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NOTICE

This report was prepared as an account of Government sponsored
work, Neither the United States, nor the National Aeronautics
and Space Administration (NASA), nor any person acting on be-
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. disclosed in this report.
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to the extent that such employee or contractor of NASA, or
employee of such contractor prepares, disseminates, or provides
access to, any information pursuant to his employment or con-
tract with NASA, or his employment with such contractor.
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INVESTIGATION OF

BATTERY ACTIVE NICKEL OXIDES

by

P. Ritterman and H. N. Seiger

SUMMARY

A study of the methods used in determining the structure
of the nickel oxide electrode revealed that one could get more
satisfactory results when X-raying a plate without polyethylene
covering.

A possible means of determination of structure and com-
position, as related to state of charge, has been theorized by use
of X-ray patterns of wet, uncovered plates,

Chemical methods have been developed which will make
possible the determination of the formula weight of a particular
state of charge of the positive electrode,

Possible superior materials, with respect to capacity
and charge retention, by formation at 10°C-35 ma and 80°C-100 ma,
have been produced,
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INVESTIGATION OF

BATTERY ACTIVE NICKEL OXIDES

by

P, Ritterman and H, N. Seiger

ABSTRACT

/35¢)/

X-ray patterns are presented indicating the interference
of polyethylene covering. The removal of such a cover yields
patterns which are more meaningful, with respect to their relation
to state of charge,

Chemical methods have been developed which will make
possible the determination of the formula weight of a particular
state of charge of the positive electrode,

Superior materials, with respect to capacity and charge
retention, by formation at 10°C-35 ma and 80°C-100 ma, have been

produced, E Z
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I. INTRODUCTION

A, PURPOSE

The investigation performed under this contract will in-
clude the following: (1) continuation of identification and
characterization of nickel electrode materials; (2) intensive
studies of stabilization of positive electrode material at ele-
vated temperatures; and (3) studies of the utilization, efficiency,
voltage and cycling characteristics of those positives stabilized
by the most effective method.

B., MEETINGS

On July 28, 1965, a meeting was held with Mr. W. Nagle of
NASA/Lewis. Dr, H., N. Seiger, P. Ritterman, and R, Michaels rep-
resented Gulton Industries. The meeting took place at Gulton
Industries, Metuchen, N. J. The final report of Contract NAS 3-4178
was discussed, as well as the work plan for the current contract.

It was decided that in addition to the work plan, the
following special tests should be conducted,

1, The rate of heating of the metal block under the
conditions of the D.T.A. experiments would be
determined.

2. A sheet of nickel would be anodized in KOH and then
its X-ray diffraction pattern determined,

3. Thermogravimetric analysis as a means to determine
the composition of the sintered plate electrode will
be investigated,



II, OQUTLINE OF PROGRAM

The program is divided into two major parts. The first
involves the continued investigation of the nature and amount of
materials found in the sintered nickel oxide electrode, These
studies will be made at various stages of charge, current densities,
and temperatures. A study of the effect of open circuit stand of
charged nickel oxide electrodes, both in the presence and isolated
from their counter electrode material, the Cd/Cd(OH)2, will be made.

The second part will concern itself with methods of stabilizing
nickel oxides and hydroxides. The methods will include (1) doping
(the inclusion of foreign materials within the structure of nickel
oxide crystals); (2) formation at various currents and temperatures;
and (3) any other means of nickel oxide electrode stabilization
deemed feasible will be presented for the approval of the NASAp.
project manager.

A, IDENTIFICATION AND CHARACTERIZATION OF BATTERY ACTIVE MATERIAL
EXISTING IN THE NICKEL OXIDE ELECTRODE,

1. Construction of Test Cells

a, Plates

Gulton positive plates will be used, all of which were
impregnated at the same time with Ni(NO3), and then converted
chemically to Ni(OH)j.

b. Stacks

Single positive plates will be surrounded by excess neg-
ative capacity in the form of 2 sintered cadmium electrodes
with two layers of non-woven nylon serving as separator and

34% KOH as electrolyte,

2. Formation Treatment

Thirty cores will be constructed and cycled using the follow-
ing regime:

a, Charged at C/10 for 16 hours,
b. Discharged to O volts at C/3.
c. Shorted for 2 hours.

This will be repeated 3 times. Twenty cells most alike
in capacity will be chosen for further testing.



