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ABSTRACT

A parametric study of the process of electrochemical impreg-

nation performed on positive Ni-H 2 electrodes 0.93 mm thick show-

ed that electrodes can be fabricated which are dimensionally

stable during the l cycling process and which exhibit energy capa-

cities similar to 100% chemically impregnated electrodes.

Comparable results are obtained with Ni-Cd positive electrodes

0.79 mm thick. The electrodes can be fabricated in well defined

conditions and in a period of 2 to 3 hours at a temperature close
to the boiling point of liquid.

The present results show that the presence of alcohol is ne-

cessary for stabilizing the electrodes dimensionally.

A complementary study was performed to define the critical

impregnation factors (corrosion of the sintered support, role of

the interelectrode distance, bath wear, impregnation bath addi-
tive).

A surface-active agent was used as an alcohol substitue and

the first tests with this agent were performed at 80°C to fabri-

cate dimensionally stable electrodes exhibiting an energy capa-

city of about 90% of that of standard chemically impregnated

electrodes.

The overall results obtained in the laboratory, within the

framework of the contract, show the benefit of the electrochemi-

cal impregnation process.

It is now desirable to fabricate an experimental impregnation
i

unit to test the impregnated electrodes in accumulators according

to the new process.

ii
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1. PURPOSE OF THE STUDY
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Analyses of the failure of Ni-Cd and Ni-H2 elements brought

to light a swelling of the positive electrodes which caused the

interelectrode distance to decrease and the separator to dry,

thereby resulting in a high internal resistance.

Such results were observed on Ni-Cd VO 10 S accumulators (1)

for which the thickness of the positive electrodes increased by

about 15% following 600 cycles at 40° C (charged for 7 hours at

C/5, discharged for 1 hour at C/3) and 25% following 3,000 cycles

at 20°C and 60% DOD.

Analyses of the Ni-H2 elements within the framework of the

75/CNES**/520 contract showed that the swelling of positive

electrodes impregnated by 100% may reach 95% of the initial

thickness after 3,300 cycles of low orbit type cycles.	
f

A study conducted under CNES contract (2) showed that the

electrochemical impregnation process corrected the swelling of

the positive electrode and therefore the progression of its

porous volume during cycling.

The purpose of the present study is to verify this property

of electrochemically impregnated electrodes and to determine

the electrochemical impregnation conditions whereby electrodes

can be made at the same energy levels as the electrodes impreg-

nated by chemical process.

*Numbers in the margin indicate pagination in the original text.
**National Space Studies Center.

1



2. REFERENCE DOCUMENTS
	

/2

-ESTEC Contract No. 3000/76/NL/HP (So)

-ECD technical specifications 2/Spec 31

-DT/SAS Report-616/77-PA/JM

-DT/SAS Report - 45/78 PA/JM

3. BIBLIOGRAPHIC RESEARCH

3.1. Facts Observed In the Ni-Cd and Ni-H2 A2cumulators

Analyses performed of failures of Ni-Cd elements established

a swelling of the positive electrodes causing compression of the

separator and its progressive dewatering (drainages.

The excess quantity of electrolyte is then absorbed by the

negative electrode as shown in figure 1.

In the case of the Ni-H2 elements, the phenomenon is similar.

However, accounting for the hydrophobic nature of the negative

electrode, part of the electrolyte initially contained in the

separator is absorbed by the positive electrode (figure 2) .

Corrections of the separator's (2) drainage was studied under

CNES Contract 75/0590 and from this means were selected to limit

or suppress the swelling of the positive nickel electrodes during

cycling.

The results of this study established the following points:

-The positive nickel electrodes impregnated by chemical means swell

progressively during cycling (figure 3) .

1

Swelling may be limited by improving the initial strength of

the sintered support (using a sintering of small porosity) or by

protecting the support using an oxide layer obtained by passiva-

tion treatment.

2
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Under-impregnation, limits the swelling phenomenon, but does

not suppress it.

Conversely, with the electrochemical impregnation method,

electrodes exhibiting- a high dimensional stability can be made

(appendix 1) .

Electrochemical Impregnation Tests

The first electrochemical impregnation tests were executed

within the framework of the study on the draining of the separator.

The method consists of forming nickel hydroxide by electrolysis

of a nickel nitrate solution in acidic medium, using ethanol as a

solvent.

The results obtained by SAFT are:

-Dimensional stability of electrodes during cycling (figure 3 -

appendix 1) .

-Capacities close to standard electrodes impregnated chemically.

-Little corrosion of sintered support during electrochemical im-

pregnation.

3.3 Theoretical Aspect	 /4
f
i

-Advantage of the Method

Nickel hydroxide is the active substance of the positive

electrodes used in the alkaline accumulators (nickel-cadmium,

nickel-hydrogen, nickel-zinc).

The operating reaction commonly adopted is:

Ni (OR)2 + OH ,--_	 ,S ><i OQH + S20 + i
red

GLEMSER and EINERHAND (4), FEITCKNETCHT (5), TUOMI (6) and BODE (7)
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established two distinct phases of hydroxides with a valence of

(II), i.e.:

a 3 Ni (OH) 2 , 2 H 2 O and B Ni (OH) 2

The densities measured from the RX diagrams are 2.82 g/cm3

and 3.97 g/cm3 respectively.

Hydroxide B 3 , Ni (OH) 2 , 2H 2 ) is obtained by adding water to
the system.

