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NOT I CE

When Government drawings, specifications, or other data
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.

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



I" I
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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I. INTRODUCTION 1
The objectives of this program are to provide design
criteria for long life {f5i=t ycies`- , light weight

-- (25 ah/#) silver-zinc batteries for military aerospace
applications. Effort W Libe'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

B. Surfactant Additions

C. Fundamental Studies on Surfactants

D. Particle Size and Morphology of Zinc Oxides

E. Zinc Electrode Fabrication Techniques

F. Influence of Membrane Separator Characteristics

G. Sites for Zinc Oxide Overgrowths

H. Development of Failure Analysis Techniques

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

J. Membrane Pore Size Measurements in KO4

K. Stoichiometric Ratio of Formed Zinc

L. Alternate Method of Surface Area Measurement

M. Separator Development

N. Electrolytes

This report covers the entire three years work on the
above items. I
All test cells were cy;led at 60% depth-of-discharge at
the twn hour cycle program of 35 minutes discharge and
85 minute charge.

0
-1
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11 FAC'UAL DATA -

A. Mechanical Barriers to Zinc Agglomeration

In an effort to minimize the agglomeration of
p-.rti;les in the negative active material, addition
o0' the following materials to the negative plate
mix were tested:

1. Shredded fibrous sausage casing

2. Shredded asbestos

3. Zinc metal

4. Lignosulfonic acid

5. Cotton fibers

6. Avicel (a finely powdered cellulosic material)

One hundred and ninety-one 25 a.h. cells were con-
structed utilizing various percentages of the above
materials. Table I shows the construction details,
initial capacity, cycle data and appearance of cell
components of inspected -ells 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 anc edges of the zinc plate
and agglomeration of the zinc. Figure I 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% HgO, 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. cycles. 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 (Figures 2, 3 and 4) show reduced agglom-
eration by comparison with Figure i. 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.

-2-
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Considerable trouble was experienced in getting 1
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 disc:,arge, all cells gave less than one
minute capacity. At this oint 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
soaked 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 I 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.

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. ihe
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 nay
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

-3
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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
negativý plates.

The 19-plate construction was used for some of the
cell group! during zhis 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.

4. 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.

-4-4



Control cells (168 through 173) which were run with
this group averaged 122 cycles, while those with
the fibers averaged 128, 144 and 138 for 5, 3 and
1% respectively. These cells accumulated 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
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 Q 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-
life testing. However, their voltage behavior
throughout life was very erratic and it is con-
cluded that this material has no merit as an addition
agent. Figure 18 shows a photomicrograph 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-
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
contract. Figure 19 shows a photomicrograph of a
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 so 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 Emuiphogene 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.
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 II shows the construction features, initial
capacities, cycle life data, and appearance of the
cell components after failure.

Cells I through 91 were constructed with 21 plates
and three layers of fibrous sausage casing sep-
aration. This was an attempt to ascertain whether
thin plate construction with reduced numbers of
layers of cellulosic separation might provide longer
cyl'• life for the same internal cell volume. The
results speak pretty clearly: the major cause of
failure was short-circuiting in combination 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 life, however. The
most noteworthy feature of this group of cells is
(although 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 A
otherwise failing around 100-120 cycles, or less.

*Minnesota Mining and ilanufacturing Co., St. Paul, Minnesota

-9-



Because of the short-circuiting failure mode, the
thin-plate construction did not allow a good 1
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 layers of fibrous 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 the
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. If any conclusion can be drawn, it is
that for best cycle life at low temperatures a low
concentration of surfactant is favored; at the high
temperature, a high concentration is favored.

Figures 27, 28 and 29 show photomicrographs 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 cells lost
negative plate capacity in spite of 1-2% overcharge
per cycle.
Ile!I 15 0- J'_7 tL h .. r 0/• U--- -g h-- _3 Cont ine

trations of 0.1, 0.6 and 1%. There was a slight
improvement as concentration increased. In fact,
the 1% solution gave as good cycle life as 0.5%
Emulphogene. The photomicrographs are shown in

-10-
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Figures 33, 34 and 35. They look much like the I
photomicrographs for Emulphogene. The FC-95 test
had a total of 40 a.h. overcharge, which is ample,

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
ethanol) and the zinc plates showed mostly oxide on
teardown examination.

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 54 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-
discharge. TABLE III

Concentration & Cycle Life at 60% Depth-of-Discharge

Carbo- Cycles Cycles
Molec- wax Without With
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

6 i000 .3% 22 a.h. 204 132
6 1000 .6% 22 204 156
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 Contro!s 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-
prove cell cycle ability. The carbowax mecular
weight range of 1000 appears to have a strong
effect on increasing cycle life. Table IV shows

13
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Ii
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)
ZnSO4 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-le

No. of Percent Initial
Cells Additive CapcIty Cycles

6 .7% LSA 23 a.h. 108

6 1.1% LSA 24 a.h. 108

6 5% ZnSO4 +
1.1% LSA 24 a.h. 96

6 5% ZnS04 +
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 phte containing
1.1% LSA after 108 cycles. Figure 40 shows a neg-
ative plate containing 5% ZnS04 and 1.1% LSA after
96 cycles.

C. Fundamental Studies on Surfactants

The final report on "Adsorption of Organic Mate- I
r;als on Zinc FIectrodeps" from the IUninvers.itv of
Texas is in Appendix 1.

D. 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 agents 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 f-om 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/ZnO potential.

Figures 41 through 55 show the photomicrographs
of negative plates representative of the ZnO 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 ZnO with .3% AL

3. Flaked zinc dust

The iron content as impurity was held to .004%
where feasible.

Table VII 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 aGtive 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 440 cycles.
The cause of failure was excessive short circuiting.

-17-
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r A shipment from the New Jersey Zinc Company of 75

lbs. each of .25% Pb and .3% AL doped zinc oxide was
made into cells containing both cellulosic and poly-
ethylene 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 zinc 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 .2M Pb doped zinc oxide were tested at 60% DOD
in 30% , 35%, 0%, 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 ZnO; the lower KOH con-
centrations appear to shorten cycle life.

At the suggestion of Dr. J. J. Lander, additional
Al and Pb doped ZnO 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% end 4.5% Pb.

Cnlls were constructed witi thesei•h des 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 ZnO has a detrimental effect on the cellu-
losic separation to the extent that the cause. of
failure is short circuiting because of separator
disintegration. The use of Al in ZnO does not

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

-21-
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Table Xi shows the appearance of the cell components k
after inspection. The final report submitted by the
New Jersey Zinc Company is included in Appendix II.

E. Zinc Electrode Fabrication Techniques

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 ZnCO 3 and ZnSO4 additions, the following wet
pastes were tested: zinc oxide plus various con-
centrations of ZnCO 3 and zinc oxide plus various
concentrations of ZnSO4 . In addition, admixtures
of the acicular zinc oxides XX601 and XX4 to the
Kadox-15 were tested.

After drying plates made with wet pastes of the
ZnSO4 additions showed the presence of basic zinc
sulfates in the X-ray pattern. Wet-pasted plates
made with ZnCO3 additions showed simple mixtures of
ZnO and ZnCO3 in their X-ray patterns.

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

Cells I through 18 were fabricated with thin plates
and 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 elect.rode 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 ZnCQ 3
and ZnSO4 additions to the negative plates did not
experience this difficulty (cells 38-55). These
gave respectable cycle lives ranging from 132 to 180cycles with the cells havinq ZnSOh-coritainingnegatives showing up a little betier. These cells

-26- (j
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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 21-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 ZnCO3
and ZnS04 (cells 59-76). Some improvement in cycle
life was achieved by cells containing negatives with
5% ZnSO4 and 5% appears to be a near-optimum concen-
tration. The addition of ZnCO3 was definitely harni-
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 cells 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-
ited negative plates with results at three different
depths-of-discharge as shown in Table XIII.

TABLE XIII

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

No. of Initial Cycles at Cycles at Cycles at
Cells Capacity 60% DOD 40% DOD 25% DOD

2 20 a.h. 96
18 96

2 22 228
28 228

2 29 700*
29 700*

Controls
T-T--- 28.5 204 400** 850

204 400** 850
* failure due to shorts

** test stopped
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negative plate capacity. The plated negative, upon

insectonshoed he amepaternof shedding and
agglomeration as did the regular production plates.
Figure 56 shows a photomicrograph of a pl~ated
negative after 96 cycle~slat 60-1 DOD.

An experimental 2S a.h. cell containing three layers
of cellulosic meobranes 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% DOD. However,
additional cells constructed with standard 25 a.h.
size plates having a smaller opening at the plate
centers (I" 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.

F. Influence of Membrane Separator Characteristics

The final report on this sub'ject will ne published

separately by the Whittaker Corpo;-at 0o).

G. Sites for ZnO Overgrowths

The basis for th-s approach toward extending the
capacity and, pe-haps, cycle life is to provide

zinc plate i t!elf, thus d scouragin:ý its transport

through the sE~para--or ar-, to the bo~ttcir of the
plate. Fast precipite-o- shou'd tf.nc' to increase
the zinc plate capac*t,. by slowing aovi the accumu-
la'Lior of zincate iotr in so1lution, w~ ich might be
expected in tirn to slow down the onset of passivation.

Also, if precip tatic- could be induced at the
location where tne zinc is going into solution during

dischar'je, on the subsequenit charge the formation
of meta iitc zinc rmiyht be expJeci-U' Lo take prace at
the same location, thus terrimng tc, stabilizE theI geome--rizal1 distribution o-" zinc on the electrode
and so p-,Jmot:,e lonqger life.

-30-_



Russian work (N, Julidov, Author's Certificate No.
116812 of 3/7/58) had shown the possibility of1
using Ca(OH) 2 , which is quite insoluble in alkali,
to accomplish 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 CaO in the negative
plate, initial capacities were checked, and the
cells cycle-life tested. The data are shown in
Table XIV.

TABLE XIV

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

No.of CaO in Negative Initial Capacity Cycle
Cells (% by Weight) (A.H.) Life

6 1 24.1 156

6 3 24.1 96

6 5 23.8 156

The data show no obvious effects on either initial
capacity or cycle life, and it is concluded that
the use of CaO does not achieve the desired result,
at least in these small concentrations. This is
in sharp contrast to the behavior of BaSO4 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% CaO.

The reason for the ineffectiveness of CaO additions
(which was also found to be true by V.V. Romanov,
"On approaches to Extend Service Life of the
Nickel-Zinc Battery") was shown by him to be due
to the slowness with which Ca(OH)2 induces pre-
cipitation of zincate ion from solution. Although
substantially complete precipitation could be
achieved in a 90-day neriod- it takes 10 days to
reduce the zincate ion concentration by one-half.
Romanov used a Ca(OH)2 concentration in the ratio
of 1:2.2 to ZnO in his plates, and he abandoned
this approach toward extending zinc plate cycle life.
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Sliterature search has been made by Dr. W. VanDoorne

• ~(Calvin College, Grand Rapids, Michigan) in orderi

i 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 III in order to preserve the
referencing systerm in his report.

The search disclosed the following oxides as possi-
bilities - all of which form solid solutions with
ZnO: BeO, MnO, FeO, CoO, NiO, CuO, PdO, MgO, CdO,
SnO. In addition it was found that both Ni(OH)2
and Co(OH)2 form solid solutions with Zn(OH)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, regardless of the nature
of the host crystal, then this approach is doomed
to failure in any case (for the 2-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.

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
ZnO -> Zn charging reaction.

The reasons for these criteria are fairly obvious.
If the material is soluble, it can't remain in the
plate in its crystalline form. If it is reduced to
mctal at potentials less negative than that for the
Zt,O- -*Zn, then on the formation charge it would go
to the me-allic state and reamin that way on the
platt. In the latter instance, it would, furthermore,
be d ,_astrcus to incorporate a substance with a low
hydroge- overvo tage, because then hydrogen gas
gcrieratior, rate i woulu be expected to become u,,ber-
able for stileJ cell operation. FeO is a good
example of :hf lattE-r situation. It is well known
that the rin electrode of the Edison cell has a
very short charged stand life because of the rate
at which i- gerieaLes hydrogen in the KOH electrolyte
environment.
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Reference to Latimer, "Oxidation Potentials," 2nd
ed., Table 85 (Prentice-Hall, Inc. 1952, Englewood
Cliffs, N.J.) gives the line-up in Table VP for theoxidation-reduction potentials of the candidateoxides or hydroxides in alkaline solutions.

TABLE XV

Reduction Potentials

Couple E°

Ca + 2 OH- = Ca(OH)2 + 2e -3.03

Mg + 2 OH = Mg(OH)2 4 2e -2.69

2Be + 6 OH"- Be203= +3 H20 + 4e -2.62

Mn + 2 OH" = Mn(OH) 2 + 2e -1.55

Zn + 2 OH- = Zn(OH)2 + 2 e -1.245

Zn + 4 OH- = ZnO2= + 2 H20 + 2e -1.216

Cr + 4 OH- = CrO2 " + H2 0 + 3e -1.2

Sn + 3 OH- = HSnO3- + H20 + 2e -0.91

Fe + 2 OH- = Fe(OH) 2 + 2e -0.877

H2 + 2 OH- = 2 H20 + 2e -0.828 j
Cd + 2 OH" = Cd(OH)2 + 2e -0.8091

Co + 2 OH- = CoD(OH) 2 + 2e -0.73

Ni + 2 OH- = Ni(OH) 2 + 2e -0.72

2 Cu + 2 OH- = Cu20 + H20 + 2e -0.358

Cu2O + 2 OH" + H.rO = 2 Cu(OH) 2+2e -0.080
VP, ! FuIunl2 + L2 +0.07

On the basis of these data, ohly Ca, Mg, Be and M,,
oxides or hydroxides would noc Le exp,.cted to be
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given up on Ca(OH)2 and Mg(OH)2 and the data of this
report show that addition of CaO has no beneficial
effect.

BeO is quite soluble 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 BeO to the plate, the solid phase
in existence with BeO in concentrated solutions is
not BeO, but 'UeONaOH-HH0 (Seidel], "Solubilities
of Inorganic and Metal urganic Compounds," 4th Ed.,
Vol. I, p. 412. D. VanNostrand Company, Inc.,
New York, 1958). If a similar compound were to
form in KOH solutions, the crystal structure would
be changed, of course.

Solubility data for Mn(OH) 2 in NaOH solutions show
0.03 grams per 4.14 molal solution with solubility
increasing with concentration (Seidel], Vol. II,
p. 558). The presence of manganese in the system
is to be eschewed, however, because soluble per-
manganates are certain to be formed on charge at
the silver oxide plate which would oxidize the
separator,

It is con' 'ded from the available information that
this appý -, appears to be hopeless, and abandoment
is recommended.

H. Development of Failure Analysis Techniques

Throughout this program, all cells that have failed
cycle life tests have been inspected and analysis
has been undert..ak. to determine the cause of
fai lure.

In general, the major causes of cell failure have
oeen loss of negative plate capacity, and shorting.
A third cause is lack of ceAl 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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lvu ,iung. surlace area and dc~v•,.i,,,. ,,, .. . ,g ,,. ... cu- r
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.

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 sample
by placing HNO 3 on the separator into a
250 ml..'beaker and adding 25 ml, of 1!3 HCI.

c. After the zinc has been dissolved from the
separator material, neutralize the solution
with concentrated NH40H 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 enough50'/o by weight acetic act G to bring theE
solution to a pH of 5.0 - 4.5. Th2 H of
the cold solution should not be Tow-_-er_ _

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

f. Heat the solution to boiling and titratu
with 0.1 molar EWIA solution until the
sample solution changes to a clear, yellow
color. (A very definite end-point.)

3-5-
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g. Run a blank deter nination and subtract the
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 EUTA solution.

CALCULATIONS

* TOTAL GRAMS ZN = ml EDTA x An FACTOR FOR EDTA

GRAMS Zn PER SQ. IN. = TOTAL GRAMS Zn/AREA

* In Zn factor for the EDTA solution will be
found in the standard solutions book. I
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, either measure the exact area
of the separator material or assume a 6 square
inch area.

b. Put the separaVor material into a 250 ml.
beaker and add 25 ml. of 1:2 HNO 3 . Swirl
beaker to wet entire separator. Place beaker
on medium heat hot plate to aid the solution
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.IN NIh.SCN
using a ferric ion as an internal indicator.
Add 5 ml. of FeNH4(S04)-?, ferric ammonium
sulfate, to the solution of silver and titrate
with O.iN NH4SCN to a reddish-brown or rust-
colored end-point,
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following method:

S*TOTAL GRAMS Ag = M O.IN NH4 SCN x Ag
FACTOR OF O.IN NH4SCN

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 AgN0 3 .
The Ag factor should fall in the area of
0.010777 gms. Ag per ml. NH4SCN.

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

g. Anwers are reported in grams of siiver per
square inch, and in total grams of silver.

NOTES

h. 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.

i. Normally the Ag factor for the NH4SCN will
be recorded in the standard solutions book
and on the bottle containing the NH4SCN.

3. Determination of Silver & Falladium in Silver-
Negative ( inc- Plates

a. Reagents:

I. Nitric Acid (i:I)
2. Nitric Acid, Conc.
3. Hydrochloric 'cid (0:3)
4. Methyl Orange Indicator I
5. Ammonium Hydroxide, Conc.
6. Nioxirne, 0.8% solution in H20

b. Procedure for Silver:

1) Cut the sample into small pieces to
facilitate dissolution. Dissolve in a
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300 miL beaker; dampen sample with
distilled water; slowly add 20 ml, of
(1:1) HNO3; place on osci'lating hot
plate, mcdium heat; add conc. HNON and
distilled water to complete disso ution
of sample.

2) When sample is clear, cool to room
temperature, theri filter through a Black
Ribbon paper. If filtrate is riot clear,
re-filter through a Whatman #42 filter
paper.

3) Add 10 rrl. ol HCI (1:3) and simmer for
30 minutes.

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

5) Dry precipitate onE hour at 110'C,,
cool in dessicator, reweigh, for AgCI.

Mg. Ag per in 2  = ig. AgCl x 0.7526Plate area, in.z

C. Procedure for Palladium:

1) Add 5 drops or Methyl Orange indicator
to the f;ltrate from the silver analysis, I
agitate or! a magnetic stirrer.

2) Add conc. NH40H until sample turns
yellow (pH5-6). Add more methyl 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.

3) If solution is not yellow cle;r, refilter.

4) Complete palladium per procedure for
palladium in separators starting with ...

i
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300 ml. beaker; dampen sample with

distilled water; slowly add 20 ml. of i
(1:1) HNO3; place on oscillating hot
plate, medium heat; add conc. HNOI and

distilled water to complete disso ution
of sample.

2) When 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.

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

4) 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.

5) Dry precipitate one hour at 110C.,
cool in dessicator, reweigh, for AgCI.

Mg. Ag per in 2 - mS. AgCI x 0.75,6Plate area, in.-

c. Procedure for Palladium:

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

2) Add conc. NH4OH until sample turns
yellow (pH5-6). Add more methyl 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.

3) If solution is not yellow clear, refilter.

4) Complete palladium per procedure for
palladium in separators starting with
agitate on magnetic stirrer.

. 8
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600-2000 angstroms. Again, Figure 61, the pores of
the VM millipore mtaterial would 15e 170-250 angstroms
for the black dots and 13Q0-4000 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 40-100
angstroms, Figure 63. The plain unradiated poly-
ethylene surface was basicaly smooth and without
detail.

The VF WP millipore material was manufactured by
the Millipore Ct.rp., Bedford, Mats. 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 RAI'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 angstrtms..