3. Effect of State of Charge and Rate of Charge.

a. After the third formation cycle is completed, 12 cells
will be discharged at C/2 for 4 hours.

b. Two cells will be discharged at C/2 for 1 hour.

c. Two cells will be discharged at C/2 to 1.0 V.

d. Two cells will be discharged at C/2 for % hour.

e. Two cells will retain their fully charged state,

f. Two cells will be charged to the gassing point.

After a 24 hour stand on open circuit, the cells will be

taken apart and the positive plate analyzed by various means which
will be described in a later portion of this section., The same

will be done at the C/10 rate.

4, Stand time at Various Temperatures

After preparing 24 cells as in (2.) above, they will receive
the following treatment.

a. 24 cells will be charged at C/10 for 20 hours at room
temperature.,

b. 8 cells will be placed in an oven at 50°C.

c. ‘8 cells will be placed in a cold box at 10°.

d. 8 cells will remain at 25°C in oil bath.

Four cells will be disassembled immediately upon storage at
each temperature and the positive placed in a beaker of 347 KOH.
After 24 hours, two positives will be analyzed which were in a
beaker and two positives which were part of a cell. The other
positives and cells will stand at their respective temperatures

for 3 months and then be analyzed.

5. Methods of Analysis

The plates will be analyzed by chemical means, X-ray diffrac-
tion, and differential thermal analysis.

a. Chemical Means

Emphasis will be placed on chemical analysis for quanti-
tative determination of Ni, H, and O in the active part of
the plate.



(2)

(1) Nickel

In a sintered plate, the interference of pure nickel
must be eliminated. Total nickel can be determined by

electroplating or precipitation in alkaline solution as
nickel dimethylgloxime,

Methods for separating Ni°® from the divalent, trivalent,
or tetravalent nickel oxides will be explored. Determina-

tion of the amount of Ni°® present in an impregnated sintered
plaque will also be explored,

(2) Hydrogen

A washed and dried sample will be mixed with KyCr0Qy
and PbCrO4 and heated to 600°. The water vapor then
produced will be captured in a weighed drying tube.

3) Nit?/wits

2 Methods will be sought to determine the amount of
NiT4/Nit3 present in a particular sample.

(4) Oxygen

Oxygen can best be determined by difference, with
respect to the total nickel and hydrogen determined.

b. X-ray Diffraction

(2)

As was stated in the Final Report, the possibility of
X-raying a wet positcive without polyethylene covering will
be further examined. The plate will be kept in polyethylene
until just before mounting it into the goniometer. The plate
will be wet with KCH and, in essence, be identical with the
plate within the cell, The duration of one X-ray sweep is
less than 40 minutes and it is unlikely that a drying of the
viscous KOH would occur during that time.

c. Differential Thermal Analysis

The plate sample will be ground into a powder and placed
in a stainless steel block containing 3 thermocouples. An-
other hole in the block contains powdered alumina. The thermo-
couples are so arranged that there is a response to any reaction
or transitional change of the sample. The question of obtain-
ing standards besides Ni(OH); remains the difficulty.

See References, Page 22



B.

C.

STABILIZATION OF NICKELIC OXIDES AND HYDROXIDES

1. Formation at Various Temperatures and Rates

Cells will be comstructed using one unformed sintered positive
surrounded by two negative plates. As described in previous
sections, formation will be performed at the C/2, C/10, and C/30
rates and at temperatures of 10°, 259, and 80° for each rate.
Three cells will be formed at each rate and each temperature for
3 cycles.

2. Additives

Impregnating nickel solutions will be prepared containing 5%,
10%, and 20% metal atoms of Co., Ba, and Mn. These elements are
near nickel in the periodic table., Alkali and alkaline earths
will include Li, Mg, Na, Be, and Ca. These will be incorporated
by use as the salt of the nitrate ion. A control solution of
pure nickel nitrate will also be used.

For each quantity and additive type, 10 plates will be impreg-
nated. These will be formed by standard methods or by the pro-
cedure found to yield optimum results.

3. Other Techniques of Stabilization

Other means besides the vacuum impregnation used by Gulton
Industries will be explored. These will include molten salt
impregnation and anodic as well as cathodic impregnation of sintered
plaques from dilute solutions of nickel salts.

The impregnation method with which we are familiar, by previous
experience, involves the impregnation of a sintered nickel plaque
made cathodic in a solution of dilute nickel nitrate, It has been
found that nickel-cadmium cells made from plates of this type have
performed very well at elevated temperatures.

PRELIMINARY EVALUATION

Electrodes stabilized by the methods described above will be

evaluated in the following manner.

