁ
proportional to the concentration of the absorbing species, this
means that the graft is more concentrated in the bottom, less in

the top and least in the middle. If now we fix the wavelength
where the band absorbs most, say 7.1, and scan the film over a
distance, the recorded spectrum should indicate the uniformity of
the graft. Figure 26 shows a spectrum of two films, dyed and
scanned in the visible region of light. As a reference, the
electrical resistance of the two films is also measured. It can
be seen that the resistance fluctuation is less in film A than in
film B, which indicates that film A is more uniform than film B

in graft though their total percent graft may be the same. This
basic procedure appears to be applicable for determining the uniform-
ity of the grafted film. The specific instrument built during this
program is not however, sufficiently sensitive, Further, the
application of ultra-violet absorption would permit a direct reading
of the percent graft. The homopolymer could also be removed using
organic solvents so that the grafted monomer would be in the acid
form and the film would be essentially anhydrous. This phase of

the program requires additional development but the procedure
initiated here appears promising as a control for graft uniformity.

Figure 27 is a plot of the percent graft against exchange
capacity and the resistance against exchange capacity. As noted -
above in Figure 25 at low percent graft the resistance drops
rapidly and then at above 307 graft the rate of decrease in resist-
ance with a change in percent graft is very much decreased. It
is believed that the reason for this change in rate is due to the
inability to convert the acid completely to the salt form at the
higher graft levels.

When plotting percent graft vs. exchange capacity the plot
is assymptotic to an exchange capacity value. If, however, we plot
resistance vs. exchange capacity, we note that at higher ex-
change capacities the resistance falls and continues to fall at a
definite rate (this is only true if we ploi one set of grafted i
samples). This data seems to indicate that the resistance de- &
creases not as a function of percent graft but as a function of 3
the fraction of the graft in the salt form. Also the percent
graft is linear with exchange capacity in the low percent graft

range. As the percent graft increases the exchange capacity levels
off. This data is also given in Table §.
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FIGURE 27 PERCENT GRAFT

AND RESISTANCE VS EXCHANGE
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This data was taken from 90 Mrads crosslinked Bakelite
DFD 0602 film grafted with various percents methacrylic acid.

Table_ 8

Relationship Between Percent Graft of Methacrylic
Acid and Exchange Capacity of the Membrane

Sample crosgii;ked Percent Exchange
No Dose , Graft capacity M.eq./Gram
213-30-5 90 Mrad 56.50% 3.34
213-30-6 90 Mrad 36.67% 2,80
213-30-7 90 Mrad 33.85% 2.72
213-30-8 90 Mrad 24.33% 2.24
213-30-9 90 Mrad 19.23% 1.44
213-30-10 90 Mrad 89,32 3.55
213~-30-11 90 Mrad 91.93% 3.63

3.4 Effect of Moncsmer Tvpe

The effect of monomer type grafted on the cycle life can
be seen from Table 9 and Figure 28. Three 100-ft. samples

_prepared using the three base films precrosslinked to about
‘90 Mrads, were grafted with acrylic acid and methscrylic acid.

According to the cycle life test from 25 AH cells, which was
conducted in the Delco-Remy laboratories, the methacrylic
acid graft performs much better than the acrylic acid grafts.
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CYCLES (DELCO REMY)

FIGURE 28 CYCLE LIFE TEST OF SAMPLE
FLMS AT 60 % DEPTH OF DISCHARGE
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These results may be explained by steric effects since the meth-
acrylic acid has a bulky methyl group as compared to the hydrogen
atom of acrylic acid so that the zincate and silver ions exper-
ience more steric resistance during their transport. On the

other hand, there is evidence that the méthacrylic acid grafted
side chain ionizes more easily than the acrylic acid grafted

side chain., Morawetz, et al.,(16) have shown that the pKa for
polymethacrylic acid changes very little, but the pKy for poly-
acrylic acid increases as the extent of ionization increases.