The oxidation of hydroxides with a valence of (II) causes
the formation of higher hydroxides exhiaiting different distinct

phases established by BODE in 1979 (7):

-Phase BNi OOH whose axis C is between 4.6 and 4.8 A or a

multiple.

-Phase aNi OOH possessing a C axis dilated by adding sodium

or potassium.

The hydroxide transformation diagram proposed by BODE (7), 	 /5

then NESS (8) is the following:
Charr

r 11 OOH	 V • t t

V- t 4 Of 3 R ( OR) 2 . 2 120 Discharge 3,59/ca3
2,8g/c23 Overcharge in concentrated

conserva KOH
tion in
concentra-
ted KOH ^ 111 OOH

Discharge' 4,60 CAM3
3.97g/2cm3 1. v - o eti

V - 1



Analyses performed by X-ray diffraction showed that the hydrox-

ide SNi(OH) 2 is obtained by chemical impregnation, and that a small

quantity a3 Ni (OH) 2 2H20 may come from the corrosion of the sint-

ered support.

The hydroxide a3 Ni(OR) 2 , 2H20 is obtained by electrochemical

impregnation according to PICKETT's and PUGLISI's method (2).

It therefore seems that the swelling is due to the structural

hydroxide transformations. In the case of chemical impregnation,

the initially impregnated hydroxide SNi (OH) 2 (relative volume 1)

is converted into a thermodynamically stable hydroxide *Ni OOH

during the overcharge (relative volume 1.15). This results in an

increase in the volume occupied by the active substance causing

internal stresses which are the cause of the swelling of the elec-
trodes.

In the case of electrochemical impregnation, the hydroxide

a3 Ni (OH) 2, 2H 20 formed during the impregnation exhibits the

smallest density.

The structural transformation can therefore not be the cause

of the swelling during a cycle. This results in a high dimen-

sional stability of the electrochemically impregnated eldctrodes.

-Principle of the Method	 /6

Nickel hydroxide is formed by the electrolysis of a nickel

nitrate solution in acidic medium.

The sintered nickel plate constitutes the cell cathode.

The OH ions formed during nitrate ion reduction precipitate

the Ni ++ions of the solution in the form of a nickel hydro

The anode is made up of nickel or inert plates or of

*Illegible.
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The advantage of the soluble nickel electrodes is to stab-

ilize the concentrations of the Ni++ bath by oxidation of the

electrode.

According to BEAUCHAMP (9) PICKETT and PUGLISI (10), the

reactions to the electrodes are the following:

.At the cathode: 2 H 2O + 2 e - H 2 t + 20 H

Possible Reactions (1`itrate Reduction) :

NO3 - H 2O + e - NO2 + 2 OH

NO 3 - + H2O + 2e - NO2 - + 2 OH

'v0 3 - + 2 H 2O + 3e ; NO + 4 OH

NO3 - + 5 H 2O + 4e-► 1/2 N20 + 5 OH
2	 _

NO 3 - + 3 H 2O + 5e ; 1/2 N 2 + 6 OH

NO3 - + 5 H 2U = 6e -► N H2OH + 7 OH

NO 3 - + 5 H 2O + 7e -► 1/2 N 2 H 4 + 8 OH

NO 3 - + 6 H 2O + 8e -r HN 3 + OH

.At the Anode: 2 H2O -> 4 H+ + 0 2 + 4 e (inert anode)

Ni; Ni++ + 2e (soluble anode)

In the case of electrochemical impregnations using alcohol

as a solvent, the alcohol is oxidized into an acetate: other

Kolbe type secondary reactions may occur:

H 3 C - CH 2OH H 3 C - CHO + 2H+ + 2e(acetaldehyde)

H 3 C - CH 2OH + H 2O * H 3 C - OOOH + 4H+ + 4e(acetic acid)

6	 *Illegible.

/7



2H3C - CH 2OH + -► H 3 C - 000 - CH  - CH  + 4h
+ + 4e

H 3 C - CH 2OH + H 3 C - cooH * H 3 - coo - C 2 H 5 + H2O

If we consider these equations, we see that for the passage

of an electron, the quantity of NO 3 - consumed is always less

than 1. Conversely, 1 to 2 OH may be formed.

For the same quantity of current, 0.1 to 1 gas molecule may

be formed in the cavities of the sintered support. At 80°C (im-

pregnation temperature), the volume occupied by one millimole of

gas reaches 27 cm3.

H. SEIGER and C.J. PUFLISI (11) showed the important role

which the gas formation in pores of the sintering could play.

The closed gas is most probably ammonia. KANDLER (12) and

HAUSLER (13) confirmed this hypothesis.

In this case, H. SEIGER and V.J. PUGLISI (11) propose the

following process.

The nitrate reduction occurs according to the equation:

NO3 - + (6 - x)H 20 + x H+ + 8e -► NH 3 + (9 - x) OH-

When pH - 6.4, the nickel hydroxide Ni(OH) 2 precipitates.

When pH - 8.4, the reaction is considered quantitative to pH =

13.5, the partial pressure of NH 3 reaches 1 atm.

The gas expels the liquid from the cavity. Then, when it

is again in contact with the acid solution, dissolution occurs:

NH3 + H+ - NH4+.

The vacuum thus created in the cavity causes a new solution

to enter.

i
7	 1

i
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If an impregnation solution containing 3 M/1 Ni(NO 3 ) 2 is
used, the process indicated above will occur 7 times for it to

be filled with the required amount of active substance. NH 3 is
formed when the used solution evacuates from the pores and when

hydroxide is not being produced.