1. Storage and Evaluation

Three cells of each group will be comstructed and charged at
the C rate for 2 hours, and then immediately discharged at C/5.
This will determine initial capacity at room temperature. The
charge will be repeated, and after a stand time of one day, the
cell will again be discharged at C/5. This will be done at 50°C
as well. The stand on open circuit will be extended to 3 days.
The same kind of test will be conducted at 65°C. A check of
capacity on immediate discharge at room temperature will be made
3 Thus, the effec: I cycling on the stabll-

Sa evaluated,
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D, EVALUATION OF IMPROVED MATERIAL

After establishing a superior material or a group of superior

materials, with respect to stabilization, the following tests will
be made,

1. Decomposition of Charged Positive

Using 15 cells consisting of the superior material, with
respect to stabilization, the following tests will be performed,

Cells will be allowed to stand at temperatures of 20°, 40°, 60°,
80°, and 95°C and after a passage of 1 day, removed, discharged at
the C/10 rate to a 1.0 V end point at room temperature. The cap-
acity of all cells will be determined immediately after charge at
the C rate. This will be repeated by charging the same cells at
the C rate and extending the stand time to 3 days. The test will
be repeated allowing just the charged positive plates to be immersed
in electrolyte at the various temperatures, the capacity of which,
again, will have been previously determined. These plates will then
be surrounded by negatives and discharged to 1.0 V at the C/10 rate.
This, too, will be repeated extending the charged stand time if
significant differences are noted between the 1 and 3 day stand.

2. Investigation of Sintered Plate paramaters

After establishing a loading factor which meets the approval
of the NASA project manager, the following investigation will
be made.

a. Establishment of Optimum Formation Technique,

The optimum formation shall be considered to be the one
which produces a plate which, when incorporated into cells,
yields the highest voltage level on discharge, the greatest
capacity per unit weight and volume, optimum charge efficiency,
and most consistent reproducibility of the aforementioned
results.

A statistical experiment involving rate, amount of over-
charge, and number of cycles will be used to establish optimum
conditions. Before such an experiment is begun, past exper-
ience tells us that an initial low rate charge and discharge
cycle at the C/10 rate oxr less should be used.

b. Estabpiishment of Charge Acceptance as a Function of
Charge Rate, and Determination of Point of Oxygen Evolu-
tion at Various Rates.

The characteristics of positive plates can be established
with one experiment. A positive plate is contained in a
sealed chamber of knmown volume together with an oxygen
consuming electrode. Both the oxygen electrode and the

-8-



positive plate have external connections allowing for charge.
The sealed chamber is filled with pure oxygen and a pressure
gauge records oxygen pressure. As current is passed to charge
the positive plate and cause oxygen reduction at the appropriate
electrode, the rate of oxygen pressure decay should be in
direct proportion to the charging current provided that no
oxygen is produced at the positive. The deviation from the
theoretical slope will not only establish the charge accept-
ance, but will also indicate the point at which oxygen evolu-
tion begins. This can be established for the one, two, five,
and ten hour rates,

¢. Determination of Utilization Factors at Various Rates
of Discharge.

The three plate cells, consisting of 1 positive and 2
negative electrodes, will again be employed here. All charges
will be done at the 1 hour rate., Discharges will be performed
at the 10 minute, 1 hour, two hour, 5 hour, and 10 hour rates,
Capacities will be determined to 1.0 V and also the point just
before the graphitic level.

d, Determination of Utilization Factors for Depth of
Discharge at 25%, 35%, 50%, 75%, and 100%.

A group of three plate cells will be charged at the C rate.
After the initial charge, the cell will be discharged for
15 minutes at the C rate, It will then be charged for 15
minutes at the C rate and finally discharged to 1.0 V at the
C rate. This will be repeated for a 21 minute discharge,
a 30 minute discharge, and similarly to obtaim the other
stated depths of discharge. A comparison will be made of
the capacities obtained when discharging to 1.0 V versus
the various depths of discharge. This will be done for
other charge rates as well.