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-
ethyleni 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 bythe 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 photographic 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
materials in epoxies and to slice ulLra 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 magnifi-ation. This
separator should have pores of about 100 angstroms
in diameter. The size of the sina!! 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 projections represent the pores 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
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chromium. At this magnification the pores cannot
be seen. Figures 66 and 67 show parts of "5" and
"61 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
Vass. The diameters of these pores range from

0-1000 angstroms.

The actual pore size openings of the separator
surfaces are represented in the photos. The
shape and size of the pores as they proceed
through the interior of the separators could not
be determined usinq our known techniques.

K. Stoichiometric Ratio of Formed Zinc

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, 40°F, 750 F and 110F, and at 40% 000 and
60% DOD. The results of the•e cells are shown in
Table XVI.

TABLE "VI

Stoichiometric Ratio of Formed Zinc

Initial Cycles 9 Cycles(@
Ratio Capacity Temperature 40% DOD 60% DOD

2:1 24 ah 30OF 12 2
2:1 23 40 84 0
2:1 26 75 380 184
2:1 23 110 410 175

3:1 24 30 50 3
3:1 22 40 60 0
3:1 22 75 460 204
3:1 24 110 349 204

4:1 25 30 2 2
4:1 25 40 60 0
4:1 25 75 435 220
4:1 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 photomicrograph of a negative
plate with a 2:1 construction.

Figure 69 shows a photomicrograph of a negative
plato! w;th a 3:1 construction.

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

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

1. Alternate Method of Surface Area Measurement

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

M. Separator Development

The initial study by RAI 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-ze base materials were crosslinked to 90
Mrads, and radiation grafted with acrylic and
methacrylic acid. The samples were of 1001
lengths, about 1-1/2 mils thick and had a resistance
of about 30-90 milliohm inches. 2

Five 25 a.h. cells were constructed with 2, 3 and
4 layers each from the three base material samples,
and cycled at 60% depth-of-discharge. The results
are listed in Table XVII.
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TABLE XVII

Separator Development

ALrylic Methacrylic
Initial Acid Acid

Cells RAI Membrane Capacity Giaft Graft

10 4 Layers 24 a.h. 60(5)* 116(5)*
Bakelite 0602

10 3 Layers 26 60(5)* 116(q)*
Bakelite 0602

10 2 Layers 24 60(2)1 50(1)1
Bakelite 0602 76(3)1 80(4)1

10 4 Layers 140(3)1
Phillips 1712 30 40(5)* 112(2)1

10 3 Layers 30 48(1)1 103(5)1
Phillips 1712 60(4)1

10 2 Layers 30 60(5)1 36(5)1
Phillips 1712

10 4 Layers 30 48(1)1 140(5)*
USI 280 60(4)*

10 3 Layers 30 48(3)1 56(3)1USI 280 (2)* (2)*

10 2 Layers 30 36(5)1 24(5)1
USI 280

3 Controls 22 120(3)*
4 Layers FSC

3 Controls 25 123(3)*
3 Layers FSC

4 Controls 31 76(4)1
2 Layers FSC

* = Capacity Failure
() =No. of Cells
0 = Failure by shorts
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-Table XVIII shows the appearance of the cell com-
ponents. The results 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. rhere was no indication 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 USI
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 were prepared
by RAI, 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%,
40% 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 m3de 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 cellulosic nembrane.
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The failure mode is by loss of negative material and/or I
orshort 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-

A. 90 Mrad Methacrylic Acid Radiation Graft Membrane

Controls 3 Layers 4 Layers 5 Layers

Initial 22 a.h. 27 a.h. 28 a.h. 27 a.h.
Capacity

Cycles at 156(4)* 120(6)* 72(3)* 132(2)*
60% DOD 96(2)*

108(2)*
40% DOD 288(2)* 180(1)1 253(3)* 120(2)*

312(2)* 288(2)] 216(3)*
276(2) 240(1)*
288(1)*

25% DOD 396(2)* 432(1)1 400(1) 553(1)*
480(1) 444(1)1 428(2) 600(5)c
528(1) 456(2)1492(l))

601(1)1

B. 90 Mrad Acrylic Acid Radiation Graft Membrane

Initial Same as 25 a.h. 28 a.h. 25.5 ah.
Capac ity A

C .cles at 0 '° 482......
60%DOD 72(3), 72(4)1

72(1)*

40% DOD 144(1)1 144(2)* 120(3)*
156(1)* 144(1)1 156(3)*
180(1)1
204(1)1
240(2)*

468(1)1 300(1)* 408(1)*
492(2)1 468(2)*
517(2)*

-47-

A 1511



TABLE XiX (ContU6)

C.90 Mrad Methacrylic Acid Chemical Graft
Controls 3 Layers 4. Layers 5Layers

Initial
Capacity 24 a.h. 22 a.h. 20 a.h. '.3 a,h.

Cycles at 144(l)* 48(2)1 2(3) 30(3)1
60% DOD 168(3)* 84(2)1

96(2)1
96(3)*

40% DOD Awaiting Tests------ -- - -- -- -- -- ----

25% DOD Awaiting Tests 348(l)* Awaiting
1400(2) Test

*=Failure

()=Number of Cells
1= Failure by Shorts

()c= 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 32
25c-/DOD 6 26

4L MA 4L AA 4L CMA

60% DOD 0 0 4
40% DOD 0 1 3
25% DOD 0 0 6

5L MA .5L AA 5L CMA

600/_ nnD 0 6 3
40% DOD 0 0 3
25% DOD 3 3 6
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TABLE XX (Cont'd.)

Control Cells
60% DOD --

40% DOD 0
25% DOD 3

MA = Metl;acrylic Acid
AA = Acrylic Acid
CMA - Chemically Grafted Methacrylic Acid

Table XXI snows the appearance of the cell components
after cycle testing. ThE main differences here in
the polyethylene treated membranes and the cellulosic
controls are:

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

2. The zinc matcrial will creep around layers
in big splotches in and on the cellulosics,
while in the polyethylenes the same material
will penetrate in one or two areas in each
layer about the 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- -

, Idicular 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 4 layers of cellulosic
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membrane material. in all cases after cycle
fai~ure, 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
Si fe, l ayer for layer, than d id the acryl ic aci d

grafted membrane at each depth-of-di'scharge. In
add it ion, three l ayers of the methacrylIic aci d
graft ;Rre -a good as or better 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. It is believed that loose
element pack construction could be a factor in some
early cycle failures at all dept 'hs-of- discharge.
All cells now under construction have proper shim-
m in g.

The results of the tests on cells containing four
* ~layers of RAI 90 Mrad crossl inked acrylic and meth-

acrylic acid graft performed at the Quality Assur-
ance Laboratory at Crane, Indiana are compared with
those obtained at Delco-Remy.

TABLE XXII

* Cells Containing Four Layers of RAI 90 Mrad
Crossi inked Acry~lic and Methacrylic 4ETW=raft

1. Cells containing four layers-of acrylic acid
graft.
DOD Cell No. Crane Delco-Remy

25% 1 203* 324*
2369* 30O*
3357* 30

40% 4 84* 144*
5 84* 144*
6 84* 144*

60% 7 34* 84*
8 34* 84*
9 34* 84*
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TABIL XVII (Cront'd

2. Cells containing 4 layers methacrylic acid

graft,

DOD Cell # Crane Delco-Remy

25% 1 2151 400*
2 2371 428*
3 2371 428*

40% 4 84* 253*
5 84* 253*
6 84* 253*

60% 7 34* 72*
8 34* 72*
9 34 72*

3. Control cells containing 4 layers FSC

DOD Cell # Crane Delco-Remy

25% 1 1 100 396y
2 9oo 3961
3 --- 4801
4 - -- 5281

40% 1 100* 228*(2)
2 100* 312*(2)

60% 1 38* 156*(4)
2 38*

* failure by loss of capacity
I = failure by short circuiting

() = number of cells
c = 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 program. This iaterial wa W onsistent~y
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
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 polyethylere grafted membranes
along with control cells of seventeen plates 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 Capacity Cycles

4 polyethylene 30% KOH 28 aoh. 84
2 controls 30% KOH 13 a.h. 60

4 polyethylene 35% KOH 30 a.h. 112
2 controls 35% KOH 15 a.h. 112

4 polyethylene 40% KOH 24 a.h. 124
2 controls 40% KOH 19 a.h. 124

4 polyethylene 45% KOH 25 a.h. 84
2 controls 45% KOH 19 a.h. 112

4 polyethylene 50% KOH 25 a.h. 150
2 controls 50% KOH 23 a.h. 150

The cause of failure was loss of negative platte
capacity. It is interesting to note here that the
best capacities are obtained by cells containing
polyethylene separators at the lowest electrolyte
concentrations, and the opposite is true of the cells
containing the cellulosic separators.

N. Electrolytes

A stuy o eltlyLe "ixtures, using percentages
of 45% and 50% KOH and 45% NaOH in addition to vary-
:ng layers of separator material was accomplished.
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Table XXIV 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 layers of cellulosic membranes
in 50% KOH electrolyte yielding a 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 weight 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.

III. GENERAL DISCUSSION

As a prelude to examination of the effects on cycle
life of the several variations incorporated in the
negative plate during this program, consideration should
be given to the pure effect of the depth-of-discharge
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,
4-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

Cýapacity Ava~ila~ble at Cycle-Life Test Rates

Required Rate Capacity
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 43 15.5

80 20 34.3 17

70 17.5 29.8 18

60 15 25.8 19

40 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 regimen at depth-of-
discharges of 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
following table:

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 4 226
40 13 735
25 24.7 1400*

*Ac-ual cycle life from data of Table 12,
AFAPL-TR-66-79.
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Now, assuming that there is a direct rat;o between the

allowable capacity loss until failure and the actual
cycle life, data for expected cycle life as a function
of DOD may be calculated, as in the third column of the
table. The actual cycle life at 25% DOD was used to
estimate expected cycle life at the higher depths-of-
discharge. An actual cycle life of 600 cycles at 40%1
DOD for negative plates with 0.5% BC-610 Emulphogene
additions may be compared with the value of 735 from
the table. (See Table 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
200 cyc!es. ThTs may be compared with the value of
226 cycles in Table XXVI.

In estimat ng the expected cycle life as a function
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 60%-depth-
of-discharge than it is at 40% depth-of-discharge and
so on. This is evident from 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 program 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 photomicrographs, 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 loss of active material around the
top and sides of the plate may have been a predominant
factor in determininq] life. (Actually, true surface
area of the available zinc ,ieeds to be measured to
support this possible conclusion.)

Several other possible effects can be thought of thet
could come into play 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
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material would be more serious, due to increased IR
losses; and three, if availability of electrolyte is
a controlling factor in determining caoacity then the
reduced aeometric 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 separatorwould 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 I), four layers of fibrous sausage
casing were used for standard construction in order to
insure zinc platr failure.

Results of the electrolyte study seems to indicate theuse 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 f zlinc oxide powders fIurtjshed 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%
DOD. 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 cellulosic I
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
possible.

In the study of surfactants it has been resolved 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 RAI Research Corporation.
This is a polyethylene base, crosslinked at 90 Mrad,
and radiated grafted with methacrylic acid monomer.
Cycle life obtained by cells using these membranes has
been equal to or better than cellulosic control membranes,
Inspec-tions after cycle life show tke material to be
unaffected by electrode or electrolyte environment.

Studies on base polymer material, precrosslink, dosage,
grafting techniques and the graft monomer have resulted
in producing a membrane of uniform characteristics.
Three polyethylene bese materials were used; i.e.,
Bakaiite 0o02, Phillips 17M2, and USi 28u and pre-
crosslinked at 90 Mrad.

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

Additional 500 ft. samples containing the 90 Mrad
precrosslinked film with radia,.ion gr&fted methacrylic
and acrylic acid were furnished. A third sample of
90 Mrad precrosslinked film was chemically grafted with
methacrylic acid.

0
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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
4 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 )f 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 matcrial was used in cells involved
in zinc oxide and electrolyte 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 pn the order of .2 to .4'milligrams per square inch.

Thi membrane, as presently manufactured by the tech-
niqies outlined in the Final Report by WAI Research
Corporation, is found to be satisfactory and in many
instances superior to cellulosic materials in silver-
zinc sealed or vented secondary cells.

IV. RECOMMENDATIONS

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

Additional study of Pb and Al doped ZnO in higher con-
centrations; 5' 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 DC.
current which may retard shape change.
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Figure 4.Negative Plate. Containing 15% Asbestos Fibers at 134
Cycles. 1 40X
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Figure 6. Negative Plate Containing 10% FSC Fibers at 146 Cycles
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Figure 7. Negative Plate Containing 15% FSC Fibers at 146 Cycles
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Figure 8. Negative Plate Containing 5% Zinc Fibers at 171 Cycles
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Figure 9. Negative Plate Containing 10%o Zinc Fibers at 108 Cycles
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Figure 10. Negative Plate Containing 15% Zinc Fibers at 168 Cycles
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Figure 13. Negative Plate Containing 2% ISA at 144 Cycles. 200X
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Figure 1k. Negative Plate as Control �t 157 Cycles 200X
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Figure 17. Negative Plate Containing 5%S Cotton Fibers at 144 Cycles
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Figure 20. Negative Plate Containing .15% BC-420 at 168 Cycles 2C'OX
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Figure 21. Negative Plate Containing 1% BC-4+20 at 168 Cycles. 200X
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Figure 24. N~egative Plate Containing .15% 840 at 168 Cycles 200X
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Figure 25. Negative Plate Containing 1% BC-81+O at 144 Cycles 200X
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Figure 28. Ne9ative Plate ContaTning .6% BC-610 at 52 Cycles at 400F.
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Figure 29 Negative Plate Containinq 1% BC-610 at 58 Cycles at 400F
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Figure 32. Negative Plate Containing 1% BC-610 at 124 Cycles at I000F
200X
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Figure 34. Negative Plate Containing .6% FC-95 at 152 Cycles 200X
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Figure 35. Negative Plate Containing 1% FC-95 at 168 Cycles 200X
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Frgure 38. Negative Plate Containing 1% Carbowax with a Molecular

Weight Range of 200 after 100 Cycles ioox
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Figure 39. Negative Plate Containi-i9 1.1% LSA After 108 Cycles 200X
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Figure 41. Negative Plate Containing .0008% Fb a- :er i024 Cycles 200X
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Figure 47. Negative Plate Containing .0092% Fe 4fter 120 Cycles 20
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Figure. 49. Negative Plate Containing .07% Al and .0010% Fe after 156
Cycles 20OX
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Figure 50. Negative Plate Containing .9% A] and .0008% Fe after 167cycles 200X
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Figure 51. Negative Plate Containing .25%, Pb after 221 Cycles 200X
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Figure 52. Negative Plate Containing .3% Al after 1/0 Cycles 200X
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Figure 53. Negative Plate Containing Kasdox 15 after 170 Cycles 200X
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Figure 54. Negative Plate Containing Zinc Dust after 1~SCycles 20ex
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Figure 55. Negative Plate Containing Zinc Flake after 204 Cycles lOOX
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Figue 5. Ngatie Pateof Electrodeposited Zinc after 96 Cycles 200X
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Figure 58. Negative Plate Containing 3% CaO after 96 Cycles 200)X
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Figure 59. Negative Plate Containing 5% GaO after 156 Cycles 200X
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Figure 60. Electronmicrograph of the Surface of VF WP Millipore

Material at 150,000 X i oox
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Figure 61. Electronmicrograph oF the Surface of VM WF MilIlipore
Material at 150,000 X b0OX
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Figure 62. Electronrnicrograph of the Surface of Dow Corning Porous
Glass at 300,000 X b0ox
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Figure 64. Electronmicrograph of the Surface of Dow Corning Porous Glass
at 300,000 X
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Figure 66. Electro'imicrograph of Surface of 2.2XH Membrane Material by
RAI at 300,000 X 1 QOX
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Figure 69. Negative Plate with a 3:1 Construct~on After 204 Cycles boOX
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Figure 70. Negative Plate with a 4:1 Construction after 220 Cycles b0ox
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NOTICE I
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authorized. Release to 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

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 APP 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
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ABSTRACTj

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

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

A variety of zinc oxides and zinc dusts have been prepared and

characterized for evaluation (by Delco-Remy) in silver oxide!zinc secondary

batteries. The objective of the project was to prepare samples which would

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

the variables investigated for three types of zinc oxide.

TABLE 1

ZnO Variables Investigated

Variables Investigated
Particle Particle Electrical

Type of ZnO Size Morphology Purity Conductivity

Frendh Process X X X
lAerican Process X X
Wet Process X X

In addition to the above zinc oxides, three zinc dusts of varying

purity, particle size and particle shape were prepared.

Il. Sample Characterization Tests

All of the samples were characterized by the following tests:

A. Air Permeability Particle Size - The method used is es-

sentially the one described by Pechukas and Gage (Industrial and

Engineering Chemistry, Analytical Edition, Vol. 18, Pagc 370, 1946).

The reported results represent the surface mean particle diameter. All

samples contain a consideratle number of fine and coarse particles. The

measurement has been calibrated against absolute methods and gives com-

parable data,

o
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B. Nitrogen Adsorption Surface Area - This measurement is based on

the "BET" theory by S. Brunauer, P. H. Emmett, and E. Teller (Journal Am-

erican Chemical Society, Vol. 60, Page 309, 1938). In place of the usual BET

apparatus, an instrument called the AREA-meter, manufactured by Strdhlein and

Company, D'uLsseldorf, 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 creas are slightly higher than

those obtained by standard methods but these differences are not considered

serious, especially in view of the high precision of the measurement. The

relation between the surface area and surface mean diameter is given by

S - 6/pd8 where S is surface area in square meters per gram, p is density

(gm/cc), and d8 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 magnification clearly indicates particle morphology but is

low enough to assure a representative numoer 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 as follows:
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( I
t Standard 1

(Approximate Range) Reporting Designation

10-100 vs (very strong)
10 s (s'rong)

1 m (wndium)
0.1 w (weak)
0.01 f (faint)
0.001 vf (very faint)
0.0301 xf (extremely faint)

Trace

With some samples 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.

Changes in electrical conductivity were measured by a

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

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 ohm-cm. Factors such as compacting pro-

cedure, temperature, and humidity are important variables, especially for

high resistivity samples. The measurement is a satisfactory quality control

guide for high conductivity zinc oxides.

2. Zinc dust samples.

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

tical mlcxographs (I000X) were used to show particle shape Instead of elec-

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

resuits representative of the samples.

-3----



The particle sizes were measured by the Coulter Counter method. See

A.SoT.M. Special Technical Publication No. 234, pg. 245, by R. H. Berg for a

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 treatment with stearic acid. The flakes are floated on

water and the area covered by a given weight of sample is measured. See

"Powder Metallurgy"by John Wolffe, American Society for Metals (1942), pg. 127

for a more detailed 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 felled when recycling reduced the capacity

to less than 15 a.ho

Iil. Description of Samples Prepared and Characterized

A. General Descriptions

1. Types of ZnO - 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 burning the vapor in air. American (or

Direct) Process zinc oxide manufacture involves smelting the zinc ore with

coal and burning the evolved zinc vapor and liberated gases in air. Doe 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 V

4



Compounds" by C. HI Mathewson, Reinhold Publishing Corporation, for a des-

cription of manufacturing 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, is prepared by wet chemical techniques and then thermally de-

composed to zinc oxide. This procedure yields a high surface area, fine

particle size zinc oxide. Another wet process procedure involves precipi.-

tation of zinc oxide by the action of Na, K or NH4 hydroxides on zinq

chloride water solutions. (Procedures have been described by K. Terada,

Institute of Physical Chemical Research of Tokyo, Vol. 16, Page 75, 1931 and

in German patent number 481,284 issued January 27, 1927).