3.4. Bibliographic Results
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Numerous patents (15) to (35) describing the preparation of
nickel hydroxide in the various parametric conditions according

to the principle ofelec trolysis of a nickel nitrate solution.

The Most elaborate works known today are those of BEAUCHAMP

(9) and D.F. PICKETT H.N. SEIGER and C.J. PUGLISI (3), (10), (11),

(14).

However, BEAUCHAMP's works essentially account for the nega-

tive electrochemical impregnation (Cd (OH) 2 formation) .

Two methods are proposed:

a. Method Using an Aqueous Solution:

The process is recommended by BEAUCHAMP (9).

The impregnation takes place using a nickel nitrate solution

wihtout adding alcohol to tl,e impregnation bath.

The impregnation conditions described by D.F. PICKETT (10)

are:

nickel nitrate Ni (NO 3 ) 2 = 1.8 M/1
cobalt nitrate Cc (NO 3 ) 2 = 0.2 M/1
sodium nitrate NaNO 2	= 0.5 M/1

initial pH = 4

8
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The current densities applied are on the order of 40 to 80

mA/cm2 per electrode.

b. Method Using an Alcoholic Solution (Denatured Alcohol)

The test: were carried out by D.F. PICKETT (3), (10), (11),

(14). The impregnation conditions described were:

nickel nitrate = Ni (NC 3 ) 2 = 1.8 M/1

cobalt nitrate = Co (NO 3 ) 2 = 0.2 M/1

denatured ethanol concentration = 50%

pH = 1.5 - 2

Bath temperature: = 80°C.

The current densities applied were on the order of 40 to	 /9

80 mA/cm2 per electrode.

The results obtained (3), (10) establish the following points:

-The electrochemical impregnation with or without alcohol

makes it possible to prepare electrodes with an equivalent and

comparable filling concentration to that of a standard chemical

impregnation (hydrate weight - 1.9 to 2.2 g/cm3 vacuum).

-The dimensional stability of the 2 types of electrodes (11)

seems to be appreciably identical in the following test conditions:

1st cycle: Charge 15 hours at C/10

Discharge at 1 A/dm2 for 2 hours.

6 cycles: Charge 2 hours at 1 A/dm2

Discharge 2 hours at 1 A/dm2

8 cycles (in cell): Charge 15 hours at 2 A/dm2

Discharge 15 hours at 2A/dm2

PW
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On the other hand, the dimensional cycling stability of

electrodes impregnated without alcohol does not seem to be

clearly demonstrated (10).

-The electrodes impregnated in an alcoholic solution pre-

sent a th-okness increase during the impregnation at the end of

the filling (3). It would actually seem that a maximum filling

concentration exists above which the swelling probability in-

creases.

-An increase in the initial porosity of the sintered support

improves the quantity of the impregnated hydroxide and the energy

capacity of the electrodes.

3.5. Gui4 elines For the Experimental Study

The purpose of the present study is to optimize the method

of electrochemical impregnation and to ,establish the definition

of a pilot electrochemical impregnation unit.

We will therefore define the conditions for making Ni-Cd

and Ni-H2 type Nickel electrodes with dimensional stability during

cycling and whose energy characteristics are close to the standard
chemically impregnated electrodes.

The parameters defining the fabrication of such electrodes /10
are of 2 types:

a. Nature of the Sintering:

-thickness

-porosity

-preliminary treatment.
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b. Impregnation Conditions:

-concentration of the impregnation bath,

-temperature of the impregnation bath,

-bath acidity,

-presence of additives in the bath (alcohol, cobalt) ,
-current density,

-electrolysis time.

c. Nature of the Sintering:

-Thickness:

An increase in the initial thickness of the sintering can

make it more difficult to obtain the correct active substance

filling due to the-obturation of the pores and precipitation of

the hydroxide on the surface, particularly when the electrolysis

occurs with a high current density.

The parametric study of the impregnation is conducted on thick

Ni-H2 type electrodes (0.92 mm thick).

-Porosity:

A high porosity of the sintered support is equivalent to a

larger vacuum volume, i.e. to a larger volume available for the

hydroxide precipitation.

The electrode filling concentration should therefore be im-

proved. However, the firmness of a support with high porosity is
mediocre and the destruction,of the support under the effect of in-
ternal stresses is that much easier. The dimensional stability
of such a support during the electrical tests is guaranteed by

the process.

The impregnation tests are executed with sintered supports of

high porosity.



d. Impregnation Conditions - Concentration of the Impregnation /11
Bath

A modification of the nickel concentration in the bath may

have an influence on the crystallite formation and kinetics

ics and may therefore change the rate of diffusion of nick-
el and of the concentration gradient in the sintering.

2 concentration. levels were tested during the study:

-Temperature of the Impregnation Bath:

The bath temperature is a factor whose influence must be

similar to that of the bath concentration.

In order to improve	 ion diffusion, the tests are carried

out at a temperature similar to boiling point of the bath

An impregnation test is carried out at a lower temperature.

-Bath Acidity:

The H+ ions duffuse more rapdily than the Ni++ ions. For

high acid concentrations in the bath, the H + ions can decrease

the efficiency of the treatment in terms of the equation for
nickel hydroxide formation.