A,

IIT. EXPERIMENTAL PROCEDURES & RESULTS

DETERMINATION OF BATTERY ACTIVE MATERIALS EXISTING IN THE

SINTERED PLATE NICKEL OXIDE ELECTRODE

1. Chemical Means

Various methods were attempted to determine quantitatively
the amounts of active nickel, oxygen, and hydrogen present on
the sintered plate.

a. Nickel, Ni2, nit>

An attempt was made to analyze a positive plate for the
three valence states of nickel, namely; Ni°, Nit2, and Nit3
by allowing the plate to react with nitric acid. The Ni©
was expected to react so as to yield hydrogen gas which could
then be collected. From the amount of gas, the quantity of
Ni® would be determined. Total nickel could then be deter-
mined by dimethylgloxime precipitation or electroplating.
When a plate was dissolved in nitric acid, it yielded a
mixture of gases. It was found, however, when trying to
dissolve Ni powder by itself in nitric acid that this did not
occur due to passivation both in dilute and concentrated solu-
tion. When a piece of platinum was added to the plate, dis-
solution occurred, but the gas liberated contained oxides of
nitrogen rather than H2. This was due to the decomposition
of the nitric acid.

Both Nip03 and NiO did not react with nitric acid. Ni,O0
was reported to be soluble in HCl with the evolution of chlorine
gas. This was not found to be the case for 1:1 HCl at room
temperature and elevated temperatures.

A freshly charged positive was cut into several parts. One
part, while still charged, was reacted with Asy03. Another
part was discharged and then reacted with As,05. After allow-
ing for size, there was no significant difference in consump-
tion of Asp04.

A third part of this charged plate was X-rayed. The
pattern obtained is shown in Figure 1. This pattern, particu-
larly with the peak at 6.798, is indicative of a fully charged
plate and containing some unstable oxide yet. Thus, it is
concluded that the Asj03 technique as employed for higher oxide
detection is unsuitable under the particular experimental con-
ditions involving a sintered plate.

b. Analysis of Hydrogen

The amount of hydrogen in a sample of pure Ni(OH), was
determined by means of oxidation of the hydrogen by KoCr04

and PbCrOa. The details of the analysis are given below.

-10-



A combustion tube was set up in the following manner.
At the exit end was one inch of copper gauze, then 12 inches
of lead chromate, followed by 4 inches of copper gauze., The
sample crucible was placed in next, followed by another four
inches of copper gauze. The section of the combustion tube
was heated first to 300°C while dry air passed through the
system, When all moisture had been removed, the section under
the sample crucible was heated to 700°C. The exiting steam
was caught in a drying tube containing Drierite. The flow of
air was adjusted to 2 ml/sec. The amount of hydrogen in an
impregnated plate was also determined. A source of error,
such as condensation of water vapor near the exit of the dry-
ing tube, was overcome by use of a hot air blower. The results
of the hydrogen analysis for pure Ni(OH), powder yielded
.0438 gram H for a 2.0175 gram sample. The result of the
hydrogen analysis for the impregnated plate was .0666 gram
H for a plate that showed a gain of 2.8313 grams of active
material during impregnation.

c. Determination of Conversion of Ni° to Active Nickel as
a Result of Impregnation

One of the difficulties which occurs when trying to deduce
a formula weight from a sintered plate is the weight of inert
nickel that has been converted to active nickel. An impreg-
nated plate whose weight had been previously determined was
reacted with a mixture of NH,OH and (NH4)28208 (ammonium
persulfate)., After two hours in solution, the plate was re-
moved, washed with deionized water, then dried and weighed.
The plate originally weighed 5.6203 grams. After impregnation
and this treatment, the residue was 5.4269 grams. Thus,
approximately 190 mg of the nickel sinter was activated by
processing., This corresponds to about 3.4%. The active
material gained by the plate was 2,963 grams.

d. Determination of Active Nickel in a Sintered Plate

The solution obtained from (c.) above was electroplated
on to a preweighed platinum grid. The electroplating involved
taking an aliquot of the solution, 100 ml out of 1500 ml,
adding excess ammonia and then passing a current at 3.0 V
between the platinum anode wire and the cathode grid. The
plating was considered complete by the cleanliness of the solu-
tion. The clean solution was tested for nickel by dimethyl-
gloxime and yielded no red precipitate, The weight gain of
the platinum grid was .1289 gram of nickel.

=11~



e. Impregnation of Sintered Nickel Plates

Sintered nickel plates were impregnated with active material
in the following manner,

(1) The plates were weighed blank,

(2) They were then placed in a vacuum chamber while in
a beaker. The chamber was then evacuated, and a solution
of Ni(NO3)2 was admitted into the beaker.

(3) After 5 minutes, the vacuum was broken, the plates

were removed, and the excess solution was allowed to drain
off.

(4) The plates were then dried in a circulating air oven.

(5) They were placed into a beaker of 25% KOH at 70°C
for 10 minutes.