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

cess zinc oxides covering a particle size range of about 0.1p to 0.5p can be

produced by varying the zinc vapor combustion conditions. By reheating

techniques, the particles can be grown to about 3p, so the overall range is

O.lp to 3p. Wet process zinc oxides with about 0.02P particle size can be

prepared.

Zinc oxides with well-crystallized nodular or acicular needle-like j
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

5



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 usual preparation techniques yield a

zinc oxide rion-sýolchiometric in the direction of excess zinc. The excess

zinc, occupying interstitial J.dttice positions, ionizes to yield free or

quasi-free electrons with siguificant 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

oxide is close-packed hexagonal but, sInce the zinc and oxygen atoms occupy

only 44% of the volume, relatively large (0.95 A) open spaces are available

for accommodation of impurities. Impurity promoters of ZnO 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 additions involves prep-

aration of an intimate blend of an oxide of the dopant with the zinc oxide

followed by calcination. This is frequently a preferred procedure when

addition of anion impurities is to be avoided. In some cases, the-mally

decomposable dopant oxalates or carbonates are also uped.

6
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B. Descriptions of Exploratory Samples

. French Process Zinc Oxides of Varying Particle Size Four

French Process zinc oxides covering the particle size range 0.13 to 0.40p were

selected from New Jersey Zinc Company commercial production. Portions of the

0.40-p sample were reheated to grow the particle size. The sample designated

243-23-1 was heated 1 hr. at 600'C. in 5% H2 -95% N2 followed by 1/2 hr. at

600*C. in air. The particle size was increased to 0 . 6 2 P. 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 1.02p. This procedure success-

fully increases the particle size, while avoiding excessive sintering and

formati'on of excess interstitial zinc. Table 2 gives the air permeability

particle size, N2 adsorption surface area, and qualitative spectrographic

analysis data for this series of samples. Figure I shows an electron micro-

graph of a typical French Process ZnO and Figure 2 shows a ZnO calcined to

increase the particle size.

0
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14 2. Impurity-doped French Process Zinc Oxides

A. Survey of Common impurities - Table 3 gives the

characterization data for a special super-purity French Process ZnO made with

high purity metal. Table 4 shows the data for ZnO's containing a variety of

metallic impurities. The electron micrograph of the sample in Figure 1 is

also typical of these doped ZnO'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 i

creased from a normal value of about 0.002 wt. Z to 0.009 wt. % by calcina-

tion at 800'C. in a reducing atmosphere.

0
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TABLE 3

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

0.33-p Particle Size

3.7-M2 /Gm Surface Area

'Qualitative

Spectrographic
Analysis Chemical Analysis

Zn vs
Si xf-vf
Pb vf PbO 0.0006%
Cd xf-vf CiO 0.0001%
Al xf-vf
Fe Trace Fe 2 03  0.0001%
B --

CU xf CuO <0.00005%
Mg Trace
Sb --

Ti --

Ge --

Sn --

Mn --
AS -
Ga -
BI -
In -

S as SO 0.002%
CO2  0.021%

10
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B. Various Levels of Fe and Pb Impurities - Electrode evalu- 'P

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 ZnO'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 ZnO.

The characterization data for these samples are given in Table 5.

12
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C. Al- and In-Doped Zinc Oxides - The general methods f or

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

proprietary information.

Two other Al-doped samples were prepared in an attempt to assess

the importance of high electrical conductivity vs. the simple presence of

Al in the ZnO. These were prepared by the 600'C. air atmosphere calcination

of a blend of ZnO and A12 0 3 . The surface area and electron micrograph data

(Figure 3) show that unfortunately very little of the Al formed a solid solu-

tion with the ZnO. The many fine particles apparent in Figure 3 are believed

to be A! 2 03.

The High Conductivity Al-doped ZnO sample (No. 243-41-1) had a

particle size of 1.02p and is therefore appropriate for comparison with the

1.02p reheated French Process ZnO (No. 243-27-1) shown in Table 2. It should

also be noted that normal French Process ZnO's have "Dry Powder Resistivities"
of the order no 1o10 ohm-cm vs. 102 tn in 4 ohm-cm for the High Conductivity

oxides.

Characterization data for the above samples are given in Table 6.
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TABLE 6

Characterization Data for Al- and In-Doped ZnO _

High Conductivity "Low" Conductivity

Sample No. 243-41-1 243-45-1 243-139-1 243-139-2
Amount and Type
of impurity 0.30% Al* 0.48% In 0.07% Al 0.92% Al

D ry P ow d e r 2: 103 f.46i -- --
Resistivity 9.4 x 10 P-cm 3.5 x i0 •-cm ....

Air Permeability
Particle Size 1.02p 2.3p 0.46P 0.36P

N2 Adsorption
Surface Area 1.3 m2 /g 0.36 m2 /g 2.7 m2 /g 4.4 m2/9

Qualitative
Spectrographic
Analysis -

Element
Zn vs vs vs vs
Si vf vf f f
Pb vf f f f

Cd xf-vf xf-vf xf xf
Al w-m vf w w-M
Fe vf xf xf-vf xf-vf
B vf vf - --

Cu xf xf-vf xf-vf xf-vf
Mg xf xf xf-f xf-f
Sb Trace Trace Trace Trace
Ti -- --

Ge ........
Sn -- f ....
Mn -- Trace ....
Ag ........
Ga .........
Bi -- --

In -- m-s ....

Electron Micrograph
Figure No. 3

*Residual Cl- content-0.02%.

o
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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 ZnO.C0 2 .4 R120) is formed by adding C02

gas to a vigorously agitated water dispersion of 0.33p French Process ZnO.

With calcination, the basic zinc carbonate decomposes to yield a voluminous,

high surface area, fine particle size ZnO. The time and teraperature of cal-

cination determine the particle size and surface area of the ZnO 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 of the

width of the lines in the X-ray diffraction pattern, and then estimating the

particle size from the Scherrer formula. For this sample the estimated size

was 0.018P. Air permeability particle size measurements are not too satis-

factory for very fine particle samples. Hence the 0.018-p line broadening

size is probably moie representative of the actual size than the 0.025-P

IVI

air permeability value.

16
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TABLE 7

Characterization Data for Wet Process

Zinc Oxides from Basic Zinc Carbonate

Sample No. 243-59-1 243-63-1 243-67-2
Calcination Time
and Temperature 1-1/2 hr, 460°C. 1-1/2 hr, 360°C. 4 hr, 3100C.
Air Permeability
Particle Size 0.0521 O.031P 0.025p

Nitrogen Adsorption m2Ig 2  2,s
Surface Area 21.7 33.7 m/g 51.0 m/

CO2 Content 0.21% 0.23% 0.34%

Qualitative
Spectrographic
Analysis

Zn vs vs vs
Al vf xf-vf xf-vf
Si vf f xf
Ti
Fe vf vf xf
Ca
Mg xf xf Trace
Cr xf ....
Ni xf ... -

Pb vf vf vf
Mn xf Trace
B vf vi vf
Mo
Cu xf-vf xf-vf xf
Cd xf-vf xf-vf xf
Sb xf-vf xf Trace

Electron Micrograph
Figure No. 4

(3 17hr . . .-

. . . . . . . . . . . . . . . . . . . . . . .. ,-



process ZnO were prepared by the reactions of ZnCI2 with NaOH, KOH, and

B. Wet Process Zinc Oxide from Zinc Chloride - Samples of wet C rI

NH4 OH. The NaOH and KOIH reaction products are fine nodular oxides, with

NaOH yielding the smaller particle size. The NH4 0H reaction product is

acicular.

The NaOi and KOH reactions were carried out by adding a solution

of 5.4-M reagent grade ZnCl 2 to a 6.8-M solution of the base at 100%C. under

moderate agitation. Two mols of base were used per mol of ZnCI added. The

2

addition time was 4 hr for the NaOH reaction and 3 hr for the KOH. The pro-

ducts were washed by reslurrying in distilled water to remove the residual

chloride and dried in air at 110%C. The final dry cake was micropulverized.

No detailed conditions for the ZnCl 2 + NH4 0H 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 acicular sample from ZnCI 2 + NH4 OH.

Io
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4. Acicular American Process Zinc Oxide - American Process (A.P.)

ZnO with acicular particle morphology can be obtained 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 a. uonia is

added to increase the pH from 6.9 to 9.1. After 1/2 hr cf mild agitation,

the zinc oxide is filtered out, dried at ll0*C., and micropulverized to break

up particle aggregates.

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

20



COTABLE 9 I
Characterization Data for Acicular American Process Zinc Oxide

Sample No. 243-35-1
Method of Preparation Washed A.P.
Air Permeability Particle Size 0.26o
N2 Adsorption Surface Area 4.7 m2 /g
Chemical Analysis: % Cl2  -

% S as SO 3  0.04 (0.22*)
% H 0-Sol. Salts 0.11 (0.50*)
% PRO 0.068 (0.08*)

Qualit;.iive Spectrographic Analysis

Zn vs
Si w-m
Pb w
Cd w
Al f
Fe f
B vf-f
Cu vf-f
Mg vf
Sb vf
Ti f-w
Mn vf

*Impurity of typical acicular A.P. ZnO.

Electron Micrograph Figure No. 6
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C. Types of Zinc Dusc11. 2ic.Dust (HighPurity)- Zinc dust is prepared by condensation

L• 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

milling a portion of the 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 re-moved by repeated washing with acetone.

The washing and drying occasions some oxidation, whi..h decreases the metallic

zinc content. Steel balls used for the milling cause some increase in iron

contamination.

3. Blue Powder - The Blue Powder sample is 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 Figures 7-9.

22
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L
D. Samples Prepared for More Extensive Electrode Evaluation

belco-Remy selected the following samples for more extensive

electrode evaluation testsi

Sample No, Descziption quantity Prepared

243-41-2 High Conductivity Al-doped ZnO 25 lb
243-107-5 0.25% Pb-doped ZnO 25 lb
243-123-2 Flaked Zn-Dust 25 lb

243-41-3 High Conductivity Al-doped ZnO 75 lb
243-107-6 0,25% Pb-doped ZnO 75 lb

Characterization data for these samples are give" in Table 11. The

electrode evaluations are still in progress.
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TI
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 II of this

report.

Table 12 covers the effect of French Process ZnO particle size on

cell life. 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 ZnOo 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 be kept as

low as possible,

Table 15 , .... results fov u V.IQ... I of ' ru "I The data indicate

a generally high perfarmance for Pb-doped ZnC but do not clearly define the

concentration effects A comparisoL of sample 243-135-1 with 243-131-2B

(Table 14) suggests that Pt mist t postibly compensate for the adverse efiecLs

of Fe.

Table 16 shows the influence of A.-impurity added under two con-

ditions; (a) controlled activation t, yleld higY electrical conductivity,

and (b) simple 6000 C. air atmosphere ca-ciiat ion which yields low electrical

conductivity. A high conductivity It-doped ZnO is also shown. Nothing (

26
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i

cdefinite can be said about the effects of Al. However, the results do show

that both of the high conductivity snmples perform quite satisfactorily in

comparison with an undaped oxide (243-27-1) of similar particle size,

Table 17 covers the effect of particle size, but in this case

very fine particle size ZnO's prepared by wet processcs were evaluated, The

results do not indicate any advantage for ZnO's with particle sizes less than

normal French Process ZnO,.

In Table 18, the performances of nodular and acicular ZnO'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 ZnO's, These results have not clearly established the effects or

particlc morphoiogy, Delco-Remy have noticed that upon cell tailure the

acicular ZnO's tend to exhibit less electrode erosion than the nodular ojides-

Table 19 compares 3 types of zinc dust samples. The normal Zn-

dust and flaked Zn- dust performed satisfactorily in comparison with the ZnO's

However, the Blue Powder, possibly because of its particle size or Fe content,

failed completely,.

j-_A ppendi •

Electron or optical micrographs of samples.
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:.] Figure 1. Sample No. 243-15-1 - French Process ZnO

(~~) ParticlE Size - 0.33j•
Surface Area -3.7 minIg

Magnification - 25,200X

(See Tables 2 and 12 for more informatior.)

36



W40

.......

AAll

Manfcto -- 52O
(Se abes2 nd12fr ov ifomaio.

I3



t,. - .a '" •--.# "I

eat• . ,-, t ,m

.A

- wa•

L 9: *6 4- .. l ltI

IV

"" ' I"" • • • •

A a.l l ~ ' ' _ . 1,',,•, If

0 P
J, f o 5

34

It
y 10

ri

FJigiji 3. Sampile No 643and9160.92 Wt. ZAl-doped French Process ZnO
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Figure 5. Sample No. 243-79-1 -Acicular Wet Process ZnO from ZnCl2 + NH40H

Particle Size - I.55
Surface Area - 7.1. m2/g
Magnification -25,200X

(See Tables 8 and 18 for mo~re information.)
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Figure 6. Sample No. 243-35-1 - Acicular American Process ZnO
Particle Size - 0.26y
Surface Area • 4.7 mZ/g
Magnification w 25,200X

(See Tables 9 and 1i for more information.)
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Figure 7. Optical Micrograph - Sample f~o. 243-.Li5-1
Blue Powder Type Zn-Dust
Particle Size - 10.5p~
Magnification - 1,OOOX

(See Tables 10 and 19 for more informatioai.)
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(See Tables 10 and 19 for more information.)
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(See Tables 10 and 19 for miore information.)
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Introduction

Our original objective was to determine whether simple alcohols, gly-

cols and other organic structures related to Emulphogene could be adsorbed

on a zinc electrode in strong alkaline media, and if so, to measure the ex-

tent of their adsorption. Additionally 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 potentials

too positive to affect the zinc reaction. More complex organics, and Emul-

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

establishment of equilibrium conditions required for quantitative measure-

ments. We established with a reasonable degree of certainty that the poly-

ethylene oxide end of Emulphogene is closest to the electrode surface, and

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

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

exhibit strong adsorption similar to Emulphogene.

The secondary objective of our study was to determine how adsorption

of Emulphogene-like compounds affects the electrochemical process. Our orig-

inal thinking was that this would not be too hard to do, but we soon found

out that electrochemical processes at zinc in alkaline media were not as well

understood as we had. originally thought. This reqU4red us tz spend a large

amount of time on a study of the basic electrochemistry of the zinc-zinc (II)

reaction before we could determine how it was altered by adsorption.

Particular emphasis was placed on a study of the zinc-zinc amalgam

system since battery plates are normally amalgamated, and amalgamation re-

moves contribution to the reaction kinetics from crystallization processes.
All our latest evidence leads us to believe that the mchan--ism of the reactioiI

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

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

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

This mechanism is very similar to the mechanism proposed by Farr and Hampsoni

for the zinc metal electrode.

-1-
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Our studies of the effects of adsorption on the electrochemical pro-

cesses suffered from lack of quantitative adsorption measurements. Also,

it required so much time to study the unperturbed system, that by the time

we began to get a reasonable 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 literatures2 (Figure 1). Additions have

been made to the basic circuitry to allow for partial compensation for

solution resistance to improve the overall rise-time. A fraction of the

output of the current measuring amplifier is fed back to the potentiostat.3

The potential stop is generated by adding in a new control potential by

means of a high speed mercury wetted relay. The Integrator, 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 studies 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 reaction occurs at either potential and integrating the current that

flows as a result of this change, the difference in charge between the two

potentials 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 is necessary to know the absolute 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 material on the electrodý surface, the

shape of the q vs. E curve will vary with the concentration of the material

in solution.
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S) In the event there is a Faradaic reaction involving a non-adsorlbvd species

at the potential stepped to, it is still possible to determine a charge value.

Thin may be done by plottinZ Q vs. and extrapolating back to t = 0. The

intercept on the Q axis is the difference in charge between the two potentials.

The automatic capacitance bridge was based on the circuit designe by

Kowalski and Srzednicki.•,6 The published circuite contaLis an error. The

error is corrected in the eJrcuit diagran in this report (Figure 2). The

trzuisistors used in our circuit are all RCA SK3004. Potential is applied with

respect to ground from a high impedance source to post A. Post C is attached

to the input of a cur'rent measuring amplifier.

For purposes of calibration, test runs were made with both instrusments on

a .1 _M solution of potassium chloride utilizing a lgucging drop rjorcury elec-

trode. Water was purified in a Barnstead still from basic peurmangaate.

Reagent grade KC1 was used without further purification. Mercury was triple-

distilled quality. Drop sizes of 0.018 cm.2 for differential capacity measure-

ments,' and 0.032 cm2 for potential step measurements were reproducibly obtained

from a Metrohm micrometer electrode obtained from Brinkman Instruments.

Computer programs for data processing were modified versions of programs

supplied to us by David Mohilner. They are given in Appendix I.

The gas chromatograph uses were a F834 scientific model 609 with tempora-

ture programming and a flame ionization detector. A seven foot, t•e-quarter

C ~h diameter colu,=, waz se , packed with Borapak and opera,'ed at a tempera-

ture of 150°C. Propylene oxide was extracted from the KOH solution with hax-

ane. The above conditions gave a compleesprto ftehxa and po

pylene oxide peaks with the pr•opylene oxide peak appearing 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 elentrod...... &,•e ay p--ity_. -^ t1^-. z4 -n metall. T--- wst -useful

S~Teflon rod 0.5" in diameter. The other end of the rod is drilled out to

accept a 0.25"1 steel shaft which makes contact with the zinc wire. The shat
is then mounted in two ball bearings and is driven by a Motomatic E-150 servo-

!I 0 motor. The rotator may be net to rotate at any speed from zero to 10,000 rpm.

-- 3-
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A Lippmenn capillary electrometer was used to obtain electrocapillary

data. The tapillary 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 adjustment is obtained by filling the system from

a tank of w'.ter pumped nitrogen. Excess nitrogen is released through a fine

needle valve. When the approximate pressure is reached, the system is closed

and final a6justment is made with a large brass bellows in the system.

The capillary was calibrated with 0.1 11 il1 solution using a 0.1 1 calo-

mel reference electr',de with no liquid junction. The data were from Devanathan

and Peries that was used to calibrate the capillary. The KC1 solution was

purified with activated charcoal and then electrocapillary curves were measured

until there was agreement over the whole curve between our measured data and

the data from the literature to at least 0.1 dyne/ca. KOH solutions were pur-

ified with charcoal before addition of Emulphog.ne. Conductivity water from

a Branstead still was 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 Hg

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 one previously described. The rates

of the electrode reactions at the zinc and zinc amalgam electrodes were made

with the instrument and cell previously descrebed 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 Emulphogene BC-420, BC-610i, BC-720 and BC-840 were obtained
from General Aniline and Film Corporation. Kluael-,Hk was obtained from the

Western Compazy. Other chemicals were obtained from the regular chemical

companies and were used without further purification. Solutions were pre-

pared from conductivity water prepered by distilling previously deionized

water from basic permanganate in a Barnstead still.

An addition to oi r instrumentation was a Princeton Applied Research HR-8

lock-in amplifier with a type C preamp. This instrument has allowed us to
I+
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Sperform phase selective sc polarography which in turn allowed us to obtasn
much more useful kinetic inf'orm•ation froki an ac exy.eriment.

A different method of preparation of zinc amalgam was used to increase

storage life of the amalgam. A weighed quantity of mercury was placed in a

cell which was then evacuated on a high vacuum line to below 10-mm nHg pres-

sure. The cell was then filled with purified heliuma and opened. While the

cell was ojen, 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

then added to the mercur.y and the cell was closed and re-evacueted and was

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-

mernts. The amalgam is never exposed to air; whenever the cell 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 remained stable for

a period of several weeks. Potential steps were always carried out on fresh

drops which were not allowed to stand for more than a few seconds.