NO3 - +(6 - x) H 2O + x H+ + 8e ^ NH 3 + (9 - x) OH

For the passage of an electron, we have:

9 16 x	 Ni++ + (98x) OH- -►
 916	 Ni (OH) 2

An increase in the H+ quantity in the bath should therefore de-

celerate the rate of hydroxide precipitation and possibly modify

)

12



morphology of the deposit.

The tests are performed for two acid concentrations in the
bath.

-presence of Additives In the Bath:
	

/12

.Cobalt:

Cobalt improves the chargeability of the positive nickel

electrodes by increasing the overvoltage with oxygen. It is
usually present in 5% concentrations in chemically impregnated
electrodes.

During the impregnation tests, the amount of cobalt syn-

crystallizing with nicker in the electrode will be determined as

a function ofthe initial cobalt concentration in the bat and the
bath acidity.

We will aslo try to make electordes whose cobalt concentra-
tions with respect to the amount of active substance will be about

5%.

.Surface-Active

Additives having the property of decreasing the surface

tension of the bath may have an effect on the ion diffusion rate

a::3 may thus increase the amount of hydroxide impregnated by a

more uniform filling of the electrode.

Ethanol may have a similar effect. Impregnation tests will

be performed with different alcohol concentrations.

other surface-active agents will be tested.



-Current Density

Current density is the factor which has a direct influence

on the OH ion concentration at the level of the pores of the

sintering and influences the type of seeds formed, i.e.  the type

of deposition of the nickel hydroxide.

Moreover, a too high current density may favor a surface de-

posit and the obstruction of the pores limiting the filling con-

centration.

3 current densities, compatible with the manufacturing pro-

cedure and selected according to the bibliographic results, were

tested.

-Electrolysis Time

The electrolysis time conditions the filling concentration

of nickel hydroxide and therefore the electrode capacity.

At the beginning of impregnation, the amount of impregnated
hydroxide for a given current density and for given impregnation

conditions is proportional to the impregnation time, it then
stabilizes and no longer changes when there is a surface deposi-

tion.

For each current density, three electrolysis phases will be /13

used. These phases will make it possible to determine the max-

imum amount of hydroxide formed in the defined impregnation condi-

tions.

4. EXPERIMENTAL STUDY

4.1. Experimental Conditions

The experimental study was performed in accordance with the
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manufacturing and control diagram shown in appendix 3.

4.1.1. Preparation of the Sintered Support

The sintered support is fabricated by coating a nickel powder

paste suspended in carboxymethylcellulose gel over a perforated

ribbon.

After the binding agent decomposes at high temperaturea in

the presence of air, the sintering occurs at &bout 1, 000°C under

reducing atmosphere.

.Controls:

-Real Porosoity:

The porosity of the plates used for electrochemical impreg-

nation is about 85%.

This percentage expresses the ratio of the vacuum volume to

the apparent volume of the sintered nickel:

E = Thickness in 10 -2 mm of sintered strip

e = Thickness in 10 -2 mmof perforated nickel-coated ribbon

M = Mass in grams of 10 cm2 sintered strip sample

m = Mass in gramsof the perforated nickel-coated ribbon sample

(10 cm2) .

11.2 = 100/real density of nickel

$ Porosity = 100 (1 - 11.2 E _ m
-Accessible Porosity:

It expresses the accessible vacuum volume per unit of sint-

ered mass.

i
15	 i

--- --	 _	 _
	 9Y



It is determined by the water mass absorbable by the sint-

ering.

-Firmness of the Sintering:

This measurement consists of using a penetrometer to deter-

mine the force required to perforate the sintered nickel with a

determined needle.

-Thickness:
	 /14

The thicknesses are measured on 4 points using a contact

surface palmer equal to 0.5 cm2.

-Weight:

The sintered strips are weight to c.he nearest 1 mg.

4.1.2. Treatment of the Sintered Surface

Treatment of the sintering prior to impregnation is achieved

with sinterings which have undergone a preliminary surface treat-

ment.

4.1.3 ImprF.,gnation

The equipment consists of an electrolysis circuit described

by appendix 4.

The photographies of appendices 5 and 6 represent the impreg-

nation installation and the electrode support used.

4.1.3.1. Cell Composition

55 liter tank.

16
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-Cathode: sintered plates (Su - 0.58 dm2) situated half-way
between the 2 counter-electrodes.

-2 .soluble, puke nickel counter-electrodes

-Electrode/counter-electrode distance - 19 mm
-Teflon electrode support.

Agitation: thermomix pump flow rate: 13 1/mn.

4.1.3.2. Impregnation Conditions

The impregnation conditions are defined by the test grid
of appendix 7.

-Nature of the sintered support

Sintered type Ni-H2 of high porosity.

-Thickness: O.91 ± 0.03 mm

-Porosity: 86%

-Surface treatment: reduction.

-Bath concentration	 /15

2 concen*.rations are tested:

2 moles/l Ni (NO 3 ) 2 + Co(NO 3 ) 2
 including 0.1 mole/l Co (NO3) 2

3 moles/l Ni(N) 3 ) 2 + Co(NO 3 ) 2 including 0.1 mole/1 Co(N)3)2

Bath temperature: 98 °C - 84 °C - 80°C - 50°C.

-Alcohol Concentration: 0 - 20 - 50 - 70%

The alcohol concentration indicates the percentage of alcohol

with respect to the volume of nickel nitrate solvent.