(6) The plates were removed from the beaker. They were
washed with a stream of deionized water until neutral to
litmus paper,

(7) The plates were again dried in a circulating air oven
and then weighed to determine the weight gain.

(8) This procedure was repeated until plates had gained
about 3 grams of active material. The weight gains of t.ec
plates are listed below.

Plate
No. Final Weight Initial Weight Weight Cain
1 8.6208 5.6962 2.9245
2 8.6407 5.6381 3.002¢
'3 8.5800 5.6203 2.9597
4 8.5947 5.6678 2.,926S
5 8.5986 5.6636 2.9350
6 8.6126 5.6322 2.9804
7 8.6708 5.6416 3.0292
8 8.7568 5.7417 3.0151
9 8.6327 5.6477 2.9850
10 8.7351 5.6917 3.0434

These plates will be used for mass balance experi-
ments involving the determination of hydrogen and nickel
at various states of charge of the plate. From this, it
will be possible to determine the formula weight at
various states of charge,

-12-




f. Evaluation of Results of Chemical Analysis

The difficulties of obtaining positive results with respect
to separation and determination of Ni were discussed with
several chemists at Inco Research Laboratories, and they were
of the opinion that NitH is unstable in aqueous solution.
Thus, any solution method for the higher valence state of
nickel would not be feasible.

By separating oxidized nickel from elemental nickel and
determining hydrogen, a formula can be written. Such a formula
will, naturally, be the equivalent of all the oxides of nickel

oxide present. Without a direct measure of the ratio (Ni+2)/(Ni+3),

such a formula will be most useful,

(1) Hydrogen Assay

The analytical procedure for determination of hydrogen
was tested by analyzing some Ni(OH)2 freshly prepared from
Ni(NO3),+6H,0 in this laboratory. The analytical result
was 2.,17/% hydrogen in the sample, which compares favorably
with the theoretical value of 2.14%,

(2) TFormula Weight

(a) 7% Hydrogen in Impregnated Plate

Using the conversion factor in l.c., the active
material on the plate used to determine hydrogen has
increased by .190 gram. Since the weight of the active
material without the correction factor was 2.8313 grams,

and the weight of hydrogen collected equal to ,0666 grams,

o L0666 .
PH = o313 4 .190 2.3%

(b) % NiT® in Impregnated Plates

The amount of active nickel is given by (from 1.d.)
(15 x .1289) = 1,934 grams. The total active material
equals
2.9631 + ,190 = 3.1531 grams

1,934
3.1531

Thus

% nickel is equal to = 61%

(c) % Oxygen

Oxygen is determined by difference, thus
100%-(61% + 2.3%) = 36.7%

By dividing these per cents by the atomic weight of the material,
we obtain

2.3% = 2.3 6%% = 1.04 36.7% =2.3
H Ni 0
H = 1 Ni = 58.7 0 = 16

On this basis, the active material impregnated onto the sintered
nickel plate has the formula weight of Ni(OH)9 »

-13-



2, X-rav Diffraction Pétterns

To eliminate any possible interactions due to polyethylene, a
group of plates in the discharged, charged, and freshly charged state
were X-rayed uncovered and wet with KOH. This was done early in the
quarter. The patterns obtained seemed alike and apparently inde-
pendent of state-of-charge. The structure appeared to be that of
Ni(OH)Z. To check on these results, an even more carefully run
experiment was carried out. This involved determining the X-ray
patterns of positive plates which were first covered with poly-
ethylene and then with the polyethylene removed. This latter
experiment is described in detail below.

a, Effect of Polyethylene Covering at Various States of Charge

Several unformed impregnated plates were given three forma-
tion cycles against excess negative capacity. The formation
consisted of a charge at 1.0 ampere for 2 hours, a discharge
at 500 ma to O volts, followed by a short-circuit for 1 hour.
The capacity of the plates did not change from cycle to cycle
and were all equal to 1.l ampere hours.