The pKp increase makes it more difficult to ionize the polyacrylic
acid as the neutralization proceeds. This is supported by the
fact that methacrylic acid graft has a lower electrical resistance
than the acrylic acid graft, and its wet-out time is faster than
the acrylic acid graft. In fact, we believed that the degree of
neutralization in the grafted cation-exchange membrane is an
extrezmely important factor which should be more thoroughly
investigated since it represents the electrostatic charge built
onto the membrane. This charge may be most important in decreasing
zincate ion transport. This mechanism of repulsion is not
possible with a neutral membrane like cellophane in which transport
of ions is based on size and diffusion factors with the cellophane
separator acting more or legs like a molecular sieve. What is
more significant in the ion- exchange membrane is that superimposed
of the melecular sieve factor which is built in by precrosslinking
the base film to have a tight network, there is the charge factor
which is built in by grafting so that the film acts as a charge
barrier. It is well known that in a neutral rubber membiane, the
diffusion of methane, a large molecule, is more rapid than the
diffusion of nitrogen, a small molecule. Evidently, something
other than the pore size factor alone of the membrane must be
accounted for. In addition, Lander (17) has reported that the size
of a hydrated zincate ion is about the same as a hydrated KOH
molecule in the electrolyte. Based on pore size of the separator,
it is difficult to envision a membrane that will allow hydrated
potassium and hydroxide ions to permeate through without letting
the zincate ion through. The same result has also been reported
by McBreen(18) who by measuring the relationship between membrane
conductivity and zincate diffusivity, concluded that "the ilikeli-
hood of finding a membrane which will not allow zincate ions to
diffuse and at the same time would conduct hydroxyl ions at a
reasonable rate is rather remote'". It is very likely that the
above conclusions are true for neutral membranes like cellophane
since the relationship between membrane conductivity and zincate

-64 -

e

PR ST T R




|

N

diffusion is linear. The larger the membrane conductivity, the
faster the zincate diffusion.

However, the possiblity of '"separating" the zincate and
hydroxide ions using an ion-exchange type membrane should exist.
This was recently reviewed by Professor Gregor(19) who thought
"that the problem of maintaining a proper molecular pore
structure in a silver-zinc battery system can probably be met
only by the introduction of ionic groupings into a properly
prepared matrix, and not in the realm of neutral membranes'.

In our case, the properly prepared matrix is the crosslinked
polyethylene structure, and the ionic groupings are the grafted
carboxylic acids.

3.4.1 Potassium Hydroxide Extraction at 70°C and 145°C

Extraction in 40% potassium hydroxide at 70 and 145°C
is designed to check the thermal stability of the grafted
film in hot alkali medium. In a sense, the test can be used
as a criteria for thermal sterilization. The effect of pre-
crosslinked dose on the thermal stability of the grafted film
is given in Table 10. Of significance is the electrical
properties of the film after going through the thermal cycle.
This will be discussed in a later section. When some material
is extracted, the weight change is negative. When some
material is added on the film, the weight change is positive.
Theoretically, when nothing is extracted from the film, the
weight change should be zero. The data is shown in Table 10.

Although the extracted fraciions have not been identified,
it may be speculated that they are the sol fraction of grafted
and ungrafted polyethylene since the temperature of extraction
(1459C) exceeds the melting point of polyethylene which is
about 110°C. The amount of extractables for 0, and 30 Mrads
material, however, corresponds to much less than what might be
expected from the sol-~gel curves. For membranes with 90 Mrads
crosslinking there should be about 90% gel and 10% sol.,  The
extracted fraction is what might be expected. At present,
this weight loss is not entirely understood since a 10 to 20%
weight loss would produce macroscopic voids in the film.
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However, if the extracted fraction is due to decarboxylation of the
grafted chain, no voids would form but the membrane would increase

in electrical resistance. This has not been to be the case since

the extracted film always have improved conductivity. Cycle life

at elevated temperature using grafted membranes also shows

gsignificant improvement over cellophane controls. TIn order to
understand the effect of thermal sterilization, careful identification
of the extracted fraction is necessary, and work should continue

in this area for thermally sterilizable membranes.

The extraction data at 145°C is graphically given in Figure 29.
In general, the lower the temperature or the time for extraction

" the smaller the percent extracted. 1In addition as the pracrosslinked

dose increased the extractable fraction decreased. This data
confirms the importance of crosslinking in preventing leaching of
membrane fractions and is indicative of what might occur during room
temperature cycling.