-pH (indication of the calomel electrode)
2 pH zones:

17
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pH 1.5 to 2

pH 3 to 3.5

Current density: 50 - 75 - 95 nA/cm2

Amount of current: 540 - 630 - 720 c/cm2

.Controls during impregnation:

-Ni and Co concentration:

The concentration is dosed by atomic absorption spectrophoto-
metry.

-Alcohol Content:

Two measurements are used to control the alcohol concentra-

tion in the bath:

Density:

The calibration curve of the Math's density as a functior,
of the alcohol cone ^ntration is given in appendix 10 for an
Ni (NO 3 ) 2 +Co (NO 3 ) 2 = 2 M/1 concentration.

Surface Tension

Ethanol reduces the surface tension of the bath (appendix 9) .

The surface .:erasion is quickly measured using a DUCLAUX drop-

per or stalagmometei .

The measurement consists of determining the number of drops

produced at 20 °C to permit the flow of a given voltune of solution.

18
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The Surface Tension of the Liquid: T = To D. N	 /16
D

T = Surface tension of liquid at 20°C (in dynes/cm)

To = Surface tension of water at 20 ° C = 72.7 dyn/cm

D = Density of analyzed solution

N = number of water droplets produced at 20°C

n = number of solution drops produced and analyzed at 20°C.

The calibration curve of thenumber of drops produced using

the DUCLAUX dropper for a solution containing various alcohol

concei:trations is given in appendix 10.

-Bath Temperature:

The required temperature is regulated to the nearest ±0.5°C.

-Bath Acidity

The bath's acidity is controlled continuously to a pH meter

using a calomel electrode.

The quantity of acid to be poured into the initial nitrate

solution used for impregnation in order to obtain the same "pH"

indication is appreciably identical in an aqueous and alcohol

solution, i.e.:

approximately 5.10 -3 H+ to reach pH 3-3.5

approximately 0.5 H+	to reach pH 1.5-2

The "pH" is controlled to the nearest t0.3 unit.

-Current Density:

It is established with respect to the apparent sintering
surface to be impregnated.

4
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The current intensity is read to the nearest 1%.

-Electrolysis Time:

The time is controlled using a chronometer. The error range

for the impregnation time is ±3 mn.

-Potentials:

The potential of the sintered support is recorded with

respect to a platinum electrode during the impregnation.

-Bath Volume

A steady control makes it possible to maintain the bath

volume constant to the nearest 1%.

4.1.4. Electrochemical Cleaning
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The electrochemically impregnated plates are cleaned in the

following manner:

-Electrode: impregnated plate

-Counter-electrode: negative cadmium

-Separator: miovyl

-Electrolyte: KOH 30%

Charge: 1 h at 6 A/dm2

Discharge at 1.5 A/dm2 up to OV/Hg-rgO

After cleaning, the plates are washed and rinsed in permuted
water, then dried under nitrogen and preserved in an air-free

environment.

23



-Controls Performed After Electrochemical Cleaning

-Weighing s
-Thicknesses.

On a few specimens:

-Quantity of impregnated hydroxide

-Quantity of corroded nickel

-Cobalt concentration.

These analyses are performed by dissolution of the hydroxide
in an acetic buffer, then dosage of Ni and Co in solution.

The weight of the residual support makes it possible to

determine the corrosion of the sintering during impregnation.

4.1.5. Cycle Testing

After electrochemical cleaning, the plates undergo 4 growth

(formation) cycle in the following manner:

-electrode: impregnated plate (0.58 dm2)
separator: myovil

-electrolyte: KOH (d = 1.306) .

Formatioi^

1st cycle: Charge: 15 hours at C/5 (C = 4.5 Ah)

Discharge at C/2 - Suspension at 0 V/Hg-HgO

2nd Cycle: Charge 6 hours at C/2

Discharge at C/2 - Suspension at 0 V/Hg-Hg0

3rd cycle: Charge 4 hours at C/2

Discharge at C/2 - Suspension at 0 V/Hg-Hg0



Controls Performed During Growth
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The capacity restored by each electrode is determined for

each growth cycle.

After the 4th cycle, the following controls are performed:

-Appearance

-Thickness

-Capacities.

Cycling:

For certain electrodes, elements of approximately 3 Ah

are formed with noncompacted plate clusters.

Cycling Characteristics:

-Excess negative capacities,

-Separator: miovyl

-KOH electrolyte (d - 1.306) .

Duration: 20 cycices minimum

Charge: 6 hours at C/5

Discharge: 2 hours at C/2 or suspension at 1 V/element.

Control: - thicknesses after cycling

- capacities

- appearance.

4.2. Experimental Results

The test series was performed with Ni-H2 type electrodes

(thickness = 0.91 ± 0.03 mm).

in order to make an accurate comparison with chemical impreg-
nation, Ni -H2 type 100 % chemically impregnated electrodes (Hydrate

22
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= 14.5 ± 1.5 g/dm2) and current standard underimpregnated

electrodes (Hydrate = 10.9 ± 1.5 g/dm2) were subjected to
electrical tests under the same conditions.

The electrochemical impregnation conditions required for
reaching the defined objective being defined, a batch of 100
Ni-H2 electrodes was prepared to determine the discrepancy of

the method. These electrodes were formed according to specifica-

tion 340 115. Their energy characteristics were compared with

the results of earlier fabrications of positive electrodes for
Ni-H2 space elements.

Characteristics of the Sinterings Used
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4 types of sintering were fabricated (Tables 1 and 10) .

2 standard sinterings for the chemical d npregnation of the
electrodes used in the Ni-H2 and Ni-Cd elements.