After formation, two of these positive plates were left
in the discharged state; two were charged at 1.0 ampere for
2 hours, and then discnarged at 500 ma for 1 hour. Two cells
were charged at 1,0 ampere for 2 hours. All plates were
X-rayed first covered with polyethylene, then with polyethylene
removed, The scan was made between 2(5f= 10° to 80°. The
X-ray patterns are shown in Figures 2 through 13. TFigures
2, 4, 6, 8, 10, and 12 represent the patterns obtained from
the various plates when they were covered with polyethylene.
Figures 3, 5, 7, 9, 11, and 13 represent patterns obtained
from the same plates, respectively, without polyethylene cover-
ing. The states of charge of the plates were: fully charged
Figures 2, 3, 4, 5; half charged Figures 6, 7, 8, 9 and; dis-
charged Figures 10, 11, 12, 13. Another plate of this group
was charged at 1 ampere for 1 hour. This avoids overcharge.
The positive of the cell was X-rayed covered and uncovered
with polyethylene. The patterns obtained are shown in Fig. 14
and 15 respectively. The patterns obtained at the various
states of charge have a common difference, due to the poly-
ethylene covering. There is also a masking effect of peaks at
1.53 and 1.47. In all cases, peaks at 3.70 and 2.47 angstroms
were found due to the polyethylene in addition to the well.
established peaks at 4.08, It was found that an intensifica-
tion of the peak at d = 4.,5-4.,7 R resulted from the poly-
ethylene covering. With respect to state of charge, a differ-
ence exists when the plate was uncovered, as shown in Table I.

With the exception of a small peak at 4.7 R, the fully
charged, uncovered plates appear amorphous. This, however,
could be contributed to by the relatively short stand time
before X-ray (2 hours). The half discharged plates have some
of the peaks associated with Ni(OH)7. The completely dis-
charged plates have all the peaks associated with Ni(OH)y.
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The plate charged to the gassing point (1 hour) has a larger
peak at 4.7 than the overcharged plates.

b. Plates X-rayed Without Polyethylene Covering.

Another group of plates of the same size were first formed
by charging at 100 ma for 16 hours, followed by discharging at
500 ma to 0.0 volts. The plates were again charged at 100 ma
for 16 hours. One plate was discharged against excess nega-
tive capacity to 0.0 volt, The plate was removed from the cell
and X-rayed wet with KOH and uncovered. The patterns obtained
were that of Ni(OH)2, as shown in Figure 16. The plate was
returned to its negative, thus remaking the cell which was then
charged for 2 hours at 500 ma, The plate was removed from its
cell and again X-rayed in its wet, uncovered condition. The
pattern is shown in Figure 17, TFigure 18 shows the diffraction
pattern obtained from a fully charged plate at 100 ma for
16 hours which was X-rayed in the wet, uncovered condition.
Figure 19 shows the pattern obtained from the same plate after
a 5 day stand, Figure 20 shows a diffraction pattern of a
plate which, after being charged for 16 hours at 100 ma, was
discharged for 1 hour at 500 ma (the plate is half charged).
The "d" spacings and their intensities are shown in Table II.

From these results, it would seem that differences exist
between the charged and discharged states which are clearly
shown by X-ray patterns obtained from plates wet with KOH. The
variation of results, with respect to the fully charged plates
in Tables I and II, in comparing the peak at &4.6-4.7 angstroms,
may be due to variation of formation treatment and/or variation
of charge rate. It will be noticed that, even though there was
a variation in charge rate from Figure 17 to Figure 18, this
did not affect the peak at 4,6-4,7 angstroms,

Although peak heights are given as indication of intemsity,
it is actually the area under a particular peak region which
is identified with quantity of material (state of charge).

The change occurring in a plate first X-rayed discharged

and then charged is an indication of the disappearance of
lines due to a more random structure (Fig. 16 vs. Fig. 17).

STABILIZATION STUDIES

1. TFormation

27 positive plates which were formed at 10°C, 25°C, and 80°c,
at rates of 500, 100, and 35 ma, during the previous quarter, were
evaluated for their charge retention properties as well as cycling

" durability as cells. Capacities were determined immediately after

charge and then after stand at room temperature and 50°Cc. All
charges were conducted for 2 hours at 1 ampere, discharges at 200 ma
to 0.0 volt. The nominal positive capacity was 1.0 ampere.

Three test positives, as cells, comprised a group represent-
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ing formation at each temperature and rate., The tests consisted
of a charge at room temperature followed by either open circuit

stand or immediate discharge, depending on the test. Following

the test, discharged cells were shorted for at least 16 hours.

Due to flucuation in line current during the first 3 cycles,
these data were not considered precise enough for presentation.
The cycle sequence after the first three cycles was as follows:

(1) TImmediate discharge

(2) Immediate discharge

(3) Open circuit for 24 hours after charge, then discharge
(4) Open circuit for 24 hours at 50°C, then discharge

(5) Open circuit for 3 days, then discharge

(6) TImmediate discharge

(7) Open circuit for 3 days at 50°C, then discharge

The capacities obtained from these plates are compared in
Table IIT with respect to average discharge capacities to 1.0 V_
and 0,0 V after the above tests,

The results indicated that the greatest capacity loss during
the 24 hour stand comes from the groups formed at room temperature,
while the groups formed at 10°C showed the least capacity loss.