3.4.2 Cycle Life at Elevated Temperature

The cycle 1ife of batteries using grafted membranes at 50°C
is much better than the cycle life of batteries using cellophane
separators. The data rcom limited tests is given in Table 11,

These results are in line with the previous discussion which indicated
that for cellophane the diffusivity of the zincate ion increases
with rise in temperaturc so that shorting by zinc dendrite formation
is more likely at 50°C than at room temperature. The poor stability
of cellophane at elevated temperature due to chemical degradation

is also another factor. The diffusivity of the zincate ion, however,
decreases with a rise in temperature for grafted membranes(is), as
seen in Figure 30, which was taken from reference 18. Also of
significance in Figure 30 is the dependence of zincate diffusivity
on the concentration of the electrolyte, which is not expected for
the cellophane type membrane, but is typical of the ion-exchange

typc grafted membrane.
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Table 11

Cycle Life of Grafted Membranes at 407 DOD in 3
Plate Cells at 50°C Using 1 Layer of Membrane

m——r ] R
A
»

Sample Dose Cycle

No. Material (Mrads) Graft Life Remarks
211-49-1 B-DFD~0602 90 AA* 170 c.L.t
211-49-1 B-DFD-0602 90 AA 50 C.L.
211-49-1 B-DFD-0602 90 AA 124 C.L.
211-50-3 B-DFD-0602 90 MAX* 310 Shorting
211-50-3 B-DFD-0602 90 MA 474 C.L.
211-50-3 B-DFD-0602 90 M4 280 Short
Control 1 - - - 50 Short
Controi # - - - 104 Short

*  Acrylic Acid

*%  Methacrylic Acid

+ Capacity Loss
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The results given above can be explained qualitatively by 1&
application of the theory of polyeclectrolytes. What appears to ba b
occuring with an increase in temperature is a concomitant increase

in the titration of the acid to the salt form in the grafted

membrane. This increase in salt formation could account for the

lowering of the electrical resistance at elevated temperature as

shown in Figure 31. It also substantiates che premise that

decarboxylation does not occur at 70°C since the vesistance of the

film is decreased.

As more and more of the grafted acid is converted to the
salt form, the charge density along the grafted chain increases.
Since the zincate ion bears a double negative charge and the
carboxylate is also negatively charged the zincate ion effectively
sees a tortuous electrostatic path, and is excluded from the membrane.
The highly crosslinked film does not swell in the envircument and
thereby maintains a high charge density in addition to maintaining
the "pore size'. It is believed that these factors could account
for McBreen's results of decreased zincate diffusivity with rise in
temperature. It is also important to note that the zincate ion being
double charged would huve a high charge density.

The dependence of the zincate diffusivity on electrolyte
concentration can be explained by the salt effect on poly-
electrolytes. At 31 percent potassium hydroxide concentration the
charges on the grafted chain are probably less shielded that at
the higher concentration so that the polymer is more highly
expanded at the lower concentration. This effect result in a
decrease in diffusivity in the higher potassium hydroxide

Both the electrical resistance and dimensional change of the
grafted membrane (B-DFD-J602, 90 MR, acrylic acid) have been
measured as a functior. ¢f potassium hydroxide concentration ard
time and it was found that the resis.ance of the acrylic acid
grafted separator varied unprediccanly as a function of time but
increases with increasing KOE concentrat.or. The results from
evaluation of film are given in Tabie 12. This effect which ig
believed due to an increase in pK, cf the scrylic acid as the
concentration increases should not be &3 severe for polymethacrylic
acid since its pK; changes only slightl - witn increase in
concentration. Finally, the size of the hyarated zincate ionm, and
for that matter, all the other ions in the electrolvte wmay change
with temperature, but the extent of change for hydrated zincate icu,
hydrated hydroxide ion and
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hydrated potassium ion may not be the same with temperature. It
may be expected that the degree of hydration will decrease with

increasing temperature so that although at room temperature the

size of hydrated zincate ion and hydrate hydroxide ion are about
the same, they may not be the same at elevated temperature and a
membrane might .separate them purely on size alone.