2 high porosity sinterings for the electrochemical impreg-
nation of electrodes for Ni-H2 and Ni-Cd elements.

These established characteristics characterize the vacuum

volume which is accessible and capable of being filled with an

active substance.

Appendix 12 shows the structure of the Ni-H 2 type high

porosity type sintering observed in a scanning microscope.

Characteristics of the Impregnated Electrodes

The characteristics of the chemically impregnated electrodes

used as reference are shown in table 2.

The characteristics of the electrodes electrochemically

impregnated in compliance with the test grid of appendix 7 are

23
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shown in tables 3 to 6.

Appendix 13 shows the structure of the Ni-H2 type sinter-

ing after electrochemical impregnation as observed in a scanning
microscope.

The electrochemical impregnation method is defined as a
function of 4 essential parameters:

-Filling

-Capacities (formation, cycling)

-Hydrate yield

-Electrode swelling.

4.2.1. Filling of the Electrodes

The filling curves, expressing the weight variation during

impregnation, are transcribed on figures 5.

At the beginning of impregnation, the filling is achieved

proportionally to the electrolysis time (Figure 5.6.), then stab-

ilizes progressively to reach a maximum value when the quantity

of current is approximately 600 C/cm2 per impregnated plate.

This value varies with the impregnation conditions (figures
5) shown on the next page.

-Influence of the Alcohol Concentration

Tests were conducted at temperatrues close the the boiling

point for a water-alcohol mixture (appendix 8) .

In an alcoholic solution, one sees (figures 11 and 12) a de-

crease in the filling capabilities when the alcohol concentration

increases between 50 and 70%. This phenomenon is probably due to

24
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Maximum Filling Obtaiaed (AP in g)
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

 Cu: rent
- - Density

_ (mA/cm2)
Im r nation	 - - - - -p ^1

Conditions

Alcohol Conc.	 0% -	 98°C - Ni+Co=2M/l	 pH-1.5-2	 14

"	 "	 20% - "84 °C - "	 _ "	 "	 11.5

"	 "	 50% - "80 0C - "	 "	 "	 13

"	 "	 50%	 - "50°C - "	 "	 "	 >	 9

"	 "	 70% - "80 °C - "	 "	 "	 11

"	 "	 50% - "80 °C - "	 3M/1	 "	 11.5

" it 50% -	 80°C - "	 2M/1	 3-3.5	 11.5

12

11

12

10

11

11.5

8.5

14

10

11

10

11

11.5

'8.5

the large increase in the bath viscosity thus limiting diffusion

and promoting hydroxide deposition on the surface.

For concentrations varying from 20 to 50% alcohol, the quantities

of impregnated hydrate are appreciably identical to the various

current densities at impregnation temperatures close to the boiling

point (figures 52 and 53).

In an aqueous solution, the given hydroxide quantities are greater

than the quantities obtained in an alcoholic solution, and this is

probably partially due to the large corrosion on the sintered sup-

port ( table 3).

-"pH" Influence

The tests performed in an alcoholic solution (50% ethanol) for

2 "pH" zones; "pH" 1.5-2 and "pH" 3-3.5 showing a decrease in the

filling concentration on the order of 10 to 15% when the "pH" is

within the zone 3-3.5 (figures 53 and 57).

This phenomenon is probably due to a decrease Li the corrosion

on the sintered support when the acidity of the solution is lower

25
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(table 3) and to a more rapid surface deposition causing an

obturation of t1a pores of the sintering.

Temperature Influence
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When the bath temperature is low with respect to the boil-

ing point, there is a decrease in the filling and this is probab-

ly due to the fact that the diffusion phenomena are limited.

The filling at low current density , (50 mA/cm2) t. aref ore

seems extremely slow (figures 53 and 54) .

-Influence of the Ni-Co Concentration in the Bath

The tests were performed for 2 different concentrations

Ni+Co = " Moles/l and 3 Moles/1.

It seems that the maximal filling rate is not af-

fected by a variation in the salt concentration of the bath (fig-

ures 53 and 56).

However, the filling seems to be slower for low current den-

sities (50 mA/cm2 when the Ni + Co concentration in the bath is
low.

This observation seems to correlate well with the diffusion

limitation phenomenon.

-Inflr=L,:-- of the Current Density

The trend is a relatively large improvement in the filling

rate when the current density decreases. This improvement is

about 10% when the current density decreases from 95 to 75 mA/cn2

(figure 11).

In all cases, the maximum filling is obtained when the quantity

26
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The end of filling is indicated by an abrupt variation in

the potential of the plate measured with respect to an electrode

Pt (figures 51 to 54) . We may therefore consider the absence of

Ni 2+ ions in the support.

A surface deposit then occurs and dissolves again on con-

tact with the acid solution each time it forms.

The residual surface deposit, visible at the end of impreg-

nation detaches during the electrochemical cleaning.

The end of filling signal is visible for high current densi-

ties and is virtually nonexistent when the current density is low,

i.e. 50 mA/cm2 (figures 51 to 54) .

4.2.2. Electrode Capacities (Formation - Cycling) 	 /22

The Ni-H2 type electrode capacities are compared to the stand-

ard chemically underimpregnated and chemically 100% impregnated

electrodes (Table 2) .

The capacities of electrochemically impregnated electrodes

in various impregnation conditions are presented in tables 4.

The variation of the capacities during formation is trans-

cribed in figures 7.