Adsorption on Zinc Amalgam and Mercury Electrodes

One of the techniques employed in investigating adsorption involved deter-

mining the differential capacity (Ode) of the electrode in the background elec-

trolyte alone (e.g., 1 _M KOH) as a function of potential, E, using the appara-

tus for automatic Ode-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 particular interest is the

potential range of about -1..4 to -1.9 V vs Ag/AgCl, which represents the zone
of Rtabi!ity --fa zinc '-lgam electrode in I4 KOH. Adsorption of various

simple organic compounds chemically related to Emulphogeno, includ.ing straight
chain alcohols through n-heptane, propylene oxide, and propylene glycol, were

studied by diffarential capacity measui-ements. In all these cases especially
strong adsorption was not observed in the region of zinc electrode stability.

SEven at concentrations approaching solution saturation the cathodic desorption
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peaks for these compounds werw relatively broad and they were all desorbod ft
at potentials more positive than the zinc reaction potential.

A number of more complex compoix-ds were found that did exhibit strong

adsorption behavior. Among these were Triton X-100, methyl cellulose, Klucel

HA (a cellulose derivative) and two different molecular 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 electrode in a solution containing Emulpho-

gene is 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 compow-1s. Also, the cathodic desorption peak occurs at

more negative potentials ani over a much narrower potential range for Emulpho-

gene than for simple related compounds. Addition of simple compounds related

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. 6 and 7).

Although qualitative evidence of adsorption was obtained from the differ-

ential capacitance measurements, rigorous quantitative determination of the

extent of adsorption can only be obtained by electrocapillary measurements 7

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

An attempt was made to make quantitative measurementr of the extent of

adsorption of Emulphogene BC-720 on mercury in 1 I MK011 by electrocapillary

me&surements. 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, r, one must determine, with a high

degree of precision, the surface tension, c, at various potentials and concen-

tration of adsorbate, allowing sufficient time for equilibrium to be estab-

lished at the electrode-solution interface. Then, by thermodynamics (Lipmann

equation)s

r = (do/dlna)E

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

than saturation sxwface coverages where very strong adsorption occurs, this

-0--
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requirres one to work at very- low concentrationz o -ursace active material.,

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 wouýLC also have sufficient

time to equilibrate and distort results. Also, the capillary is attacked by

the alkali solution and its calibration is altered by an unknown and time

variable factor. It was discovered that even after allowing the electrode

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

tions of Emulphogene the surface tension was not constant and points on the

curve showed a great deal of scatter. The first time measurements were

attempted the scatter was so bad that nothing at all was learned from them.

Measurements were made on a second set of solutions and results that were

more self consistent with less scatter were obtained (Fig. 8). However, after

running a series of solutions with di.fferent 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 trends in the behavior of mercury electrodes in

solutions containing Emulphogene were observed. Emulphogene BG-720 is defin-

it.@- adsorbed at mercury olectr..Ies since the surfane tension at a given

potential is lower in a solution containing Emulphogene than in a solution

which does not contain Emulphogvne (Fig. 8). Also, addition of Emulphogene

to a solution causes the electrocapillary maximum (e.c.m.), which corresponds

to the potential of zero chargb (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 requiroc the determination c.f adsorbate

in a solution 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 •ccurate quantitative analysis of low0
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concentrations o!' Emulpbogene and related compounds. Furthermore, difficul-

ties in determining the surface area of the electrode material (zinc powder),

maintaining the potential 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.,

propylene oxide) appeared more promising, reliable results were not obtained.

In retrospect we feel that direct measurements for these compounds o'. zinc

will be difficult, Perhaps a radiotracer method with carbon-14 tagged con-

pounds 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 system, including potential step chronocoulometry, rotat-

ing disc voltasetry and a.c. and d.c. polarography.

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

amalgam drop olectrode using the chronocoulometric technique with large

potential steps. ° In this technique a potential step is applied to the

hanging drop electrode, and the total number of coulombs which pass, J, are re-

corded as a function of time, t. The equation governing the variation of .

with j is 10:
Q = IL ,, ,.~ y2 -rf y, +

-wherQ=A2 
xýrcy- 1) 

(

0 e . MD (E - E o° ( 1 - ) nf( - o
K = niAk•°[o- e C.(1"•3)• 4°) (2)

:r=Xt-tA2

-_ .. (E-E 0 ) (1-.))nf(E4 0 )

f = F/RT

A plot f • vs VT becomes linear for y > 5, and shows an intercept on

the A/ ais, VTi, such that

(6)0
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(') and allows the determination of A. A plot of Ink, vs in regions wheom one

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

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

of data analysis. Originally, we had plotted Q ve t1/ and performed a linear

extrapolation to Q equal zero. It wao found, however, that thi-, technique

could lead to significant systeratic erro Therefore, we wrote a computer

progrm to perform an iterative a.6a!yuis 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 the

measured values and then altering lambda until an optima fit was obtained.

The criterion used for optimization was the minimization of the sum of the

squares of the differences between Q calculated and Q inasured. This technique

gave results which were much more consistent than the previous technique, and

heme more trustworthy. Using this technique, we have obtained the following

results from a careful series of experiments at different concentrations of

hydroide (Fig. 9):

dncathodic = .66

Pnenodi = .35

ks°= 1.06x 10'

to° 1.216 + Uin C f-4vs 2;

Conventional do polarographic studies were performed using a dropping mercury

electrode only on the cathodic process. Data analysis followed that of Israel

and Heites t1 (Fig. 10). Amalgam forming reactions are very susceptible .to

distortion from spherical diffusion1 2 particularly over the time scale of the

* polarographic experiment which was from 5 to 11 seconds. Hence, it is not

1-nsual that dc polarograpiV gave somewhat different results from potential

step meamureents which were performed on a much shorter time scale and were

S o less likely to be distorted from theoretical planar electrode behavior.

-9-
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' Our results from dc polarography were:

an -1.0
ka = 5 xlf
a 5 0-4

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 includes contributions both from

drop growth and geometry°12 However, a theory for the simple charge transfer

reaction at a stationary spherical electrode has been developed. It is

extremely difficult to apply, but it does predict that the bahavior of the

phase angle of the ac current with frequency and potential should be un-

affected. Our measurements of the phase angle at various potentials and dif-

ferent drop times do not agree with those predicted by simple theory. In

particular we found that the phase angle appears to be different at differ-

ent drop times (Fig. 11). Analysis of one Cot 0 vs E curve by conventional

methods 1 gives

fin = .5

ka° = 6x 10-i

The results of our studies on solid electrodes, zinc metal and amalgamated

zinc metal, are almost certainly distorted by adsorption from solution of trace

organic impurities. This is not a majoi problem with hanging drop and dropping

mercury electrodes, since it is possible to obtain a fresh electrode surface

for each experiment with these, and the electrode doec not remain in the sol-

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 dc measurements such as at a rotating

disk electrode (r.d.e.) are complicated by the fact that the surface of the

electrode is ra..pidly being altered by dissolution. A 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-
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The dissolution of zinc metal electrodes, both stationary and rotating,

in tha potential range 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 dependent and a plot of limiting current, i

vs square root of rotation rate, wi/2 is linear (Fig. 13). Stationary poten-

tial scan experiments 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 an r.d.e. a 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

cathodic direction causes the current to suddenly go back up to its original

level, but not until a potential slightly more cathodic than the passivation

potential. In the case of stationary electrodes when the scan direction is

reversed the current jumps back in an anodic 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).

Amalgamated electrode behavior is quite similar except that no " •veling

off of the pre-passivation oxidation current is observed (Fig. 15). .," the

potential of the amalgamated zinc r.d.e. is made sufficiently anodic, however,

another rotation rate dependent oxidation wave is observed at about iC.i

volts vs. sat. Ag/AgGl (Fig. 15). This wave has a definite limiting cuwu'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. permanently dulls

after passivation, even when the electrode is 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 amalgamated electrode is then

made more negative, so that it is off the second oxidation wave, the sur-

face becomes shiny again.

o A platinum ring, amalgamated zinc disk electrode was constructed to
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further study the anodic wale. The potential of the platinum ring was held
at 0 volts and the potential of the disý was scanned from -1 .5 volts in the }

positive direction. When the potential of the disk reached -0.5 volts, the

currTent at the ring started to increase rapidly in the anodic directionl.

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

which can be further oxidized at the ring potential.15 Unfortunately, it

was only possible to perform one experiment before the electrode deteriorated

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

able solution leakage around the electrode.

Rffects of Adsorption on the Electrochemical Processes

at Metal and Amalgam Electrodes

Extensive quantitative measurements of the effects of various adsrbants,

particularly Emulphogene, on the electrochemical procesces at the various zinc

electrodes were not attempted due to our lack of quantitative knowledge of the

adsorption behavior of these compounds, The primary effect of addition of

•wlphogene 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 process 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 prcoesses at the amalgam

electrode. The potential at which pasivation occurred was not asltred for

the solid electrodes. Potential stAp exper-imenta at thý- am-"l--- electrode

indicated that the rate constant was made co!isiderably smaller by addition of

Emwlphogene, but that the charge transfer coefficient was not significantly

altered.

Discussion

Adsorption of Zinc Amalgam t'A Mercury Electrode

Since v did not find any simple compound chemically related to Emulpho-

gene which exhibited similar adsorption lehavior, the obvious conclusion is

that it is the very complexity of Emulphogene which causes its extremely

01
-12-

____-: ; __. _ __ _ _ __ _ _ __ _ __ ._ _ __ _ _ __ _ _



Aim

r strong adsorption. If has been well established that the polyethylene oxide

chain is the part of the molecule -which adsorbs, since pure polyethylene oxide

has been shown to be a beneficial additive of about the same •magnitude as

Emulphogene's 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 qualitative 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. 6 Neither potassium nor hydroxide ions are

adsorbed, however. Parsons'7 has reported, though, that when a molecule with

a significant net dipole moment is adsorbed with the dipole nonparallel to the

electrode surfae9, it can shift tLh e.c.m. and the p.z.c. cathodic or anodic

depending on whether the negative or positive end of the dipole is closest to

the surface. This 's 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 same distance awoy. 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 hae, 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 since
it, ould have a dipole moment with the negative end closest to the surface

if 4111 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 sostrong and why desorption occurs over such a narrow potential range. The

-13-
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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-

oules 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 starts 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 a 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.

kUnetics of the Zno Zn (11) Reaction

The stuly of kinetics at amalgam electrodes was initiated when it uas

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.Is, ;9 Potential step

results are consistent only with a consecutive electron transfer mechanism:

Zn(II) + e Zn(I)

S+Zn(I) +e - Zn(Hg) Ea

where Eo is more negative than & 0 both rate constants are the same order of

magnitude, and there are possible preceding and intervening chemical reactions.
The apparent rate constant shows no variation -4th 4.U e. 4o-. uJUeUtlb o.

Contrary to statements in previous reports, 1 8 we have found that neither branch

of-a log X vs E curve shows hydroxide concentration dependence. Only the

Standard potential of the overall reaction is changed when the hydroxide con-

centration is changed (hig. 9). This makes our results consistent with the
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i generall be-vior of other; s~udies. U, '-9 The principal reason for concluding

from the potential step results that the reaction involves consecutive elec-
tron transfers is that on and fln add up to considerably less than two.2° In

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

tion of cc and P by most methods is highly dependent on the choice of meohanies
used to formulate a model for evaluation of experimental data. Farr and Hamp-

son' do propose a consecutive electron transfer mechanism for the solid elec-

trode which is very similar to our p.oposed mechanism, but they do not feel
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. polarography to provide addi-

tional evidence to confirm or disprove our model. Although a.c. polarographic

currents are very susceptible to spherical diffusion effects in amalgam form-
ing reactions,1 2 it has been shown that the phase angle of the current should

be independent of time even with amalgam-amalgam formation for a quasi-reversible
single two electron step.' 2 Hung and Smith21 have shown that for a consecutive

electron transfer reaction where El° is much less than E2
0 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 significant change in the phase

angle with time. I
The appearance of an apparently diffusion controlled limiting current for

metallic zinc oxidation is hard to explain. Diffusion control by. hydmnde

ioi, at the particular concentrations used and using the geometric area of the

electrode should cause a much higher limiting current. Other workers 2 2-' have

also noted apparent diffusion control in that chronopotentiograms give amodic
transition times which show constant irI/2 behavior, and potential sweeps have

a limiting curreat peak which gives some evidence of diffusion controlled be-

havior. Other researchers 2' have theorized that this limiting current is

caused by film fo.,tion 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 known that surface effects of that
nature are not rotation rate depeadent,2 A possible explanation for this be-

3 havior is some sort of potential dependence of the active area of the electrode,

-15-



If the active area of the electrode becomes much smaller as its potential is

made more anodic, a limiting current which ...as rota.ut.i-on rate depeident wauld

be observed. Much more wiork 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, making repro-

ducibility and theoretical calculations difficult.

Amalgamated zinc r.d. electrodes do not show the limiting current behavior

of non-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

passivation is not observed. However, at high zinc concentrations, such as

with an amalgamated electrode, passivation is observed.

£ffects of Adsorption on the Electrochemistry of Zinc

The presence of a neutral organic adsorbate may have several effects on

the elect.&ode 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 current. The normal

rate •n•,ti on mut be multiplied 'y a fa£tor f(r) where i is the amount ad-

sorbed and:

0 < f(r) < i when r> 0

f(r) = 1 when r= o

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

.-------A I-. adsorboat. The charge transfer coefficient, a, might

also be affected.

The primary effect of Emulphogene on the electrochemistry of zinc,

whether amalgamated or not, seems to be to lower the apparent rate constant

without affecting the magnitude of the limiting current.

-16-
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Conclueion

Some of the difficulties we experienced were in themselves revealing in

achieving a start on rationalization of structure 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 criteria 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. vs SCE, it will have no effect on the

reaction. Differential capacity curves on mercury are relatively easy to

measure, 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 one sulfide atom per molscule such as thiourea 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 toothing but sulfur atomi

would adsorb too strongly and Llock the reaction completely. It would be in-

teresting to test polymers containing varying proportions of sulfur and oxygen
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. Care would have to be taken to insure that

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.

0
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Table I. Adsorption of Various Substances on a Hanging

Drop Mercury Electrode in 1 M KOH

CAeoound Cde at Various Potentials EAdded Conc. Edesorption

-1.40 -1.50 -1.60

-5 22 2BC-420 10"% NOF/cm2  13pf/cm 22uf/cm -1.75V

BC-610 4 x 10- 10f/cm2 21uf/cm 12pf/cm -1.75V

BC-720 4 x0-% - -1 14f/cm2  -1.72V

BC-840 10-2% 8pf/cm2 8.5pf/cm2 lopf/cm2 -1.78V

Carbowax 1301 .1% -l.8V

Carbowax #701 .1% ... l.8V

Triton X-1O0 .01% 7.8pf/cm2 8.3uf/cm2 9.4pf/cm2  -1.78

Klucel-HA .1% 9.2pf/cm2 10.5uf/cm2 17pf/cm2 -1.65

2 2 2
Methyl Cellulose .1% 9.2pf/cm 9.7pf/cm l"14f/cm -1.67

"Gum Arabic .1% 22.2Vf/cm2 24.4pf/cm2 28pf/cm2

i ~-18-•
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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
Eli.4 beginning in column 47, and the number of points on the curve
13 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 iiew Card 2.

Output formatL

Error statements are fairly obvious.

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.

B. Program RGRAL

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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I"I
Input:1 0 Card I Number of points in the curve right justified in column 5.

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.

Card 2ff EMF columne 1-10 Capacity columns 11-20.

Output:

Charge EMF Capacitance

0
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PRZJGRAM SEFILS3 (INPUJTvOUTPUT)

DMENSION EMF(5ni.5URF(53) .SFIT(503,X(4) .Y(4),CHIEFE(50),
IDCARD=35

523FORMAT (F10 .4
524FORMAT (F?.?, 16XF7.4,16X .E11.4,11X,!3)

52%.;5 FORMAT IE18.1O.1X9F7.4.16XvElle4.
6 XIl,,?l3 9 l29j 3,ý5206 FORMAT(1X*5HCURVv+I31,?

8t W15 NOT 69TT5D 3SYON4 POIN1,r3i912Uj7 FORMAT (1X95HCURVE9I3*22H WASý NOT FITTLL, AT ALL*12,READ 5201,NFAM.
DO 5241 N=19NFAM
READ 5 201PNECHFOKU-VES

00 5211 IzlNECHF-
5211 READ 52C3*CHIEFECI)

DO 5241 K1.9KURVES

READ 52O49SURF(1)#FMF(l)9,ONCNFYFI 00O 5212 J*=2,NFMF5212 PEAL) 5204*SrJRF(I),EMF(I)
CALL VLPRAt3 (EMF9SURF,3FITNEtI.FQLOi;ot,ý4J)
IF (MJ-5) 1#527295272

1 IF (KOUNT) 5271,!527295219
5271 KOUNT =-KOUNT

PRINT 5206,KPKOIJNT
MARK au
00 5273 IzlKOUNT

5273 PRINT 50 S ýoM(I)iCN K(N9Ii~MAktJCR
CALL OCAL (SFIT*LMF*KUUNT*KCUNC)
GO TO 5241

5272 PRINT 5207,KjMJ
GO TO 5241

'5219 DO 5242 1=1*NECHF
ZC'-HIEFE(I)
CALL TABLE (ZvIMF*NLý!FvJ)
IF (J-51) 5224%522595224

.5224 !AARK=0
PRINT 525SI(~L'(~C~~KC(IooeIPýOA\f
SF1T2ClJ.'35FfT(.J
GO TO 5242

5225 CALL HUNTER fz~rt.1FqNEMF*J)
IF (J-52) 52269522795226

9?226 IF (J-(NEM4-F-1)) 5232952279,5:127
5227 DO 5231 M=1*4

NW = t-'+N EPF -4
5 "3 1 X (M) =SF IT(MM)

GO TO 5240
5232 IF (J-3) 52352353
5233 0)0 5234 M=194

X (M) =FMF (N M)
5234 Y(4¶) =SF IT (.M)

60 TO 5240
5235 DO 5236 M=lo4

MM=M+J-3
X(M)=EMF(M'AM)

5236 YfM)=SFIT(M!,?j



5240 CALL CUCFIT (Xv,YA,,LC,DJ
S*AZ* Ze** '7 '7'2 *7+
MAP~vj
PRINT 525.)ZCNsONosg~~l)A~
SFIT2(1I '3

52Z42 CONTINUE
CALL (JCAL (SF[T2,CM~ltFL,NtCS$F,K,CONLJ

52441 CONTINUE
END
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SUBROUTINE CUbFIT 1X9S9AvtS9C9D)
DIMENSION Xf4),Y(4)vS(4)*DFNi4)

Y(21.-S(Z)
Y( 3)=S(3)
Y(4)*-S(4i)
5AOX (2 )-X( 1)
CA*XC3)-XC1)
DA*XC4J-XC 1)
CB=X131i-X(2)
DOBX(4 '-XC2)
DC*X (4)-X(3)
OENC 1)*A*CA*DA
DEN( 2, utA*Cii4Ou
DEN( 3) &DC*CiA*Cb
flEN(C4)wrDC*U)A*Dt
GB*X (2)
GCwXfC3)
GrmX (4)
Jul
Amso

8U07 WMnGb.GC+GD
WExGt3*CC+G(3GD+GC*(.,L
WI .-Y1C ./DEN CJ)
AzA+WI
WI=YIJ *WA/DENIJ)

WIu-YC .)4IWL/DEN(J)
C=C+wI
W~zY (J J*Gf*GC*GU/PENC J)

GO TO C8302980U1#80C14s8035')9J

J=2
GO TO 8001

8Uu3 6C=XC2)
Jz3
GO TO 8001

PULP4 GD=X(31
Jw4
GO TO 800h1

eOU5 CONTINUE
RETURN

END



SUBROUTINE VLPRA8 lXtY,YF1T,NPTS,KQOI~ltTtJl
C)DIMENSION X(5,)Y(5v3,YF1T:50)

.131
IX4S=a.