3.5 Testing Results of Grafted Membranes

Prior to submission of sample membranes under phases T,
IT and I11 of this contract numerous materials were evaluated on
different base resins with various grafting sclution and at various
crosslinking levels. Data on these materials are pgiven in
Table 13, Testiug of these samples included resistance, hull tests
and cycle 1life. 1In addition the crosslinked samples were evaluated
for gel content, Mz value and in some instances tensile strength
of wet and dry samples. Hull test results for some of these samples
are given in Table 14. o :

3.5.1 Sample Submittad on Completion of Yhase I

The samples submitted after completion of phase one are given
in Table 15. Six samples were submitted. These were coded as
indicated in Takle 15. The films used in preparing these samples
were crosslinked using the original cr . nking procedure. The
crogzlinking rangce for these samples was significant. Testing in
three plate cells confirmed data presented earlier in this report.

The selection of sgeparators for testing samples was made to
investigate two variables, the film type and the monomer type. The
importance of crosslinking dose was established and therefore only
highly crosslinked films were evaluated. One hundred foot samples
of each of the separators was submitted to Delco-Remy for
evaluation in 25 Amp./hour cells,
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Table 14

Relationship Between Hull Test and Cycle Life Test

Semple Time to Dendrite Cycle Life
Na. Growth 407 DOD
: 211-32=1 1 hr. 30 minutes 120
i 211-32-1 2 hr. 35 minutes
211-32-2 4 hrs. 182
211-32-2 4 hrs.
211~32-3 1 hr. .0 minutes 316
211-32-3 7 hr. 45 minutes
Control 2 hours 20 minutes
§ Urncrossliaked AA
: Graft 2C minutes
' 211-36-1 40 minutes 46
211-36-2 30 minutes 46
211-36-3 3 hours 47
211-36-4 1 hour 55 minutes 14
211-36-5 Z hours 15 minutes 76
211-36-6 3 hours 45 minutes 191
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3.5.2 Samples Submitted Upon Completion of FPhase 1T

The cycle test data from in battery testing cf scparators
submitted under phase one confirmed the importance of the base
resin. The results of tesits on three plate 1.2 amp, hour cells
tested at RAI and twenty five amp-~hour cells cycled tested at
Delco-Remy are in accord. These tests indicate that the
separators prepared using Bakelite DFD-0602 with acrylic acid
and methacrylic acid were better than other separators prepared
with different base resins.

Based on these findings separators 211-50-3 and 211-49-1
were selected for further testing in batteries and therefore
500 feet of each membrane was prepared and submitted for testing
on completion of phase two.

The third sample submitted for evaluation on completion
cf phase two was a chemically grafted separator. This separator
is coded 213-141-1 and 213-141-2 since the same separator was
made under identical conditions but at two different times,

The results of resistance testing cycle life and resistance as

a function of time in 40% potassium hydroxide is given in
Tables 16, 17 and 18.

The Hull test for the 211-50-3 and 211-49-1 separator
were in excess of three hours.

3.5.3 Final Sample Selection and Spe

]
J=
Hh
fobe
0
b
t

Cycle testing of samples from phase two substantiated
preliminary findings. The 211-50-3 separator which was a
methacrylic acid graft on a highly crosslinked narrow molecular
weight film was found to be best. The specification for the
5000 foot sample are given in Table 19. Resistance values are
given in Table 20. The zigg\flux determination was by the

P S

prnr\nr‘nre odven ¥ lLander (<Y 2,
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Table 17

Characterization of Three 500 Foot Samples
Submitted on Completion of Phase Two

Cycle_Lite at 40% DOD
No. Cycles to Cycles to Test
Code No. Capacity lLoss Short Terminated
211-49-1% 284, - Film cut
211-49-1 216,264,310 - 310
211-49-1 106,362,384 - 384
,,,,, L o 261
211-49-1 72,261, -
211-49-1 414 - 414
211-50-3 220,372 - 372
211-50-3 284,386,538 - 588
211-50-3 244,335 - 335
211-50-3 424,447 - 447
213-141-1 - 120 -
Control Visking 7 60 -
Control Visking 7 202 -
Control Visking 7 104 -
Contrel Visking 7 154 -

All testing was on 3 plate 1.2 amp hour cells cycled at 350 MA
charge for 85 minutes and 350 MA discharge for 35 minutes

(2 houar cycle). Cells had 2 silver and on zinc plate and use
one luver of separator - cut off voltage set at 1.96 volts on
charge.
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Table 13
{} iable 1o