In the case of chemically impregnated electrodes, the capa-

city increase is progressive: about 19% after. the 4 formation

cycles.

In the electrochemically impregnated electrodes, the capacity

increase is relatively large between the 1st and the 2nd cycle.

It may reach 10%, then stabilize during the next cycles (figure 16) .
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A capacity loss can sometimes be noted between the first

cycle and the 2nd cycle. This fact might be due to a loss of

the active surface substance. This observation is made on several

impregnated electrodes in a bath of high alcohol concentration,

i.e. 70% (figure 7.5) and in a bath with a high Hi + Co concentra-

tion (figure 7. 6) .

The influence of the impregnation parameters on the capaci-

ites seems to be very similar to the influence on the filling of

the blgctrodes (figures 6) :

Maximum Capacities Obtained (Ah/dm2)

- Current

Impregnation - Density 50 75 95

Conditions _ (mA/cm2)

Alcohol content 0% - 98°C - Ni+Co=2m/l - pH 1.5-2 4.3 4.0 4.4

" 20% - E'4°C -	 11	
to

" 4.2 4.1 3.5

" 50% - 80°C -	 ?1 3.8 3.7

50% — 50°C —	 "	 11 if 3.5 3.2

70% — 80°C —	 "	 to to 3.3 3.3

" 50% - 80°C -	 314/1 4.1 3.6 3.4

" 50% - 80°C -	 214/1 3.3-5 4.1 3.5 2.5

-Influence of the Alcohol Content
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.In an alcoholic solution, we observe a definite decrease

in the capacities of the impregnated plates in a highly alcoholic

medium (70% ethanol - figure 12) . This observation is especially

true when the electrodes were impregnated with the lowest current

densities.

For lower alcohol contents (20% to 50%), the specific capacities

28
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are appreciably similar and appreciably reach the capacities

of 100% chemically impregnated plates (figures 6.2- 6.3.-6.7.).

.In an aqueous solution, the capacities obtained may be 5

to 10% greater than the capacities of the 1.00% chemically impeg-

nated electrodes (figure 6.1.). This property is due to the

corrosion of the sintered nickel support which is the cause of

the formation of the supplementary active substance.

-Influence of the "pH"

The decrease in the filling defined in section 4.2.1. is

shown by a , decrease in the capacity which increases with the

current density during electrolysis (figure 6.7.) . This fact

confirms that a too high "pH" is not favorable for the electrode

energy capacities due to the surface deposit of the hydrate.

-Temperature Influence

The filling decrease observed during a; electrolysis at low

temperatures results in low electrode capacities (figure 6.4).

-Influence of the Ni + Co Concentration in the Bath

It seems that the filling is comparable when impregnation
is performed at 2 Moles/l or at 3 Moles/l Ni+Co, it also seems

that the elec trode• :capacities achieved are noticeably identical

(figures 6.3 and 6.6) .

-Influence of the Current Density

Compared to the oL3ervation made of the f illing rate, it seems

t''at the maximal electrode capacities achieved in the various im-

pregnation conditions deacrease wehn the electrolysis current den-

sity is too high (i.e. 95 mA/cm2) (figure 12) . However, it seems

that the electrode capacities achieved with current densities on

theorder of 50 mA/cm2 to 75 mA/cm2 are appreciably identical in

alcoholic baths containing 20 and 50% ethanol.

29

c



4.2.3. Electrode Yield	 /24

The electrode yield expresses the capacity obtained during

the 4th formation cycle per gram of impregnated substance (varia-

tion of the electrode weight before and after impregnation), and

this does not take into account the corrosion on the sintered

support.

Figures 8 show the variation of the hydrate yield as a func-

tion of the impregnationtime and of the current density applied

during electrolysis. It seems (figure 13) that the yield obtain-

ed during the 4th formation cycle depends on the quantity of the

impregnated hydrate and reaches its corresponding maximum of 11

to 12 g/dm2 of the electrode weight variation during impregnation.

This maximum maybe explained as follows: when the support

is underimpregnated, there is no electrode swelling, and there-

fore, the capacity obtained corresponds to the oxidation of the

impregnated active substance.

When the impregnation is complete, there is probably an

electrode swelling during the electrochemical impregnation (see

4.2.4.) at the beginning of an excess capacity and an increase
in the "apparent" yield.

Conversely, when the filling reaches its optimal value, i.e

about 12 g/cm2, it is probable that the supplementary hydrate is

deposited on the surface and becomes detached from the support

during the formation cycle. Therefore, compared to the initial

hydrate weight determined, the electrode yield  decreases (figure

13).

This observation demonstrates that the weight variation

during impregnation should be on the order of 12 g/dm2 in order

to make Positive Ni-H2 type electrodes with a high enough energy

and without forming a surface deposit.
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4. 2.4. Variation of the Electrode Thicknesses

The electrode thicknesses prior to impregnation, before and

after formation are shown in tables 5.

.Swelling Prior to Formation:

The thicknesses of chemically impregnated electrodes measured

before impregnation and after electrochemical cleaning are appre-

ciably identical. This is also true for the electrodes electro-

chemically impregnated in an aqueous solution.

Conversely, the electrodes electrochemically impregnated in

an alcoholic solution exhibit a thickness increase which may

reach 10 to 15% of the initial thickness, according to the amount

of impregnated hydrate.