At this point, the formation rate had no effect on the loss of
capacity as a result of stand. This was found to hold true for
both room temperature and 50°C and for capacities to 1.0 V and
0.0 V. As for capacity itself, '"immediate discharge''positives
formed at 10°C and 35 ma, and those formed at 80°C and 100 ma
yielded ihe best results.

The results of the stand at room and 50°C temperatures for
a three day stand are compared in Table IV.

A comparison of capacity on immediate discharge obtained from
Table III with that obtained from Table IV indicates an effect due
to cycling. Cells formed at room temperature are most seriously
affected. Cells formed at 80°C-100 ma, in general, were not so
affected. The group which indicated the best results, however,
with respect to charge retention and cycling, was the one formed
at 35 ma and 10°C. Another formation will be run consisting of
the standard 100 ma-room temperature type and the 35 ma-10°9C and
the 100 ma-80°C. These will be evaluated as will be outlined in
a later section.

2., Additives
Solutions of nickel nitrate containing 5, 10, and 20 metal atom

% of Co and Mg have been prepared. These solutions will be used to
impregnate sintered nickel plates by the method previously described.
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SPECTIAL TESTS

1, Determination of Rate of Heating of the Metal Block Used in
D.T.A. Experiments

The rate of heating of the metal block in the oven, when the
heating element was connected to the 110 V line (the condition
used in obtaining thermograms) was determined. This was done using
a chromel-alumel thermocouple. The average rate of heating was
found to be 42.5°F per minute from room temperature to 1800°F.
Figure 21 shows the plot of two runs made of rate of heating
versus time.,

2. Anodization of Nickel Sheet

A piece of pure nickel 2" x 1" sheet was anodized in 347 KOH
at a curreant of 3 amperes for 3 hours, A black layer formed on
the foil which, when X-rayed without polyetihylene cover, yielded
only nickel lines and, thus, seemed amorphous. The experiment
was repeated and the same X-ray pattern was obtained. 1In each
case, upon the completion of X-ray, the black layer had disappeared,
The X-rays did not strike all of the sample, so that a spontaneous
decomposition is speculated upon rather than a reaction induced by
X irradiation.

The method of anodization was changed, A 2" x 1" nickel foil
sheet was anodized at 1 ampere for 24 hours. A yellowish material
appeared and remained. The X-ray pattern obtained is shown in
Figure 22. The pattern seems to be that of § NiOOH 1) although
a strong line 2.70 R of Ni(0H), is also present.

X-rays were taken within 2-3 hours of completion of charge.

3. ¢ Thermogravimetric Analysis

Contacts were made with Fisher Scientific, Perkin Elmer and
almost all the analytical research laboratories within the area.
It seems that none of them are set up to do thermogravimetric
analysis as a service.
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IV, DISCUSSION

Although specific methods for determining the various oxidation
states of nickel could not be found nor developed, the anmalytical
approach is fruitful., TFirstly, the oxides of nickel are soluble in
a mixture of ammonium hydroxide and ammonium persulfate, By grinding,
then cone and quartering plates, representative samples may be ob-
tained, Separation of elemental from oxidized nickel by dissolution
of the latter yields one piece of requisite information., Secondly,
determination of soluble nickel by electro-deposition yields a second
piece of information. Hydrogen is then determined directly by the
chromate oxidation method., Having all this, oxygen is determined by
difference and the percentage composition of the nickel oxides are
thusly determined.

The accuracy of this method depends strongly on the homogeniety
of the samples withdrawn for analysis and the suitability of the
nickel determination. Electro-deposition methods are well-known for
their accuracy. Fortunately, the hydrogen is present in small amounts
so that the oxygen (from the difference) cannot be in great error,

For the hydrogen itself, a weakness exists. Hydrogen, being the
lightest element, will have to be determined with great accuracy.
Since the composition is expressed in moles, a small error in weight
will be magnified when converted to a mole basis.

This, then, is the method for determining the composition of nickel
oxides for the remainder of the contract.

The structure of the oxides of nickel must come from other physical
methods, Because of the lack of standards, it appears that X-ray dif-
fraction will be most useful.

It has been determined that the use of polyethylene as an evap-
oration retardant has interfered with the diffraction patterns. This
has been definitely established in Figures 2 to 15 of this report.