Characterization of Three 500 Foot Samples

; Subanitted on Completion of Phase Two ";

: Electrical Resistance in 407 KOH at Room Temperature ::

| as a Function of Time S
2

Resistance Milliohm-Sq. In.
Code No. 2-4 min, 35 min, 300 min. _ 1440 min,

211-49-%

80 41 41 64
61 49 42 39

N =~

56 58 48 67
42 33 40 33

=~ w

93 86 77 66
86 81 81 64

o n

E 211-50-3

=
it :

63 _ 60 60 68

3 75 51 60 A
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Table 19

Characterization of 5000 Foot Sample

Zinc Flux (mole/inZminute)

1.14 x 1079 (Figure 32)

e

oy

L= -

Submitted on Completion of Phase III iﬁ
:; Resin Bakelite DFD-0602 ;F
Film Blown (1.0 mil + 20%)
Density 0.922 é;
:? GPC Curve Figure 17 1;
T /Hin 2.0
Mc = 1770
Crosslinking Dose 89 + 2 Mrads ‘ 1f
Graft Type Metkacrylic Acid ! ;
; DGréfﬁiﬁé‘Solution - Methacrylic Aéid -'26.4% Ji
E Carbontetrachloride 3.6% ’ %
Benzene 70% .
% Graft ¥ 75-90% i
. Resistance (Avg.) 49 milliohm -inZ f =
.; Grafting-Dose Rate 10,500 rads/hour k
Dose 1.51 Mrads
* Hull Test > 3 hours
Cycle Life 407 DOD.
2 Hour Cycle, 3 Plate
(1 Layer Film) > 300
Tensile Wet 12¢0
Dry 1500

N P e
.-, O . P -
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Table 20

Characterization of 5000 Foot Sample

Submitted on Completion of Phase IIT

Electrical Resistance in 40% KOH at Room Temperature

2

-in

Resistance Code Resistance Code Resistance Ccde Resistance
No. mohm«in2 No. mohm-inZ No. mohm

mohm-1inZ

Code
No.

211-50-3

211-50-3
3-1-1

COMMMNM

(4]

4

-3

53.3

62.0

~ov s
3N

62.3

2-1-~2

56.3
55.3
53'7

.
L |
~ ™

3-2-2
3-2-3

62.7
61.3

2-2-2
2-2-3
2-3-1

51.0
44.3

4-2-2

3-3-1

52.7

48.7

YT TITYTYTLY
e NN NN
LN N I I ]

L B B B B |
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FIGURE 32
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4.0 CONCI.USIONS

v

1
A fgmily of polyethylene separators has been prepared.
, Results of testing on these materials lead to the following
! conclusion.

(1) There are at least three important parameters
which must be set in order to prepare poly-
ethylene separators useful in secondary silver-
zinc batteries. These parameters are:

3 (a) base resin: the base resin must have a

i narrow molecular weight distribution.

1 This distribution is important to assuring
optimum crosslink density

(b) Crosslinking: the cycle life of batteries
is a direct function of the extent of cross-
linking of a particular polyethylene resin.
The greater the crosslinking dose given a
resin the greater will be the cycle life

(c) Monomer type: the cycle life is effected
by the type monomer grafted onto the base
resin. Methacrylic acid grafted separators
are preferred over aciylic acid separators
if the intended application is for long
tem cycle life.

(2} Grafting crosslinked films is more difficult than
grafting noncrosslinked films. Methacrylic acid
grafts more readily than acrylic acid.

(3) The preliminary results obtained to date indicate
that the diffusion of zincate ion into grafted
(ionic) membranes decreases with increase in
temperature. This conclusion requires additional
data for substantiation.

-92~
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(4)

(5

(6)

(7)

(8)

(9

The resistance of an ionic separator is more a function
of the exchange equivalent than the percent graft.

It appears that the washipng conditicns of grafred

films is of fundamental importance in converting the
graft to the salt form. Low wash temperatures give
only partial conversion of the graft to the salt.

Although more testing is necessary to be definite it
appears that crosslinking after grafting is acceptable
for acrylic acid grafted separators but not meth-
acrylic acid grafted memkbranes. This mgy be directly
related to the crosslinking scission ratio of acrylic
and methacrylic polymers.