X3 S=.
XZSa).
X XIS* .)o
X2YSXLG.

Go To ( 2 3 92 5 92 5
2 Lzl

M=4
INT*4
GO TO0 4

.1 L:1FNT-2

INT=INT4.1
DO S~ I=o
Y'3=ys+y~ I)

XYS=XVS~x( Il'ri

X2=X(+I*xc 1)
X~ySzX2Y!>+X2*N'(1)
X2S=XZ,'+X2
X3S=x3.,+x2*x(ii

5X4S=X4S+X2*X2
1.5 DrLTAsX4,4( SI*X2)-.XiýS*Xl')p ..73S*I SI*X3!,-X2s XIS)eX2S*lx3S~xt

I X2S*X2Si
A:X2y5* (SI *X2$-XIS*Xls I /DE-LTA-XY5. ( ZIX3-S-X2S*XIS) /VELTA,

I1 YS*(X3,*X1>..X2S%*X25)/DELTA
IF (i') 61,12V12

6 b=XY"('l*~- SX!./ET+Y)(.I~i&X4S-X2S*X2SJDLLTA..
1 Y-r* (X 4 S*X S-X 3 (*X2 S)/tEL F

I Y5*(X4 S*X2eýX~r*X3'j),DgLTA
GO TO (788*5t

7 LIl
Mj:INT-2
J=2
GO TU

8, L1(OUNT-1

P~ ')0 1 L91

IF (tPTS-INT)22#22I11
11 KOUNTzINT

GO ro 1
12 IF(NPTS-INT 116o16913
13. INT=INT+1

K=INT*
14 YSVYS+Y(K)

XYS=XYS+X(K)4+Y(K)



X1SOXlS+X(K)
X2*X(K)*X(K)
X2Sox2S4x2 c
X3SaX3S*X2*XuC.)
SI-S1,l*
X4SnX4SX2*X2

GO TO 15

17 KOUNT B0
RETURN

KuKOUNT-3
GO TO 14

19 IF(K-1)20,20921
20 KOUNT a-KOUNT

RETURN
21 KxK-I

GO TU 14
22 GO TO (2392392392419,J
23 ju4

KOUNTaKOUNT+l
LaNPTS-1
M.NPTS
GO TO 9

25 JwJ+5
24 CONTINUE

RETURN
END
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SJt.;RUUI INE 1AýLrlhA9,4IRRAv9,P,,J
,4A DO I 1I1.iiPT5

IF (ARRAY(fI -A 3,2,1
1 CONTINUE

GO TO 3
?J-1

3 CONTINUE
REITURN

END
5Jf3RULINE HuNiE- 4AvAPRAY#NPToJ)
flIlvtNSION AP9AY(501
rU~ 1 I1,#NPTn

I CONTINUE
J=52'
v.iL 71 4

1 I

4 r~foT I45u
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SUBROUTINE OCAL iatRF9EMFqNEMF#Kp.CONC)
DIMENbION buRFt5v)tEMFt5..),A%4)p1'4)

53U4 FORMAT 4E18.lO.1XF7.4,16XEl1.4, l1X.213)1
DO 5312 Mul*4
XI!4)=EMF(M4)

5312 Y(M)abuRFIM)
CALL CUBFIT(XsYA9B9CvD)
Oa(-3.*A*EMF(1)*EMFI1 )-2.*B*EMFtl)3-C)/1u.
Jul
PRINT 53U4 9OEMFtlICUNC#,JK
Qu(-3**A*EMF (2)*EMF i2 )-2*B*EMF( 2' C) (100
J=2
PRINT 5304 o0,EMF(2)#C0NCvJ*K
LxNEMF-3
DO 5314 1u2#L
Ja 1+1
DO5313 MI.#4

MM=?4f 1 -1
XtM)=EMFtMM)

5313 Y(M)=SURF(MM)
CALL CUBFIT(XvYvA,13.C9O)
0a(-3.*A*EMFtJ)*EMF iJ)-2.***EN4F.J)-C), 1.o

5314 PRINT 5304 vOEP!F(J~pC0NC9JPK
J=NEMF-1
QO(-3.#A*EMF'(J)*EMFIJ)=2.***EMF(J)-C)/10*
PRINT 53U4 909EMFJ)oCONCPJgK
J=NEMF
Qz(-3.*A*EMF(J)*EMFtJ)-2.*M#EtMFJ)-C),1u.
PRINT 5304 9Q9EMF(J)vC0NC9J9K
RETURN
END)
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PROGRAM OGRAL EINPuiq0L..TP~ie)
COV.*url XYeAviCol
D1IMENSIUN L'ýiF(5"'I ,CAPf50),CAPFIT(501 ,X(4) .Y(4)
6RLAG*Aik*4,'..,*RC*3,3+CAGAii,*DAý
RIAU l9N-ESIFN9FEZ

1 F(JR'-iA I12 15
MO 2 In1,NL'rF

RCPAD 39 EMiF(13,CAPFlitlJ
iF0R%'AT(2F10*4)

DU 4 ;-;=1*4
t.,I2IKFLZ+*A-l
X E> EMF( A

4 YV(M IC A P F IT MIA)
C'VLL CuEFIt

PS tI L T=G7 AL fL I'F NoF E Z + 1,)-CR AL F VNO F L Z
P91NT 5,Pr)'.JLIgrU'FiN0FLf..+1),CAI'FIItQFLt-+1)

5 FL)5?ý'AT( lXLl2e5,r7.4.16XC11*4)
S5 = NE UL T
R [5UL 7=GRA L ( L.'F ( NOFL-Z+ 2 ) J 1 A L (L NIF( NUF LZ + 1

PRIN4T 5,,'j1,U."F(NOLZ2 ,CAPFIT(N%()FLZ+2)

L=NF'IF-3
DO 7 I=NoL
00 6 ;-1194

6 Y GO)C^PF I I(iWV)
CALL CUBFIT

SUM= ';UM.+RESULT
7PR I NT 5 ojN #MF t 1 +2vC.PF I, i ý+2)

RESULT =GRAL (LfAF U.1, ) ) -GRAL(F'.1F (NEP"F-1)
$IJPA=SUM+R[cJuL

P RIN T 5,&'JC MF N L;FrrCA PF I T IN..-F~

FXY(M) =CFMF I T(v,)

CALL CUPFII
PESULT=GRAL(EFNI(ýý)FLZ-1) )-CI<NAL(LI%'FfNOFLZ))
PR IN T 5 PEu :. OU- AFIN~ý.
nUM4RE' UL T
RF2SUL T GRAL ( .*F NOF L4-2) )-(kA' I N.FPCFL-D)-
S~UM'= SuI,+PEStJLrT
PR I NT 5 s E~,EU'F (NOFL4-2 9CAPF I iiNOFEZ-Z)
I=NOFEZ-1

X 01) =FF 1MW~)
13 Y( 1) =CAPF IT (M'M)

CALL. CJLSFIT
RE'5ULTZGRAL(LM4FU-2)1-JRAL('FtWU-1uI
SU'4=SLM+','E!,UL I
PR INIT 5 ,5lr4,E#P'F(A-2 9CAPFI T 1-2
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11 IF(I-4)191 #

GO TO 9
12 RESULTUGRAL(gEMF(l) [-GRALIEMF(2))

SUM=SUM+REbuLo
PRINT 59SUMvEMF 1) ,CAPFIT( 1)
SUM=^C
PRINT 59SUM*EMF(N0FEZ) ,CAPFIT(NOFEZ)
END
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SURFACE AREA STUDIES OF ZINC ELECTRODES
Summary Report

INTRODUOTION

In the development of zinc electrodes for use in alkaline

battery systems, the surface area exposed to the electrolyte in

of considerable importance. However, no convenient method is

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 zinc 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 zinc

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 dissolves

readily in the KOH electrolyte. When this dissolution Is no longer

possible, the discharge product deposits on the electrode and

forms a film which passivates the electrode. If the anodization

is carried out at a hig. h current .ate, the dissolving of the dis-

charge product may not take place to an appreciable extent and

this product then deposits on the electrode directly. It has been

observed that the zinc mdy become covered with a blue film. This

film may be the passivating layer. The color of thij film sug-

gests that it iu about 500 i. thick. Thus, if the &n"ixation can

be carried out so rapidly that no dissolution of the 61scLL_-gt

product takes place, then tie n mber of coulombs passea beffore

passivation tells us the amount of discharge product ftrme. on the
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electrode. Assuming a thickness of 500 A for the film or layer,

we can then calculate the surface area, or at least a relative •"

surface area.

Sheet zinc electrodes were used as reference standards for

surface area measurements. KOH concentrations ranging from 1% to

40% wert used and runs were made at 00, 150, and 25 0 C.

EXPERIMENTAL

The sheet zinc electrodes were zinc strips 1.5 x 0.5 inches

and 0.02 inches thick. These strips were degreased in ethylene

dichloride and then given a slight etch with dilute HOl. Pollow-

Ing this they were rinsed thoroughly, dried, and then painted with

polystyrene cement so that only an area 0.5 x 0.5 inches was ex-

posed to the electrolyte. They were tJ-n stored until ready for

use.

The circuit consisted of a 28 volt battery in series with

variable resistors to reduce the current to the proper level. A

switch turned on the current and an electric timer at the same

time.

The cell was a jar 6 x 5 x 3 inches holding about 350 ml of

the KOH solution. 2wo nickel oxide electrodes, 4 x 4 inches, were

placed on either side of the cell. A piece of zinc wire served as

a reference electrode. The test zinc electrode was placed between

the two nickel oxide electrodes. A vacuum tube volt meter was

used to measure the potential between the test electrode and the

reference electrode. When this potential rose suddenly to more

than 2 vclts the current and timer were turned off and 4'e electrode

-2-
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was considered to be passivated.

RESULTS

Effect of Pre-treatment.

During the time the sheet zinc electrodes were stored it

is possible that they acquired a small amount of oxide coating.

This had to be removed before the electrode could be anodized.

Three kinds of pretreatment were used:

I- the electrodes were immersed in the electrolyte for 5

minutes, then treated cathodically at about 35 ma. for

one minute, and then allowed to remain on open circuit

for another 5 minutes before anodization.

2- the electrodes were placed in the electrolyte for 5

minutes and then anodized.

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 10% KOH at 2500. The

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 suhpq•uent w.rk, prt'reatment #1 was used.

It is likely true that the surface are& was not exactly the

same after the three types of pretreatment. Abrading should alter

the surface area while cathodic current and immersion in the electro-

lyte would remove surface oxide films by reduction or by dissolving.

-3-



Any such differences, however, are within the experimental uncer- II
tainty of the method being used. Several factors contribute to

this uncertainty. The main ones are: (a) lack 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 is being dissolved.

Effect of Amalgamation.

Another factor to be considered is that commercial zinc bat-

tery electrodes are amalgamated. Evidence 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 dipping them for 30 seconds in a solution containing

50 gms. of HgC1 2 per liter. These were then anodized and compared

with non-amalgamated electrodes. The results are shown on Figure 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 is such a difference. Thus in using thij method to compare

the surface area of poroug zinc electrodes with that of sheet zinc

electrodes we need not take into account the fact that our sheet

zinc electrodes are not amalgamated while the porous electrodes are.

Effect of Surfactants.

Delco-Remy electrodes as currently produced contain about

0.1% of an Emulphogene. This material is a surfaotant which has

increased the cycle life of the zinc electrodes. The reason for

this improvement is as yet not known. (onsequently, a few runs were

made to determine whether this surfactant would alter the effectiveI ___ ______________-4-
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surface area of the electrode as determined by this method.

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

solubility of the Emu.phogene Is very low). The results of the

passivation times are given on Figure 3 together with similar re-

sults obtained in 10% KOH containing no Emulphogene. Apparently,

the Emulphogene makes ii difference in the surface area measure-

ment by this method. Consequently, in making comparisons between

Delco-Remy electrodes and sheet zinc electrodes, it is not neces-

sary to make any allowance for the presence or absence of Emulpho-

gene.

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 is undoubtedly a function of the

temperature. The solubility limit is 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 electrode should

be a direct measure of the amount of material needed to cover the

surface of the zinc electrode with a passivating layer.

Passivation times were measured in a concentration range of

1 to 40% KOH and at 00, 130, and 250C. Figures 4,5, and 6 give

the results obtained at each temperature. These results are what

would be expected., More coulombs are needed to passivate the zinc

electrode as the KOH concentration increases, although the differ-

ence between 10 and 20% KOH is not great. The curve in 1% KOH
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at 00C is almost parallel to the base. This suggests that the

same number of coulombs are required to passivate the electrode

re&ardless of the current used. That is, the rate of dissolution

of the discharge product is appioaching zero.

The results arL presented differently on Figures 7, 8, 9,

and 10. Here the effect of tempereture is more clearly seen. As

would be expected, more coulombs are needed to pasbivate the else-

trode as the temperature Increases. This is because the zate of

dissolution of the discharge product increases with incrcasing

temperature.

Delco-.Remy Electrodes.

Having obtained data about passivatiorn times for shcet zinc

electrodes under a variety of conditions, the next step was to

determine passivation times for Delco-Remy porous electrodes under

some of these same conditions. These electrodes could not be

painted withI polyityrene cement to expose o1ly a limited surface

area tu the action of the electrolyte. Oonsequently, a 0.5 x 0.5

inch section of the electrode was used. This was out from the

upper corner where the lug or tab was attached. In this way, the

lug nould be used for eltctrlcal connection to the active material.

In making these runs several experimantal difficulties were

encountered. First of all, a consi~derably h~igher currant was re-
quired to give passivation times comparable with those obtained for

the sheet zinc electrodes. This higher uurrent rate was more dlf-

ficult to control and maintain constant throughout the run. Se-
condly, these electrodes behaved oomewhat differently than did the

sheet zinc electrodes. For the latter, the voltage rose very 4
abruptly at passivation. There was no difficulty in determiniing
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frUo Lthe voltage cha*0ge when the electrode had become passive.

.i• •The porous electrodes showed a gradual increase in voltage during
anodic treatment. The voltage did not rise abruptly. Consequent-

ly, It was difficult to determine from thi voltage change just when

the electrode had become passive. A rather arbitrary standard was

finally adopted. The electrode was considered to have become passi-

rated when its voltage showed that It had been polarized to the ex-

tent of 4 volts. This, admittedly, Is arbitrary and Is partly

responsible for the rather poor reprcducibility encountered In

measuring these passivation tines.

A third difficulty was encountered in cutting and handling

these porous electrodes. During these p-oocesses some activ. ma-

terial was lost from the electrode area that was to be tested.

Thi3 also contrituted to the lack of reproducibility.

In addition to these experimental difficulties there is anothez

consideration, This method we are describing uses the amount of

anodic coulombs as a measure of surface area. This means that only

the surface area which is zinc can be measured. It can undergo

anodic o-%.dation. Any surface area which is an oxidized form of

zinc, e.g., zinc oxide, zinc hydroxide, zinc carbunate, will not

bo measicred by this method because it cannot b6 further oxidized.

However, if these materials should discolve in the electrolyte and

then expose zinc, this exposed zinc could be oidized and would be

included In axy calculated area. This method, then, does not

measure total surface area but rather it measures the area avail-

able for electrochemical onidatlon. And thia Is not necessarily

the area that would be measured, e.g., by the BET method using gas

adsorption.

-7--

___



it

The above considerations are mentioned to help in interpret- # I
ing the results that were obtained.

Tue procedure used was as follows. The electiode was ilaced

in the electrolyte at open circuit for five minutes. It was then

given a cathodic treatment for one minute at a low current den.-

sity. Hydrogen was being evolved at the electrode by the end of

this minute. Following this the electrode was left on open cir-

cult for another five minutes and then anodized.

After measuring the time to passivation, this time was com-

pared with the time to passivation for a sheet zinc electrode.

For example, if the time to passivation for a porous electrode was

10 seconds, then reference was made to sheet zinc electrodes passi-

vated under the same conditions of KOH concentration and tempera-

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

coulombs required to passivate a sheet zinc electrode in 10 se-

conds. The ratio ef this number of coulombs to the number of

coulombs required to passivate the porous electrode in 10 seconds

und..r the 6&m condltiois is .. . .sidered to be also the ratio of

the surface areas of the two types of electrodes.

These ratios were determined under several conditions and

are summarized In Table I
TABLE I

RATIO OF AREA OF DELCO-REMY ELECTRODES TO THAT OF SHEET ZINO

7o n Temp, °Ratio
'-4 25 7:1

10 25 10:1

10 13 10:1
10 -3 13:1
1 -3 28:1

-8-
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The uncertainty of the ratios given in this Table is about + 20%.

It appears to decrease somewhat at lower temperatures and at low-

er KOH concentrations. It is abvioua that the ratio obtained de-

pends on the condlitions under which the measurements are made.

The ratio increases as the temperature Is lowered and as the Koji

concentrations are decreased. These are the same conditions under

which one would expect the rate of dissolution of the discharge re-

action product to be less. Thus, it seems that the less the in-

terference of the dissolving of the discharge product, the higher

is the ratio of apparent surface area of porous zinc electrodes to

aheet zinc electrodes. This might suggest that the beat ratio or

the most realistic ratio is the one determined in 1% KOH at 000.

However, this is merely a guess until an independent method is

available which will determine the surface area of the electro-

chemically active zinc in these porous electrodes. Certainly, a

surface area ratio of 30:1 seams more realistic than a ratio of

7:1. Until an Independent method is used to determine what the

surface area ratio is, this method cannot very well be used to

determine such a ratio. If such an Independent method would te÷ll

us the ratio, then we could select the conditions under which this

couioiubic method gtVesu the same ratio, and use the method for deter-

mining surface area ratios for zir c electrodes. The method Is fair-

]y uimple and with further work the uncertainty could probably ba

reduced to about + 10%. I
Surface Area of Failed Electrodes.

Attempts were also made to determine the relative surface

Brea of Delco-Reaq porous zinc electrodes which had been removed

from clls. These e~lls had been cycled until failure, and failure1 -9-
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was due to loss of zinc electrode capacity. These electrodes were

treated the same way as the fresh zinc electrodes were, and the

same difficulties were encountered in making timo-to-passivation

measurements.

In addition to this there was an added difficulty. This had

to do with selecting a representative samplc. In Iost electrode:

there was no active material left on the grid in the vicinity of

the lug. The active material on these electrodes had, during cyc-

ling, bean 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

necessarily a representative sample. This certainly had a higher

surface area of active material than did a similar sized section

near the lug (where there was no active material). Because of this

the surface area measurement on such a 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 electrode com-

pared to that of a fresh electrode,

These surface area measurements were also made under several

conditions and the relative surface areas so determined are given

in Table II.
TABLE II

RELATIVE SURFACE AREA O0 FAILED ZINOB EtICTRODES COO-ARED TO

LKOH THemp R iatio

40 25 9:1
10 -3 14:1

I25:1

The uncertainty in these measuremento was about +f%.
i -10-
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Comparing .... ese results with those in Table 1 it appears that

there is not a great deal of difference. The differences are with-

In the experimental uncertainties of each oLher. The value for

the failed electrodes Is higher under two conditions, 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 to failure. However, as noted earlier, this measure-

ment was made on a segment of the electrode. There were other areas

on the grid of these failed electrodes that had no active material.