All future work will be done with plates that are wet with aqueous
potassium hydroxide (this was established in a very early report in
this series -- in the Second Quarterly Report under Contract NAS 3-4178).

These figures also show that the charged state is nearly amorphous.
This is speculatively due to a disorder in the crystal structure of
the higher oxide., As the electrodes are discharged, additional lines
develop. Ultimately, upon complete discharge, the diffraction patterns
are similar to those of impregnated but unformed plates. This, in
spite of the fact that the formed plates are black and the unformed
are still green,

«18~




During formation of a discharged nickel oxide, or during charging;

two stages of normal oxidation occur; (1) stage of normal plateau
 charging with small liberation of oxygen and; (2) stage of overage
with considerable evolution of oxygen. During the first stage, there’
is little change in the diffraction pattern of the oxide phase which
almost everyone agrees is hexagonal Ni(OH)2 in the completely un-
charged state, During high rate overcharge, changes occur in the
diffraction pattern, The most marked change occurs with the appear-
ance of a prominent line with a "d" spacing of about 6.95 at high rates
of charge. During the first plateau range of charging, the crystal
structure of Ni(OH)9 is based on hexagonal closest packing of oxygen.
The Ni*t™ ions are placed in actahedral interstices in alternate layers
between the O layers. The location of the hydrogen is not known but
they are likely to be involved in hydrogen bonds between pairs of

0 layers which do not contain Nit*+ between them. The oxidation
(charging) process might then involve (1) an electron jump from an

Ni™ ion to the adjacent Ni metal to form Nit+, (2) removal of a
proton from the structure by OH™ in the electrolyte, and (3) charge
migration in the Ni(OH), by electron jumps between Ni'' and Ni

and/or proton jumps from proton positions to holes.

This description is consistent with the observation that charging
occurs with relatively little structural changes. The disappearance
or shrinkage of lines, rather than growth of new lines, is referred to
as a small structural change.

The structural changes involve a type of disordering of closest
packed O layers., This might well be caused by weakening of the inter-
layer due to loss of protoms,

The anodized nickel sheet yielded peculiar behavior and diffrac-
tion patterns. The high rate (3 hour) anodization gave a black
material which yielded no pattern and disappeared while being studied.
The lower rate and longer (24 hour) anodization gave a yellowish
deposit, This deposit apparently contained § NiOOH. 1In both in-
stances, the results of the anodization were different from the usual
diffraction patterns obtained from impregnated sintered plates.

The stabilization experiments dealing with formation rates and
temperatures appear to have shown a condition where the nickel oxide
was stable on a one day stand. This was, particularly, formation at
10°C. Although 9 cells were involved in this portion of the work,
greater confidence can be placed on these results if they can be
reproduced, A fading of capacity occurred which confounded the results
of stand for 3 days. This intensifies the need for repetition of parts
of the experiment, To this end, formations will be carried out at
10°C and 35 ma and 80°C and 100 ma. As a control, a formation group
at 25°C and 100 ma will be used, This latter approximates the usual
formation treatment.
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V. CONCLUSIONS

Chemical analysis has yielded the formula Ni(OH), , for an un-
formed nickel oxide electrode, This led to certaln considerations
for improvement of accuracy which are now being used,

Diffraction patterns are best obtained without the polyethylene
as an evaporative barrier.

Changes in the diffraction patterns as a function of state-of-
charge has led to a hypothesis on the order of the crystal struc-
ture,

Preliminary and tentative evidence has been found indicating that
oxides of nickel formed at certain experimental conditions are
more stable than the usual industrial conditions,

Two kinds of deposits were found on anodized Ni foil. One, black,
was amorphous and disappeared., The other was yellowish and
apparently is J NiOOH. In either case, there is no resemblance

to the usual electrode,
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VI, FUTURE WORK

Additives - Impregnation of 1-7/8" x 2-1/8" sintered plates
will be done.

Formation - The two superior groups, 10°C-35 ma and 80°C-100 ma,
will be formed using 25°C-100 ma as a control.

X-ray Diffraction - Slow speed scanning at various peak heights
will be used as a means of discerning state of charge from the
X-ray diffraction patterns of various positive plates,

Method of Evaluation of Improved Material - The means of evalua-
tion will be changed to involve tests of plates by capacity loss
as well as cycling properties. This will be done by electro-
chemical, X~ray, or chemical means, depending on the develop-
ment of the latter two.
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