Uniform crosslinking densities can be obtained on
samples by application of the technique described in
this report. This technique is described as the "half
depth - half dose" irradiation.

The percent extraction from grafted membranes at
elevated temperatures is some Inverse function of the
extent of crosslinking.

Separator 211-50-3 which combined all the desired resin,
crosslinking and monomer properties gave the best
separator evaluated to date for secondary silver-zinc
batteries.

The cycle-life of batteries operated at an elevated
temperature increased when crosslinked ionic separators
were used but decreased when cellulosics separators
were used.
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5.0 RECOMMENDATIONS

_ 1. The preliminary promising results obtained in cycle
testing batteries using ionic separators at elevated temperatures
indicates that the optimum condition for cycle testing is above
room temperature. Cellulosics degrade at higher temperatures
while ilonic separators developed here appeared to improve in
their capacity to prevent zinc diffusion. It is recommended that
additional cycle testing be undertaken as a function of
temperature to determine the optimum operational temperature for
batteries using ionic separators.

2. The test results from cycle testing 25 amp hour
batteries confirm the improvement registered in three plate
cells, It is recommended that procedures for scale up and
development of this separator be undertaken to establish quality
control specification on the processes and product developed,

It is so necessary to improve the process to decrease the
zd/pégz‘resistance of the separgator. It is believed that this
n be done by optimizing on washing conditions and relating

“washing conditions to exchange capacity.

3. The method of evaluating graft uniformity started
here should be modified to improve the sensitivity of the
procedure. It has been shown that the procedure practiced is
applicable but can be improved by evaluating the ultra-violet
spectra of grafted films rather than dyeing and plotting the
vigible spectra. This methoad could be developed as a non
destructive in lipe test.

4. The incrcase in resigtance with decrease in
temperature is quite significant for separators having acrylic
and methacrylic acid grafts. This uway be related to the
stiffness of the grafted chain. It g suggested that new
membranes for use at cold temperatuweg could be prepared by
grafting flexible chains to the same crosslinked base resin.

{ This could be accomplished by co-grafting a vinylether with
another monomer such as vinyl acetate or perhaps methacrylic
acid.
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5. An additional area of investigation which is recommended
would be the evaluation of non-ionic grafted membranes having varying
percents cationic exchange capacity on the zinc washing character-
istics of the plates. It is believed that by using non-icnics with
varying predictable ilonic character the electro-osmotic effect and

its relation to capacity loss could be studied.
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MATERIALS AND SUPPLIERS

Glacial Acrylic Acid
Glacial Methacrylic Acid
Vinylacetate (Practical)
3.3 Dimethylacrylic Acid

3 Methymethacrylic Acid
Phenybeta-Naphylamine
Mechyiene Chloride (Reagent)
Zinc Oxide {U5SP)
Divinylbenzene (Commercial)
Benzene

Methanol

Xylene

Potassium Hydroxide Solution
(Certified)

Potassium Hydroxide (Solid 90-92%)

- Bakelite DFD-0602 Regin

USI-280
NA-107

Rohm and Haas

Rohm and Haas

Eastman Organic Chemicals
Pf;itz &uﬁauer, Inc.

Pfaltz & Bauer, Inc.

Eastman Organic Chemicals
Fischer Scientific Company
Matheson Coleman and Bell
Dow Chemical Company
Peerless Petrochemicals Inc.
Peerlegs Petrochemicals Inc.

Peerless Petrochemicals Inc.

Fischer Scientific Company
Allied Chemical Corp.
Uniqn Carbide Corporation

U.S. Industries Chemical Co.

U.S. Industries Chemical Co.




Appendix One (Cont's.)

¥ NA-301 U.S. Industries Chemical Co.
P-1712 Phillips Petroleum Ce.
S~565 Sea-Space Systems, Inc.

l

|

i[» SERVICES

Gel Permeation Chromatography
(GPC) Waters Associates Inc.

Extrusion of Film (1) Phillips-Joanna

{2) Sea-Space Syatems, Inc,

Crosslinking (Beta Radiation) Radiation Dynamics Inc.
Gamma Radiation Industrial Reactor Laboratories,
Inc.
J
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