Thus, because the active material still remaining on the grid had

a surface area equal to that of a fresh electrode, 'z is obvious

that the total sur'ace area of a failed electrode is less than that

of a fresh electrode. 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 this method as a means to determine surface areas of

zinc electrodes. However, these results can be treated in other

ways as well. Because current and time were measured, these values

can be used to test various limiting conditions for the electrode

reaction.

The times involved in these measurements were rather short

and hence it is possible that these electrode reactions were limited

and controlled by diffusion of solution species. One common way to

check this is to plot current vs. t-i. If the results show a

{) linear relationship between these two values, then it is likely that

-11- -
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the cl(ctrodc r cnction 1s diffusion controlled. C
Not all of our measurements were amenable to such treatment

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

temperature and In a given KOH concentration were too narrow.

Figure 11 le an I vs t- - plot for some of the results we obtained

where the spread in time and current was sufficiently broad to make

th& Aot meaningful, and vhere a sufficient amount of data was

available. The relationship is reasonably linear. This suggests

atrongly that these electrode reactions were diffusion controlled.

The results do not allow us to infer which ion is the controlling

one. It may be diffusion of OH" ions to the electrode or the dif-

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

both processes are equally significant.

Solution Rates.

If one accepts as valid the general outline for the anodic zinc

reaction given earlier 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 reaction product dissolves under various conditions.

The coulombs-ttme data given, e.g., on Figure 4 generally show

that the number of coulombs accepte4 by the electrode during elec-

trolytic oxidation increases with Increasing passivation times. The

increased time allows more of the discharge reaction product to dis-

solve. Thus more coulombs are needed so that the electrode surface

will be covered with undissolved reaction product. The results in

0
1% KOH at 0 C, however, show no such positive slope. This suggests

that under these conditions the rate of dissolution of the reaction

product ;..sso slow 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 bring about passivation Is independent of the

time allowed for passivatlon. If this be so, then the number of i
coulombs required for passivation In 1% KOH at 000 gives us a di-

rect measure of the surface area (this will be treated later), and

of the amount of reaction 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 Is 0.1 coulomb.

Later work under these same conditions but over a wider time

range showed that at O°C In 1% KOH the plot of coulombs vs. tlme

also shows a positive slope, Figure 12. The line, however, does

extrapolate to 0.1 coulomb for the electrode. This then will be

assumed to be the amount of charge needed to cover the surfaoe of

the 0.5 x 0.5 Inch area of the sheet zinc electrodes. This amounts

to 0.1/2 x 96500 or 5.2 x 10-7 moles of zinc oxide or hydroxide.

Any additional zinc compound produced during the time to passiva-

tion Is assumed to have dissolv;ed In the electrolyte.

The rate of dissolution of the zinc reaction product may then

be calculated as follows. From Figure 3 a 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 coulombe, 4

the remainder, then represents the amount of discharge product that

dissolved or diffused away in the 10 seconds. The 3.7 coulombs cor-

responds to 19 x 1o- 6 moles of reaction product. This amount dig-

solved over a period of 10 seconds which, on 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 dissolutiou

rates under other conditions. The results are summarized In Table III,

and on Figure 13.
-13-



TARL& III

RATE OF D1I35OLUTION OF ZINC ELECTRODE DISCHARGE PRODUCT

MOLE, P'ER LITER PEn SECO"D x 107

SCo 1 -3C°250 C

1 1 . . .1 . . . 2

10 7 8 19

?0 to 11 20

__o. 
28 32

40 20 31 . 5

The results on Figure 13 are given as rate of dissolution per square

centimeter of electrode surface.

The dissolution rates are what would be expected. -They in-

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 at the moment for checking these results nor are

we aware of any other such measurements having been made.

The solubility of the discharge product was studied 'an still

another way. After an electcode became passive it 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 it has dissolved the electrode should again be electro-

chemically active. &fter being passivated the electrode was al-

lowed to remain on open circuit in the electrolyte for a period of

time. It was then treated anodically and the time to passivation

-14-



was again veasured. When the time to pasqivation was about the

same As that for a fresh electrode In the same solution, the

elactrode was considered to be electrochemically active.

One such series of trials was carried out In 10% K0P At 25 00

using sheet zinc electrodes. It was found that when the electrode

remained on open circuit for at least 13 seconds, it had regained

its electrochemical activity. For periods of less than 10 seconds

the electrode showed some semblance of passivity, i.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 it

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 pores of the electrode. The ratio of these two open air-

cult times is 3 x 60/10 or 18:1, which is considerably larger than

the surface area ratio shown in Table I for these same conditions.

No f,,rther work was posI4 hle in this area bpuue 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 0.1 coulomb or 5.2 x 10-7

moles of reaction product are required to form the passivatin3 layer

over the surface of the electrode. If this film is zino hydroxide

then the weight of the film Is 99.4 x 5.2 x 10-7 5.2 x 10"5 grams.

The handbook density for this substance Is given as 3 gm/oc.

-15- .
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This, or course, may not De the density of the actual material in

the passivatLing layer. However, assuming that it is, then the

volume of the layer is 1.7 x 10-5 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 is a more realistic figure and this would give a film thick-

ness of 300 to 500A. This may or may not be a realistic value.

If 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.

Tha experimental difficulty involved is in actually observing

the passivating film. It dissolves readily in the KOH electrolyte.

Furthermore, if removed from the electrolyte, the film may undergo

changes in composition.

An alternate way of getting some indication of the thickness

of the passivating film is to assume that during passage of cur-

rent there is film formation and film dissolution, with the latter

process being slower than the former. Then, the film gradually

thickens as the current is paqss.a and when It has reached a cer-

tain thickness the electrode is passivated.

The rate of growth of the film = k x i. The thickness of thu

film, x, is

X = I x t x 99.4 cm. (*)
2 x 96,500 x 5 x 1.b

Where i = current

tm time

99.4= mol.wt. of Zn(OH) 2

2= mol. wt./equlv.wt. for Zn(OH) 2

3= density of Zn(OH) 2

I..6= surface area of tho sheet zinc electrodes
96,500 = the Faraday

-16-



The rate or disi•loutlon of the fim', k•d Is constant at a given

Le41perature In a given KOH concentration. This is expressed as

moles/sec. To change thI3 value to a corresponding film thickness

we change this to a corresponding weight and volume and divide by

the density.

V = kd x t x 99.4 cm. (2)

3 x 1.b

The thickness at any time X then il X - V' or
t

t x 99.4 k-k X t X 99.4
t 2 x 96,500 x 3 x T.7 6 x 1.6

or

X = t .r 99., I kdP 20.6 t [T kdj (3)3 x 1.6 193,000 - 293,000 -

For equation (3) we have values for I and t and estimated values for

kd-

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

of the layer from the time-current data we have obtained. However,

the two terms in the b ckets, i.e., 1/193,000 and kd are so nearly
d

ef!-Qi. in value, that the d4fference betweet, them is less than the

experimental uncertainty In either one. Consequently, this approach

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

vating film until more precise data become available.

T. P. Dirkse
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Figure I Passivation times for sheet zinc electrodes as afunction of the method of pretreatment.
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Figure 2 Effect of amalgamation on oassivation times for
sheet zinc electrodes in 40% KOH at 25 0 C.
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Figure 3 Effect of amalgamation on the passivation
times for sheet zinc electrodes.
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Figure 4 Passivation times for zinc electrodes at O°C.
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Figure 6 Passivation times for sheet zinc electrodes at25°C. tmsfrse
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Figure 7 Passivation times for sheet zinc electrodes in
1I KOH
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Figure 8 Passivation timfes for sheet zinc electrodes
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Figure 9 Passivatior times for sheet zinc electrodes in 20% KOH
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APPENDIX IV

A LITERATURE SURVEY ON THE SOLUBILITY

OF ZnO IN OTHER DIVALENT METAL OXIDES

AND OF Zn(OH) 2 IN OTHER DIVALENT METAL

HYVROXIDES
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In the search for a possible host lattice for ZnO and Zn(OH) 2 , the only

compounds considered are those containing a divalcnt cation. .is limitation

immediately eliminates compounds of the alkali metals, lanthanides, actinides,

and other metals which do not normally show the +2 oxidation state.

The compound ZnO has a hexagonal (Wurtzite) lattice with the following

cell parameters: a - 3.24 X, c - 5.19 A . Among the commonly occurring

metal oxides only beryllium oxide, BeO, has a hexagonal structure. Its lattice

parameters are: a - 2.69 X, c - 4.3 ' '. Even though the difference

between these sets of parameters is somewhat greater than 152, BeO and ZnO do

appear to form a solid solution on which conductivity and X-ray diffractinn

measurements were made (3). No other information on phase relationships

between BeO and ZnO is available It, the literature.

Diadochy, rather than isomoophism, is the primary criterion in solid

solution formation, so that a hexagonal compound may form a solid solution 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 ionic 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. Ma3on, Principles of Geochemistry, 2nd ed., J. Wiley and Sons, Inc.,

New York, 1958, p. 85.
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inirical values for crystal radii 5 , the following ions may be diadochic in

tide structures:
0

Zn 0.74 XMn 0.80 A

Co 0.74 Cr 0.84

Ni 0.72 Pd 0.86

Fe 0.76 Cu 0.69

tis 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 ct the oxides of these.

!tals are as follows:

Cr0 , probably cubic, parameters not Jetermined (
6 )

MnO , cubic, a 4 /.47 1 (7')

FeO ,cubic, a 4.27 A 8

CoO cubic. a 4.25 A0(9

Nie , cubic, a 4.17 X (10)
0

Cuo mo~noclinic, a - 4.65, b - 3.41, c - 5.11 A, 99029t 11

Pdo, tetragonal, a - 3.02, c - 5.31 A0(2

L. Pauling, The Nature of the Cheanlcal Bond, 3rd ed., Cornell University

Press', Ithaca, N. Y., 1960, p. 518.

*H. Lux, L. Eberle, and D. Sarre, Ber., 97 (2), 503 (1964).

*H. Ott, Z. K~rist., 63, 222 (1926).

*V. M. Goldschaidt, Ber.,,60, 1285 (1927).

H. P. Walasley, Phi. at, 7, 1101 (1929)

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

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

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

pure water but is readily oxidized by atmospheric oxygen . 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 Dee., 1966) on solid

solution formation between ZnO and CrO. ZnO does form solid solutions with

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

BcO (see p. 1 of this report), and with MgO, CdO, and SnO.

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

the following references:

14. R. Rigamonti, Gazz. Chim. Ital., 76, 474 (1946) C. A., 41, 7191i

Formation of solid solutions of ZnO in MgO, NiO, CoO, MnO and CdO.

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

discussed.

15. R. isomatsu, and S. Kitagawa, Doshisha Daigaku Rikogaku Kenkyn Hokoku, 5,

(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)

Co 1, 47, 4;19i

Preparation of mixed Co and Zn oxides, determination of phase diagrams.

17. E. Hayek, Monatsh., 66, 197 (1935)

C. .., 30, 391

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)

0
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18. G. Natta, and L. Passerini, Gazz. Chim. Ital.., 5_9, 139 (1929)

C. A., 25, 633

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

Zn.

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

C.A., 13, 30985

Formation of solid solutions of NiO with ZnO and other metal oxides.

20. H. Kedesdy, and A. Drukalsky, J.A.C.S., 76, 5941 (1954)

C.A., 49, 15599c

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

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

35, no. 8)

C.A., 47, 6669g

Describes formation of ZnO-CoO solid solution from ZnO and CoCO3 in a

CO2 atmosphere.

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

C.A., 48, 7976e

Fusion of ZnO with CuO may indicate the existence of a eutectic in this

system.

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

C.A., 57, 9278h

Composition and lattice constants are given for various solid s lution

phases in the ternary system ZnO-Ci -MgO.

The following references are less directly related to this problem but

may be of interest:

24. V. P. Chalyi, and 0. I. Shor, Ukrain. Khim. Zhur., 27, 7 (1961) (--
C.A., 55, 17325g

A thermographic study of hydroxide mixtures. Dehydration gives solid

solutions of NiO and ZnO, depending on concentrations.

.rc - zr .-~ 14 -4,~zAt~C~l~fr.~.*' .1- -• 4'



25. C. Frondel, Am. 14ineral., 25, 534 (1940)
C.A., 35, 7111

Discusses exsolution growths of ZnO in MnO.

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

C.A., 52, 17871c

Distortion of the NiO structure by ZnO substitution.

27. 0. Schmitz-Dumont, K. Brokopf, and K. Burkhardt, Z. anorg. allgem.

Che•me, 295, 7 (1958)

C.A., 53, 1915g

Absorption spectra of solid solutions of CoO and ZnO.

Information available in the literature suggests only two possible host

lattices for Zn(OH) 2 , namely Ni(OH) 2 and Co(OH) 2 . 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 - 3.11 and c 7.8 • (28)-

The s-form is rhombic with a = 5.16, b = 8.53, and c = 4.92 X (29). Co(OH) 2

occurs in two forms. It is blue when freshly made, but changes to the more

stable pink form on standintg. It is slightly soluble in alkaline solutions,

and is easily oxidized by atmospheric oxygen. Co(OH) 2 has a trigonal structure

with a 3.19 and c 4.66 A (30).

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 Line. Mem., 4, 51 (1926)

04.
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Ni(OR)2 is more stable toward oxidizing agents. It also has a trigonal

structure with a - 3.07 and c = 4.60 X (31)

The following references deal with the phase relations between the

hydroxides of An, Co, and Ni.

32. W. Feitknecht and W. Lotmar, Rely. Chim. Acta, 18, 1369 (1935)

C.A--, 3., 20774

Solid solution formation in mixed precipitates of Zn, Ni, and Co hydroxides.

Structure and composition of crystals is given.

33. 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)
2 2 2'

34. 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.

35. W. Lotmar and W. Feitknecht, Z. Krist., 93, 368 (1936)

C.A. 30, 62602

Changes in ionic dista..ces in Zn, Ni, and Co hydroxide solid solutions.

Two miscellaneous references were found which deal with the phase

relationships Letween ZnO and Zn(OH) 2.

36. G. F. HUttig, and H. Mdldner, Z. anorg. Chem., 211, 368 (193.3)

C.A., 27, 3415.

A discussion ot the relative stability of Zn(OH) 2 with respect to

ZnO in H2 0.

31. G. Natta, Atti accad. Lincei, 2, 495 (1926)

__ __ __ _ __ __ _ _ __ _ _-_ ___,__ _ ___-____--_i
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4 37. Re Scholder, and G. Hendrich, Z, anor_. ai2gem. 247 76

(1939)

.____, 33, 52719

Phase relations in the system of ZrO-Na2O-H 2 0.

S0

I _____________



APPENDIX V

SIZES OF ZINCATE ION AND SOLUBLE
SILVER SPECtES IN KOH

Dr. J. J. Lander
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Sizes of Zincate Ion 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 firro basis for further studies on zincate ion
and the soluble silver species. For emampl-, 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 molecular) diameters would have to exist between K+ and
OF- on the one hand and zincate and soluble silver on the
other. If an appreciable difference were to be found, then
ic would make sence to try to develop separator materialswith 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 , OK-)
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 limits; 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.

"l-1



TABLE I

Volumes of KOH Solutions (68°F)

Volumes of Solutions Weight
Weight Containing 1000 gm. KOH Molality
% KOH Density H20 (c.c.) Grams n2

0 0.997 1003 0 0

2 1.016 1004 20 0.36

6 1.053 1010 65 1.16

10 1.090 1022 112 2.00

16 1.147 1037 190 3.39

24 1.226 1074 317 5.65

30 1.288 1110 430 7.66

40 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 10-23 c.c.
6OZ3 3 = 3.41 x

or 3.41 x 10-23 x 1024 = 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. 1946.
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If the molecule is treated as a sphere, the molecular I
diameter is calculated to be

d3. 6 x3 4 .1 =65
d - 4 A0

On this basis, the diameter of either the K0 or the OFH- ion
would be less than 4 A0 .

From the shape of the curve, it is evident that the molar
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. Evidently, KOH solutions Pre 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
mole fraction of KOH. These data were calculated from
Table I.

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, Whilc Figure 2 says that there is a good deal of
solute-solvent interaction, the data of the figure do not
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-
parison 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 studiesTn good
agreement with Ackermann (CA 55, 13054 a) who studied
hydration number of 4 for K+ ion in concentrated KOw
solutions (11.36% and 18.81% KOH, by weight) using X-ray
diffraction (Norelco Report 5, 111, 1958). The latter

-3-



article article also contains reference to theoretical meansof 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 KCI 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 I 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 Raoult'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 ,,easured Values of vapor pressure of water for solutions
of KOH up to 50% by weight at 68°F. (international Critical
Tables, Vol. III, p. 373). On the same graph are shown

*See, for example: "Ionic Sizes," Stern and Amis, Chem.

Rev. 59, Feb. 1959, p. 23.
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"A based on 00% 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 theoretical 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 molal solution behaves like a 21.8 molal
theoretical 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 conta!ns water in the same ratio.

5.0 9.3

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 5.14. 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 3.6 moles of water are tied''
up with I 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 I, an 11i, molal solution containing 1000
grams of water has a volume of 1190 c.c. Therefore, the
volume of hydrated KOH is

1190 - 230 960 cc.

or 960/11.9 = 80.6 c.c/mole

0
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The value of 80.6 c.c. per mole may be compared with the I
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

80.613 4 x 1 -3 c .6.023 x I023 ' 34x1-3cc

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  6 x 134 = 255.5 cubic Angstroms

d = 6.35 A0

For a 4 molal solution (hydration number 5.6), the volume per
molecule is calculated 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 A0 , over the concentration range
involved.

The phase diagram for KOH - H20 solutions indicates formation
of the solid compound, KOHW4H20, 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 projected curve of Figure 4 lies unu'er 4 waters of hydration
for the 44 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 4 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.

-6- Iu
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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 the 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
pressure around 20-22 molality for a hydration number of
2.6 - 2.8.

Ion-Ion Assocation

In the Second and Third Quarterly Reports, some speculation
was given to the possibility of ion-ion association in
strong KOH solutions, on the basis of Figure 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 0 C. Professor
Dirkse in a similar calculation (private communication
dated May 25, 1967) showed constancy of the function 4)X/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 rC'tteries - Screening Methods."
These data were found to agree exactly with viscosity data
givcn by Hitchcock and McIlhenny (Ind. & Eng. Chem., Vol.
27, p. 466). 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 I1 shows the data and the calculated values
of ?jX/C.

TABLE II

Data for the Function )IX/C for KOH Solutions at 250C

Concent rat i on(Hal ati ty) Irv L 4/

0.6 0.91 0.130 0.118 0.198
0.8 0.93 0.170 0.159 0.197

0-7-



TABLE II (Cont'd.)

Data for the Function lI/C for K044 Solutions at 25CC

Concentration
(Molar;ty) P X JA/C

1.0 1.00 0.200 0.200 0.200
1.5 1.02 0.295 0.304 0,204
2.0 1.10 0.360 0.396 0,198
4.0 1.40 0.575 0.805 0,201
6.o 1.83 0.640 1.17 0.195
8.0 2 42 0.620 1.50 0.187
0.0 2.82 0.583 1.64 0.182

10 0 3.30 0.541 1.78 0.178
11.0 4.00 0.505 2.03 0.)84
12.0 4.83 0.460 2.22 0.184
13.0 6.20 0.405 2.50 0.193
13.4 7.00 0.387 2.71 0.202

Avg. 0.193 3.67Y

While there is some variation in the values of hA/C and.
possibly a minimum in the value near 10.0 molar, actually
the values lie within an average deviation of + 3.6' which
is probably not outside the limits of experimental error.

The point is this: if 'n.X/C is truly a constant, then there
should be no ion-ion association effects in KOH solutions,
even up to 45% 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 -illustration, Figure 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
electrolytes. Similar work for "solutions (other than KOH)
of high-concentration, strong electrolytes is also suggested,
in order to check out electrolyte theory in this respect.
It seems possible that a good deal of this might be accomplished
with data already existing in the literature.

Zincate Ion

A simple technique was used to measure the volume increase
of a 45% so!ution of KOH as i-ncrpasing amounts of ZnO were

-8-



added at 72?F. A 500 c.c. volumetric flask was filled to
the calibration •arrk with 45% KOH. Weighed amounts of ZnC
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 ;.d.
and the increase in height of the liquid level, the volume
change could be calculated. The results are shown in Figurz J
6. the shape of the curve is slightly S-like; however. a

straight line was drawn through the points and its slope
20.9 c.c./mole. This may be compared with 14.86 c.c./mole
calculated from the handbook value for the density of solid
ZnO. Therefore. the oxide occupies more volume when dissolved
in 45• KOH at room temperature than it does in the dense jsolid state."

Treating the ZnO as a dissolved molecule and assuming a
spherical configuration, the diameter may be calculated.

20,9 x 102.4
0.02 x 1023- 34.6 cubic A* - volume/ZnO molecule6.023 x 1073

3 3 34.6 8.25

r - 2.2 A

d - 4.04 A0

This value may be regarded as a value for unionized and un--
hydrated ZnO. However, as Dirkse's data show the molecule
is likely to exist as the Zn(OH) 4 - .2H 2 0 ion in solutions
of strongly alkaline KOH. This is equivalent to ZnO2 - .4H20,
or a Zn02 - ion with 4 waters of hydration.

We can estimate a minimum volume for ZnO 2 - 4H2 0 in the
following way. From the data of Figures 1 and 2 the volume
of one mole of bound water in 45% KOH nay be calculated to
be 13.4 c.c. per mole. Next, using the value of 14.86 c.c./mole
for ZnO in the solid crystal and adding 4 x 13.4 - 53.6 c.c..
we obtain 68.5 c.c. per mole for ZnO2 1 .4H20 without
accounting for the extra oxygen atom. Then,

68.5 x 1024
6.023 x 1013 " 113.4 cubic Angstroms

d3 6 x 113.4 - 217TTr

d - 6 A0

"9-



so. a minimum dime,'sion for a spherical ZnO 4H 0 ion is
6 A' diameter. which is not very different from t * values
6.4 - 7.1 A calculited 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 zinc diffusion, yet allow
un-inhibited diffusion of KOH, is simply out of the question
based on pore siie alone.

However, it should be remembered that the d'ffusing zincate
ion has to drag along two hydrated K4 ions with it, so some
differential could b-3 involved. This can be est;.ated using
the value of 80.6 c.c,. per mole for hydrated KOH 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 Zn02 - .4H20 would be 149.1 c.c.
per mole. Then,

149.1 x 1024 -249 cubic Angstroms

d3 . 6 x 249- 475

d - 7.8 A*

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-

f 64-85 (Final Report on Air Force Contract Nr. AF33(657)-10643,
dated I August 1964) flux rates for KOH and zincate ion
diffusion through regular pore size fibrous sausage casing
(RPS) were measured to be i.i x 1o"3 for KOH under a concen-
tration difference of 12 M and 4.0 x 10"6 for ZnO2'for a
concentration difference of 1.3 M (in 45% KOH) sna
estimated average value0%f D for KOH of 1.4 x IO"D cmi/sec.
and a value of 1.8 x 10" for D of zincate ion in 44% KOH,
the value of f;ux for KOH might have been expected to be
14 12

T-8 x l. 72 times that for zincate ion. Thus, 4.0 x 1o-6
x 72 =288 x 10-6 7. 0.3 x' 10-3, and for this membrane KOH

a'
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Od
"" 7diffusion was 1.1/0.3 3 3.7 tirmes larger than expected in

terrrs of our previous conclusion regarding the possibi~ity
of obtaining screening on a pore size basis. This could
mmean that so-e screening of zincate ion was being achieved.
Comparing the small pore size (SPS) membrane in the same
table of reference, the factor was 0.75/0.22 - 3.4, which
represents less screening than was achieved by the regular
pore -ize material. Coinn on down the table, values of'

rLoe screening factor lying between 1.3 and 4.6 (the latterfor control fibrous sausagn casing) are obtained. Fos the

best of the RAI materials, i.e., 2.2XH (Table 6, same
reference) a value of 3.2 for the screening index was found.
These 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 greatlyin terms of ionic dimensions* and, furthermore, if the soluble
silver species is AG9-, 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 Tpbles
of reference, values of soluble silver flux equivalent to
those for zincate ion were -measured. On this basis, it is
concluded that remarks apropos of zin.-ate ion diffusion also
apply to diffusion of the soluble silver species.

A

*See Stern and Amis, "Ionic Sizes," Table 1l, p. 30,
Chem. Rev. 59, Feb. 1959.
See also Mon-Z, "Electrolytic Dissociation," Table 14.4,
p. 271, Academic Press, New York, 1961.
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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. In 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 40% 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 subsequently 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 batLery. 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 potassium hydroxide up to 45 percent
and resistant to the oxidative effects of silver oxide and
silver peroxide at temperatures from 401F to sterilizing
conditions of 135-145 0 C. Generally, however, the operating
temperature is 75 0 F. 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 absorb
sufficient electrolyte to prevent "drying" of the plates. Tbh.
swelling characteristics of the membrane must not be excessive.
Cellulosics swell considerably in the electrolyte environment.
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 irLportant primary requirement of any separator. The
reproducibility of separators investigated in this research
program was a fundamental. consideratio and was accomplished by a
strict review of all aspects of materials and processes used in
preparing the membranes. Results of battery testing on
membranes 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
improvcment.

The quality control of all materials used in this program
w-s stressed throughout. The history of events leading to
initiation 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.

9
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1.1 History of Membrane Development

I ~ 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 any 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.(1) It is significant to note that controls using
cellulosics under the same test conditions had passed 1500 cycles.
This amounted to an 80% improvement in cycle life for batteries
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-housc prcgrari was initiated to
determine the reason for the failure to reproduce the original
excellent separator. Testing at R•1 inciuced evaluation of
monomer types, grafting rates, grafting lexels, solution
concentrations. addition of chan ran..fer ag!.nts, purity of
solvents, crosslinking levels of the base film and variations
in the base polymers. These tests indira e2 a strong dependence
of the finished separator on three basic variaales, the bave

-2-
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polymer, the crosslinking level and the monomer type grafted.
Because of the prime dependence of the final separator on the

Sbase film an investigationi was undertaken to determuine if our
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 density
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
development 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 fraction
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 in the
development of pores which, in turn, would lead to failure
by zinc dcndrite 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 goal of this program.
The results which follow substantiate the original premise and
note the importance of each of the three basic parameters.
Further it has been sh-own that the importance of the base resin.

is not depended ... thLe molecular welght averages but rat~ier
the molecular weight distribution. The importance of tFis
characteristic was shown to be related to the eifiiiency cf
crosslinking.

-3-



2.0 EXPERIMENTAL

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 a.ad 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
to 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

The resin to be used in preparing the film was purchased
from Union Carbide Corporation and is designated Bakelite DFD-0602.
The density of this resin was checked along with the weight
average (Mw) and number average molecular weights (Mn). The
molecular weight distribution for this resin was determined using

gel permeation chromatography (GPC). The results of this analysis
ar gi've in Taobe 5 in a following sect' . The significance of
the distribution is given in a subseque-. ,ection.

The resin, as received, was extruded as a one mil film -
by the Phillip-Johanna Company of Ladd, Illinois. Subsequent to I
completion of this program a new extruder has been used to supplytwnyii

film. The original extruder could not hold the gauge of one mil
to a tolerance better than twenty percent. The current supplier
has maintained a tolerance of better than ten percenlt

I
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2.1.2 Crosslinking of Film

The rationale for the crosslinking procedure given here
is detailed in a subsequent section. One mil film was folded in
twenty-fLve 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 dose 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% pherylbeta-naphthylamine to prevent
oxidative degradation of the films during extraction. The solvent
was maintained at 115 0 -120 0 C. in an oil bath, and changed daily
for two days. After the extractions were completed the films were
vacuum-dried at 90 0 C. for 24 hours, weighed and the percent gel
was calculated from the equation

Gel - WG X 100
•WI

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 MC
value was determined. This parameter indicates the molecular
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weight between crosslinks in a treated film and was obtained
from a plot of the sol fraction of the ge1 curves vs..th
radiation dose. The detailed calculations necessary to give
StheMC value are given in a subsequent section. The equations
used are as follows:

S +S =Po + I

qO qour

where S = Sol fraction = (1-gel content)
Po = the fracture (scission) density per unit dose
qo= the crosslink density per unit dose
u = the number average degree of polymerization
r = total dose

Sis obtained from 1-gel content
r,is the dose and is set experimentally
u,is calculated from the GPC curve

The M value is determined from the slope of a plot of equation
one.

m (slope) = 1
qo u 2

mu 3

q (total crosslinking) = x r 4

MC W = W = Wmu
q qor r

where W is the molecular weight of the repeating unit in the
polymer. U
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2.1.3 Rolling Film Prior to Grafting

The crosslinked film was prepared for grafting by inter-
winding with a wide mesh cheesecloth 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. Ideally 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 air 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 0 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 polyethylene 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 radiation:
At the dose rate specified (10,500 rads/hour) the reactors
are exposed to the Co gamma rays for 144 hours. 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 I
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 irradiation 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 0 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. 80 0 -90 0 C
in five percent potassium hydroxide. Following this the
film was washed at 60 0 C and then at room temperature in
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 Grafted Separator

The grafted separator was characterized by

2.2.1 Exchange Capacity

2.2.2 Determination of Uniformity of Graft

2.2.3 Electrical Resistance

2.2.4 Zinc Penetration (Hull Test)

S2.2.5 Thermal Stability at Elevated Temperature
in 40% Potassium Hydroxide

2.2.6 Cycle Life Testing in Three Plate Cells

2.2.7 Swelling Characteristics

2.2.8 Tensile Strength

2.2.9 Zinc Diffusion

The procedures for these tests follow:

2.2.1 Exchange Capacity

The exchange capacity of the separator was determined
by equilibrating a weighed sample of the separator in standardized
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
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equivalent of acid groups present in the separator.

Exchange Capacity - (No - Nf) X 1000 5
iWs

No - original normality of potassium hydroxide
Nf - final normality of potassium hydroxide
Ws W dry weight of membrane sample in acid form

4

The exchange capacity is given in milliequivalence per gram
of separator. The equilibration period for the separator in
the standardized pota3sium hydroxide was set at twenty-four
hours at 25 0 C.

2.2.2 Determination of Uniformity of Graft

The uniformity of the graft could be determined in
a preliminary way by dyeing the grafted sample and then
determining 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 sensitivity 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 resistance is eight
milliohms -in 2 .

The basic procedure requires modification wherein the
carbonyl function would be measured using ultra-violet
radiation rather than dyeing and recording the visible
spectrum. Infrared is not satisfactory for quantitative
analysis here because the samples contain water.
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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 shown in
Figure 3. The circuitry for the resistance measurement apparatus
is shown in Figure 4. Ihe resistance of the separator is obtained
as the difference between the cell resistance with and without the
separator, in milliohms-in. 2 . The reststance 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 Zinc Penetration

The zinc penetration times were determined using a
Hull Test(5). The procedure as standardized at these
laboratories follows:

Size of Cathode Plate: 3-7/8" x 2-ý"

Anode Plate: 2-b" x

Electrolyte: 45% KOH in a 1 molar ZnO solution

Current: 1 Ampere

Size of Film: 6" x 5"1

Cleaning Steps for Film:
Hot KOH H20 ---- ,.Methanol (CH3 0H)

I. PREPARATION OF ZINC PLATES

The larger plate must have its edges and corners
sanded smooth to prevent any punctures or tears in the film.

-14-

h



i

LEADS TO laun, m,- IE DAP C:- E;F"I DGE

\ /

PLATINIZED PLATINUM ELECTRODES

RESISTANCE CELL
) FIGURE :5

'-1



ccl
w

:D

LUJ
a,)C

ZL 'w Z1

OM0 3 1 - ID'
ZLUC O.I.

LU

10- 7



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 FI14 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 ,edges, in order to avoid a puncture
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 film in a hot (800 - 850 C.) 5% KOH bath for
approximately 25 - 30 minutes. The film is then rinsed in
deionized water to remove the KOH, and then in methanol,
removing any water, either on the surface or in -he pores.
The film is towel blotted until dry.

III. FITTING FI11M ON PLATE

The prepared piece of film must now be fitted to
the larger (3-7/8" x 2-½") 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
cit, go that it fit* tightly around th,_ plate with no excess.
7This plate is placed in the Hull Test Uni.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 45% 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 at 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.

K [-17-
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2.2.5 Thermal Scabilit in 40% Potassium Hydroxide

The the .rri stability of the sepa-- "r aas determined from
tests conducte3 n 40% potassium hydroxice. The separator was
placed in a stainless steel bomb and potassium hydroxide was added.
The bomb was then capped and heated at 700 or 145 0 C. for 7 or 14
days. The weight loss of the film under thcse coizAtions wv:' used
as a measure of the s:.-:L'-.ity of separator to thermi. steriltzation.

2.2.5 Cycle Life Testink in 'ITree 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-off was 1.96 volts. The cycle testor is
seen in Figure 5. Circuits for control of cut-off voltage are given
in Figures 6 ana 7. Independently 25 amp-hour cells were used in
evaluating this separator. These cells were cycle-tested at 25%,
40% and 60% 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 400 C for 2 hours. This moisture content can be checked
by drying to constant weight at 60 0 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 ASTh 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 calculated at break.

2.2.9 Zinc Diffusion

The diffusion of zincate ion through the seprator was
determined ccording to the procedure given by Cooper andFle is cher ()

i~I,
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3.0 RESULTS AND DISCUSSIONS

The results of preliminary investigations indicated
the necessity to explore in depth three distinct areas. These

4i were the characteristic of the base polymer, the methods and
extent of crosslinking and the grafting procedures and
monomer type used in preparing the grafted separator.

It appeared at that time that the 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 detail. These
monomers were selected based on previous experiences wherein.
their 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
the secondary 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.

0 -23- .1L
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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. II
Preliminary results indicate crosslinking grafted ufembranes
gives separators which are comparable to those prepared by the
direct grafting process. In 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 I
of matter, that the energy absorbed per gram of matter may be
greater at a depth below the surface. The effect is not due to
any ii.crease 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 of thc 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 acceleratorS can be deterf"'A._-u,- !by -lacing cellophane dosimeters at various depth
S in the material 1being iLd anei d evaluating the change in the

absorption of the blue cellophane. Initial testing to determine

the dose-depth relationship was perforated on a package of stacked
polyethylene sheets. One hundred and forty-one sheets were plancd
in a polyethylene bag with dosimeters -.,ad irradiated. The result-
ing dose-depth data is given in Table I :ýo.r nominal 1 MeV electrons,

and is also depicted in Figure 8. Curve., A and B are plots of the
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two runs made by RAI personnel using identical machines setting
on an RDI Dynamitron. The voltage was set at I MeV. Curve C
is a theoretical plot for I 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 I 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 is 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 only 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 film 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 crosslinking of all the film irradiated and reduces
the deviation between films to less than 2.3%. ibis
procedure involves irradiating the half penetration th 4 kne
of the corrected depth dose curve to one half the required
dose and then reversing the packaged film, back to front,
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 60% 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 cuirve 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 Ist Irradiation

Dose Per Total
layer Corrected(a) Pass Dose Gel

No. Dethj•ls) - Mrads Mrads 7%
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.J.6 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
79 104.76 1.66 47 81
85 110.27 1.35 38 78
91 116.76 1.08 30 74
97 122.61 0.84 24 66

Table 2

Dose-.Depth Relationship of Crosslinked Films

Bata From 2nd Irradiation

23,81. 2.35 65.8
5 27.96 2.50 70.0

15 38.41 3.25 91.0
20 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
3.41 0 0

(a) The average film thickness was 1.13 mils for a nominal
1.0 mil material'

(b) The electron prior to inpenging on the film penetrates
1. 2 mi-. titantum window
2. 6 inches of air and
3. 6 mils of polyethylene (i.e., the bag)

This is equivalent to 22.76 inils of unit density: the depth
of film - layer number x average thickness x.922 4- 22.76.
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straight line. The dose received was calculated to be 89 + 2
Mrads. Thle linearity of the curve reflects the uniformity of
dose received.

Ideally the film stack should be reversed every
second 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 relation
found are given in Figures 10 and 11. The surface and exit
ceose 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 stressed too
strongly. The extent of crosslinking has also been shown to
be of significant importance. The effects of ionizing
radiation Q3 polyethylene have been extensively reviewed by
Charlesby( (. Polyethylene on reaction with ionizing
radiation degrades and crosslinks simultaneously. The ratio
of degradation to crosslinking (Po/qo) is given as 0.2 which
indicates a predominance of crosslinking.

The effect of the radiacion dose on the film
irradiated here was determined from the gel content and the
M, value. As crosslinking prr~gresses the linear polyethylene
is converted to a three dimenriional 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 effect of irradiation on gel
formation is given in Figure 12. The gel formation as a
function of depth is given in Figure 13. These figures were
derived from data obtained from the initial irradiation
using 1 MeV electrons.- The gel conteuit rises rapidly up to a
dose of 30 Mrads and falls off rapidly with thickness above
120 mils.

These figures refiict the importance of using a minimum
of thirty megarads to effect a significan't degree of cross-
linkLng, maintaining a marci:mum thickness of 120 mils when
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Table3AM

Surface,Exit and Average Dose of Crosslinked Film
for 5000 Foot Sample

Dose Mrad
Pass Surface Exit Average

1 3.8 5.5 4.65
2 3.8 5.5 4.65
3 3.8 5.5 4.65
4 3.8 5.5 4.65
5 5.0 7.24 6.12
6 4.75 6.88 5.81
7 3.75 4.70 4.23
8 3.75 4.70 4.23
9 4.00 5.00 4.50

10 3.75 5.00 4.38
11 4.00 5.20 4.60
12 4.00 5.20 4.60
13 4.10 5.25 4.65
1.4 4.10 5.50 4.80
1.5 4.20 5.15 4.68
16 4.20 5.25 4.72

, 17 4.00 5.00 4.50
18 3.75 5.50 4.63
19 4.00 5.25 4.63
20 4.20 5.00 4.60

Total 94.31

-1 2
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FIGURE 13
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I. w I 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 Mc values of the crosslinked film.
This value is related to the molecular weight between cross-
links. As the radiation dose increases, the Mc value
decreases significantly. This is indicative of a concinuation
of crosslinking beyond the gel stage and a tightening of the
film network. This additional crosslinking could be
responsible for the decreased diffusion of zincate into the
film and the subsequent plating of the zinc in the film. The
determination of the Mc value is given in more detail in
another section of this report.

I3
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3.2 Effect of Base lilm 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(•11 purpose
was obtained fron 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 polymerso
Branched low density lolyethylene has only been recently studied
by Wild and Guliana(I ). 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.
Data relating to these resins are given in Table 5.
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STable 4

Effects of Base Film and Precrosslinked
Dose on Cycle Life

Cycle Life in
Pre- 3 Plate Cell at

Expt Type of crosslinked Monomer 40% Depth of
No. Film Dose (Mrads) Type Discharge

211-32-2 P 1712 90 AA 182 Shorted
211-36-2 P 171Z 50 AA 46 Shorted
211-38-2 P 1712 30 AA 42 Shorted
211- 6-6 P 1712 0 AA 30 Shorted
211-48-1 P 1712 70 AA 112 Shorted

211-32-1 USI-280 90 AA 190 Shorted
21.1-36-1 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 . 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
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EFFECT OF BASE FILM AND PRECROSSLINKED
DOSE ON CYCLE LIFE

P- 1712
uIM- 280
B-DFD-0602

/
/

/
2 /

I L ..,, / J I,
5-J

30 40 50 60 70 80 90

DOSE IN MRADS

FIGURE 14,

-- --- - -



IOI)
M

-J LL

'10

•0 1

w cr

0- I-
LL. c0

-39-



00~

CD

101
~LL-

-.zz
- 0

<- 0

r-H

wP

LL-

~-40-



_j0 5, I,
< 1Z

01

Z 3-

Ow

U-" z-

LL ?)

00 N

0

LU



K~ <p

0

00

fLU)

(0

0H00 0

0 it

wL.O~ ND3



LLI

CC) > ~

0>

Dwco

0)0

wi

LL-

I I I I2
0

o - ±N33V3d INL31AG

_ _ _ _ _ _ _ _ _ _ _ _ _ _- 4 3 -_ 
_ _ _ _ _ _ _



0 0

-1 0-LJ
~LLJ

0>D

LLJ Z \J I

(D 0
<:)o)

F- LL z

o n

ILL

I 19.0
200 0 0-0 CD N.

.LN3043d IHS13M

-44-



Table 5

a& Char~aceristics 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 Table 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(9) has shown that the efficiency of radiation
crosslinking is directly related to the molecular weight
distribution. He has noted that above a particular r-olecular
weight the narrower the molecular weight distribution, the more
efficient the crosslinking per unit dose. Indeed, 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 >
PhLL±LLi.ps 17112. This order would be expected from the Mw/Rn
i.e., the molecular w.Aght 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 i

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 Mc. In general, when the
crosslinking efficiently is determined the sol fraction S, which
is 1-gel fraction, is correlated with dose. Charlesby has shown
that a plot of S + Sk vs. 1 is linear for a random molecular
weight distribution and F is approximately linear for many other
forms of molecular weight distribution( 9 ). The equation relating
sol fraction and total dose is given by

S + s6 PO 1+
ý_o qou r

Where S = sol fraction, Po = 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 ca culate the cross-
linking density and Mc. The slope of the S + S vs. 1 curve is

1 1.

mi (slope) - and qo =7 7q0u

it then follows that
q.

q =qor or q.

1 q. r
and or q

w
From Mc = and (7) we get 8

M- _ wmu9
r
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where w is the molecular weight of t e repeating unit in the
polymer. The intercept of the S + St vs. i curve is

r

C = Pa 10
qo

which is scission to crosslinking ratio and is obtained by extra-
polating 1/r to zero, as r goes to infinity.

Data on t'he 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 qo u qor qo Mc

P 1712 0.38 1,045 18.99 0.51 x 10 6.22 x 10

USI-280 0.29 798 13.39 0.94 x 10-4 3.31 n 10 3

B DFD 0602 0.32 612 9.32 1.75 x 10-4 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, qo, of a model paraffin, octadecene in which u equals 18
has been given in the literature as 1.4 x 10"(l2). 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 "oore size".

3.3 Radiation Grafting of Films

Although there are numerous methods of grafting given
in the literature,( 1 3 ) (14), the method used here is that of
direct grafting. It involves irradiation of a polymerlc film
in a solution of an organic acid monomer. Schematically,

A A A B

A 
A

R~9iPa..-RNB)m

y nB
B " - - R(3)m

where A ----.A is the polymer, A- -.. , A--- --* A are polymeric
free radicals, R. is a low molecular weight radical or
hydrogen atom, and B is the monomer. If the polymer is of the
degradation type, then under radiation, the resultant reaction
gives a block copolymer only, i.e., A------ B. If, however,
the polymer is of the crosslinking type, then the reaction
yields a graft copolymer, i.e., A-- -•- A, and
homopolymer R---EB)mo1

Since polyethylene crosslinks on exposure to radiation( 9 )
the formation of both graft copolymer and homopolymer is to be
expected. Another source of homopolymer is due to radiolysis of
the monomer acid itself. The grafting scheme given above is
very simple. It inust be realized, however, that there are many
parameters unknown that affect grafting such as GR values of

0 -49-
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the polymer, monomer, solvent and interlayer (GR is the free radical
yield per 100 eV absorbed in the irradiated medium) the energy transfer
process, the dose, the dose rate, the atmosphere, the additive, the
diffusion of monomer to the polymer film, the temperature of the
system, and the interdependence of all these patameters as the
grafting reaction proceeds. The interplay of these parameters
makes the study of grafting 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. Under the condi,;ions given in
the Experimental Section, our resultant grafted membranes have about
70 - 80% graft by weight, and an electrical resistauce in 40% 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 acid formed
and the polyethylene backbone is evidenced by the stability of the
graft in 40% KOH, retention of the excbange capacity after
extraction at elevated temperature, cycle life in a battery end
its infrared spectrum. Figure 22 is an infrared spectr-um of the
grafted membrathe. The characteristic carbonyl. peak persists
regardless of the extraction conditions u;ed to remove the ionic
polymer.

3.3.1 Effects of Monomer Concentration on Percent Graft

Accurate kinetic data is important. in designii.g a procedure
to give a uniform graft polymerization. In pr-.ncLple, conventional
free radical polymerization reactions and kinetics should be
applicable to tadiation grafting systems. In practice, however,
the situation is not quite straight forward because the interplay
of various parameters and reaction conditions. The g..l effect,
chain transfer- phase g•pa-ation. and diffusi•n• 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 ChapLro( 3 ). This consists of initiation, propagation,
termination and chain transfer. The following rates are
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initiation P Kd P Rate kdl

P-+ M Ki PM. Rate = ki(P.) (M.)

Propagation P.M. + M -.Kp PM •n+ Rate = kp(PM.) (M)

Kt2

TerminL ion P-M.+ PM. Kt 0 PM Rate = 2kt (PM-)
n m (mi-~n)

PMm+ Pn

Transfer PMA+ SX Ktr. PMnX + S. Rate = ktr(PM) ( )

Where I = Intensity of radiation
P = Polymer backbone
PM.= Polymeric radical

Fm, Pn, P(m + n) = Graft copolymer

M = Grafting monomer
SX = 'hain transfer agent.

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

R-I)kp (RA-) (N)

= kp(-2kR (M) kd (I)½(M) 11
P -2 k tp 2 k t •

0
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This equation predicts that the rate of polymerization 1
is proportional to the square root of radiation intensity, and

inj to LL---rs 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 conditions,

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
Sample Concen- % R % hr 1

No. tration Graft Resistance

2
213-30-5 25% MA 56.50% 0.336 76.2 Milliohm-in

213-30-6 20% 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 45% MA 91.93% 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

0
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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.

Rp k pI (M) k kp kd(l) (M)

2kt %

The slope of this equation kp _ is obtained from
a plot of R vs. M. kt

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 also
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 ft 2 . 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 carboxyl group
of acrylic or methacrylic acid has been shown to absorb both
ultra-violet (250 mu) and infrared light (5.8u)(15). In
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 ink turn absorbs more than
the middle part of the film. Assuming that the absorption is
propottional 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 30% 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
defnite rte (th-s i only true if we plot one set of grafted
samples). This data seems to indicate that the resistance de-
creases not as a function of percent graft but as a function of
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 8.
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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

Pre-
Sample crosslinked 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

I'
3.4. Effect of Monomer Tipe

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 abcut
'90 Mrads, were grafted with acrylic acid and methacrylic acid.
According to the cycle life test from 25 AH cells, which was

conducted in the Delco-Remy laboratories, the methaerylic
acid graft performs much better than the acrylic acid grafts.

0 -61-
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FIGURE 28 CYCLE LIFE TEST OF SAMPLE
FILMS AT 60 % DEPTH OF DISCHARGE
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METHACRYLIC ACID

140 LC
I p I

120 LC LC LC G LC

00 S

ISLS C S S CS

60 ILC LC
4 0

LI
I s

20 SIi I I

4L_ 3L 2L 4L. 3L 2=L 4L 3L 2L 4L 3L 2LBAKELITE PHILLIPS USI CONTROL

CYCLES (RA 0.40% DOD

S~s
S

30C
250 S

Iss

10 I i
IFy S s

C) IL C IL C ILC IL C ILC IL.C
BAKELITE PHILLIPS USl

-63-



These results may be explained by steric effects since the meth- 1
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 mdthacrylic acid grafted
side chain ionizes more easily than the acrylic acid grafted
side chain. Mcrawetz, et al.,( 1 6 ) have shown that the pKa for
polymethacrylic acid changes very little, but the pKa for poly-
acrylic acid increases as the extent of ionization increases.
The pKa 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
extremely 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 less like a molecular sieve. What is
more significant in the ion- exchange membrane is that superimposed
of the molecular 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 membcane, 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( 1 7 ) 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( 1 8) who by measuring the relationship between membrane
conductivity -nii a d• = ,4..4.. concluded that "the likeii-

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
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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(1 9 ) who thought
"that the problem of maintaining a proper molecular poke
structure in a silver-zinc battery system can probably be met
only by the introduction of ionic groupings inLo 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 701C and 1450 C

Extraction in 40% potassium hydroxide at 70 and 1451C
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 th extracted fractLions have not been identified,
it may be speculated that they are the sol fraction of grafted
and ungrafted polyethylene since the temperature of extraction
(145 0 C) exceeds the melting point of polyethylene which is
about 1100 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
significant improvement over cellophane controls. In 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 0 C is graphically given in Figure 29.
In general, the lower the temperature or the time for extraction
the smaller the percent extracted. In addition as the precrosslinked
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 life of batteries using grafted membranes at 500C
is much better than the cycle life of batteries using cellophane
separators. The data iom 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 temperature so that shorting by zinc dendrite formation
is more likely at 50 0 C than at room temperature. The poor stability
of c.llophane 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 8 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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FIGURE 29
EXTRACTION IN 40% KOH
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Table ii
Cycle Life of Grafted Membranes at 40% DOD in 3
Plate Cells at 50'C Using I Layer of Membrane

Sample Dose Cycle
No. Material (Mrads) Graft Life Remarks

211-49-1 B-DFD-0602 90 AA* 170 C.L.+

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 MA** 310 Shorting

211-50-3 B-DFD-0602 90 MA 474 C.L.

21.1-50-3 B-DFD-0602 90 NL 280 Short

Control 1 - 50 Short

Controi 2 - - 104 Short

* Acrylic Acid

* Met-ha rvyi4r Acid

+ Capacity Loss
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FIGURE 30 PERMEATION OF
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The results given above can be explained qualitatively by i
application of the theory of polyevlectrolytes. What appears to be
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 The premise that
decarboxylation does not occur at 701C since the resistance 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 environment 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 hdve 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
concentration-

Both the electrical resistance and dimensional change of the
grafted membrane (B-DFD-0602, 90 M, acrylic acid.) have been
measured as a functiorn cf potassium hydroxide concentration and
time and it was found that the resis..ance of the acrylic acid
grafted separator varied unprediýcably aF a function of time but
increase3 with increasing KOh concentratj-oi. The results from
evaluation of film are given in Table 12. This effect which is
believed due to an increase in pKe of zhe bzrylic acid as the
concentration increases should nat be as severe for polymethacrylic
acid since its pK, changes only slightl witn increase in
concentration. Finally, the size of rht: hycirated zincate ion, and
for that matter, all the other ions in the electrolyte may change
with temperature, but the extent of change for hydrated zincate iou:
hydrated hydroxide ion and 0
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FIGURE 31 TEMPERATURE VS RESISTANCE

OF GRAFTED FILM
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hydrated potassium ion may not be the same with temperature, It it
may be expected that the degree of hydration will. decrease with
increasing temperature so that aithough at room temperature the
size of hydrated zincate ion and hydrate hydroxide ion are about

the same, they may not be the same aL elevated temperature and a
membrane might separate them purely on size alone.

3.5 Testi 2i Results of Grafted Membranes

Prior to submission of sample membranes under phases I,
II and III 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 given in
Table 13. Testing of these samples included resistance, hull tests
and cycle life. In addition the crosslinked samples were evaluated
for gel content, Mc 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.

3.5.1 Sample Submitted on Completion of Phase I

The samples submitted after completion of phase one are given
in Table 15. Six samples were submitted. These were coded as
indicated in Table 15. The films used in preparing these samples
were crosslinked using the original cr nking procedure. The
crosslinkn.g. angc samples -was significant. Testing in
three plate cells confirmed data presented earlier in this report.

The selection of separators 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 Anp.!hour cells.
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I Table, 14

Relationship Between Hull Test and Cycle Life TesL

Sample Time to Dendrite Cycle Life
No. Growth 40% DOD

211-32-3 1 hr. 30 minutes 190
211-32-1 2 hr, 35 minutes
211-32-2 4 hrs. 182
211-32-2 4 hrs.
211-32-3 1 hr. A.0 minutes 316
211--32-3 7 hr. 45 minutes

Control 2 hours 20 minutes

UricrossJlinked AA
Graft 20 minutes

211-36-1 40 minutes 46
211-36-2 30 minutes 46
21.1-36-3 3 hours 47
21.1-36-4 1 hour 55 minutes 14
• :l>3_- =2 hours 15 minutes 76
211-36-6 3 hours 45 minutes 191
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I1Z Animpie., SubmitLed Upon Completioli of Fhase 11__________ __

The cycle test data from in battery testing of separators
submitted under phase one confirmed the importance of the base
resin. The results of tests on three plate 1.2 amp. hour cells
tested at PAI 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
of phase two was a chemically grafted separator. This separator
is coded 213--41-1 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 t,!st for the 211-50-3 and 211-49-1 separator
were in excess of three hours.

3.5.3 Final Sample Selection and Specifications

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 zinc flux determination was by the
procedure g4ve by Tne.•
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Table 17

SCh-aracterization of Three 500 Foot Swaples
Submitted on Completion of Phase Two

___cle Lite at 40% DOD
No. Cycles to Cycles to Test

Code No. Capacity Loss Short Terminated

211-49-1* 284, Film cut
211-49-1 216,264,310 310
211-49-1 106,362,384 384

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 "

Control V.6 M 1-" 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 hoar cycle). Cells had 2 silver and on zinc plate and use
one lI',er of separator - cut off voltage set at 1.96 volts on
charge.
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Table 18

Characterization of Three 500 Foot Samples I
Submitted on Completion of Phase Two

Electrical Resistance in 40% KOH at Room Temperature
as a Function of Time

Resistance Milliohm-Sq. In.
Code No. 2-4 min. 35 min. 300 min. 1440 min.

211-49-1

1 80 41 41 64
2 61 49 42 39

3 56 58 48 67
4 42 53 40 33

5 93 86 77 66
6 86 81 81 64

211-50-3

1 63 60 60 68
2 61 62 50 41
3 75 6 60 44

4 69 62 60 63

0---
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Table 19 r
Characterization of 5000 Foot Sample

Submitted on Completion of Phase III

Resin Bakelite DFD-0602

Film Blown (1.0 mil + 20%)

Density 0.922

GPC Curve Figure 17

Mwi/,- 2.0

Mc = 1770

Crosslinking Dose 89 + 2 Mrads

Graft Type Methacrylic Acid

Grafting Solution Methacrylic Acid - 26.4%I|
Carbontetrachloride 3.6% I
Benzene 70%-/

% Graft • 75-90%

- -Avg.) 49 milliobm -in2

Grafting-Dose Rate 10,500 rads/hour

Dose 1.51 Mrads

Hull Test > 3 hours

Cycle Life 40% DOD.
2 Hour Cycle, 3 Plate
(I Layer Film) > 300

Tensile Wet 1200
Dry 1500

Zinc Flux (mole/in2minute) 1.14 x 10-6 (Figure 32)
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FIGURE 3:2 ZINC FLUX THROUGH
GRAFTED BAKELITE DFD 0602
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4.0 CONCLUSIONS

A f4mily 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:

(a) base resin: the base resin must have a
narrow molecular weight distribution.
Tlis 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 3
are preferred over acrylic acid separators
if the intended application is for long
term 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 indicarte
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) The resistance of an ionic separator is more a function
of the exchange equivalent than the percent graft.TI appar th~at the wa'igconditions ofgrfe

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.

(5) 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 membranes. This may be directly
related to the crosslinking scission ratio of acrylic
and methacrylic polymers.

(6) 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.

(7) The percent extraction from grafted membranes at
elevated temperatures is some inverse function of the
extent of crosslinking.

(8) 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.

(9) The cycle-life of batteries operated at an elevated
temperature increased when crosslinked ionic separators
were used but decreased when cellulosics separators
were used.

II

0
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5.0 RECOMMENDATIONS

1. The preliminary promising results obtaineC 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 ionic separators developed here appeared to improve in
their capacity to prevent zinc diffusion. It is reconmended 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
ave eP ge resistance of the separator. It is believed that this
vKn 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 thec

visible spectra. This method i:ould be developed as a non
destructivL il. ine test.

4. The incr,_aset in resiotance with decrease in
temperature is quite significant for separators having acrylic
and methacrylic acid grafts. This may be related to the
stiffness of the grafted chain. It !s suggested that new
membranes for use at cold temperatures could be prepared by
ganft-ing flexible cIns to the samie crossiinked base resin.
This could be accomplished by co-grafting a vinylether with
another monomer such as vinyl acetate or perhaps methacrylicacid.

• )1
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I

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-ionics with
varying predictable ionic character the electro-osmotic effect and
its relation to capacity loss could be studied.

I5
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II

APPENDIX ONE

MATERIALS AND SUPPLIERS

Glacial Acrylic Acid Rohm and Haas

Glacial Methacrylic Acid Rohm and Haas

Vinylacetate (Practical) Eastman Organic Chemicals

3.3 Dimethylacrylic Acid Pfaltz & Bauer, Inc.

3 Methymethacrylic Acid Pfaltz & Bauer, Inc.

Phenybeta-Naphylamine Eastman Organic Chemicals

Methylene Chloride (Reagent) Fischer Scientific Company

Zinc Oxide (USP) Matheson Coleman and Bell

Divinylbenzene (Commercial) Dow Chemical Company

Benzene Peerless Petrochemicals Inc,

Methanol Peerless Petrochemicals inc.

Xylene Peerless Petrochemicals Inc.

Potassium Hydroxide Solution
(Certified) Fischer Scientific Company

Potassium Hydroxide (Solid 90-92%) Allied Chemical Corp.

Bakelite DFD-0602 Resin Union Carbide Corporation

USI-280 U.S. Industries Chemical Co.

NA-107 U.S. Industries Chemical Co.
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Appendix One (Cont'o.))

1ii

I42
NA-301 U.S. Industries Chemical Co.

P-1712 Phillips Petroleum Co.
S-565 Sea-Space Systems, Inc. I

SERVICES

Gel Permeation Chromatography
(GPC) Waters Associates Inc.

Extrusion of Film (3) Phillips-Joanna

(2) Sea-Space Systems, Inc.

Crosslinking (Beta Radiation) Radiation Dynamics Inc.

Gamma Radiation Industrial React:or Laboratories,
Inc.
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