The "apparent" absence of modifications in the thickness of

electrodes chemically or electrochemically impregnated in an

aqueous solution may be due to a thickness decrease caused by

corrosion of the sintering during impregnation and compensated

by a swelling similar to that observed with electrodes electro-

chemically impregnated in an alcoholic solution after ele--tro-

chemical cleaning..

.Swelling During Formation and Cycling:

Chemically impregnated electrodes swell rapidly during the

first formation cycles, then continue to swell progressively

during cycling.

The amount of swelling of 100% chemically impregnated;elec

troies reaches 60% after 200 cycles for Ni-H2 type electrodes

(figure 17) .
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Figure 18 shows that the overall electfode swelling after

formation depends on the amount of hydroxide impregnated. It

is inexistent up to a minimum value of the impregnated hydroxide

quantity(figure 18) , i.e. capacity (figure 19) , then increases

exponentially for any impregnation condition (chemical or electro-

chemic N,) and for any corrosion on the sintered support.

However, the following fundamental difference exists: impreg-

nation in an alcoholic medium stops the swelling process (figure

17) which is not the case of impregnations in an aqueous medium

at "pH" 1.5-2.

Alcohol may be the cause of a s, ecial crystalline form of the

hydroxide, the latter being able to temporarily contain a certain

number of alcohol mo -lecules 3-n its system.

The support strength or the crystalline nature of the hydrox-

ide may be an important factor in, stopping the swelling process

of electrodes impregnated in an aqueous solution.

Thus, an impregnation in an aqueous solution at a higher pH

(pH = 3-3.5) might improve the strength of the impregnated sup-

port and thus stop the swelling process observed dui : i.ng the cyc-

ling.

Based on present knowledge, it seems desirable to use alco-

holic baths to assure the dimensional stability of electrodes.

4.2.5. Secondary Parameters

-Hydration of the Hydroxide

A factor which may have an influence on the yield of the

active substance is the hydration rate of the hydroxide Ni(OH)2,

x H2O.
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If we call the stoechiometric coefficient

S = M Ni(OH)2, xH20
ac. Ni-4-Co

S = AP+Ni corroded
ac Ni+Co)

The hydroxide yield should increase with the value of S due

to a better hydration.

This property seems to be confirmed by the curve in figure

14 giving the variations of the hydroxide yield.

.Cobalt Concentration in the Electrodes

The cobalt concentration present in the chemically impreg-

nated electrodes is on the order of 5%.

The tests performed with Co(NO3 ) 2 + Ni(NO3 ) 2 solutions con-

taining 2M/1 and 5% cobalt and various alcohol concentrations

(pH = 1.5-2) causing a concentration of 6 to 8% cobalt with re-	 !
i

spect to the weight of the impregnated active metals in the elec-

trode (figure 15A) .

When the cobalt concentration in the solutionis half, i.e.

2.5%, it is also half in the impregnated electrode at pH - 1.5-2,
i.e. 3 to 4% (figure 15B) .

However, it sums that a decrease in the acidity of the

impregnation bath favors a decrease in the impregnated cobalt

concentration.

In conclusion, the impregnated cobalt concentration seems
to be:

f-
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-Proportional cc the cobalt concentration in the impregnation

bath at a given pH.

-Dependent upon the bath acidity.

-Not very dependent upon the presence of alcohol in the bath.

-Corrosion of the Support
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The presence of alcohol makes it possible to decrease the

corrosion of the sintered support by more than 50% (Table 3).

The corrosionof the support seems to be smaller when the

bath acidity decreases.

These properties may explain the origin of the alcohol in-

fluence discussed in section 4.2.4.

4.2.6. Fabrication of Positive Ni-H 2 Type Electrodes

Based on the results obtained, one hundred electrodes were

prepared without accounting for cost requirements in order to

verify the dispersion of the method and to control the character-

istics obtained compared to chemically impregnated electrodes.

The impregnation conditions were the following:

-alcoholic solution containing 50% ethanol

-"pH" acidity 1.5-2

-Ni + Co concentration = 2 M/1

-Co concentration = 2.5%

-impregnation temperature = 80 ± 0.5°C

-current density: 50 mA/cm2

-impregnation time: 4 hours.

After the electrochemical cleaning defined in section 4.1.4.,

the electrodes were formed in clusters of 10 in accordance with

specification no. 340 115 (formation in a free electrolyte of

l
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positive clusters of Hr 23S type accumulators):

1st cycle: Charge 24 hours at C/10

Rest 1 hour

Discharge up to 0.8 V at C/2 	 it

2nd cycle: Charge 5 hours at C/4

Rest 1 hour

Discharge at C/2 up to 0.8 V

3rd cycle: Charge 5 hours at C/4

Rest 1 hour

Discharge up to 0.8V at C/2

The thickness and capacity results of these electrodes are

shown in table 7.

Compared to the previous fabrication tests of 100% chemically

impregnated Ni.-H2 electrodes, the energies restored are similar:

Electrochemically impreg-
nated electrodes

100% chemically impreg-
nated electrodes

Standard under impregnated
electrodes

Formation -_Capacities Ah/dm2 Ah/g plate

	

1st	 2nd
	

3rd	 3rd

	

cycle	 cycle	 cycle	 cycle

4.0 t 0.1 3.5 ± 0.1
	

3.6 ± 0.1	 0.29

3.8 ± 0.1 3.6 t 0.1	 3.7 ± 0.2	 L- 0.27

2.9 ± 0.1 2.8 ± 0.1 	 2.75 ± 0.1	 = 0.23

These results show that the specific capacities of the electro-

chemically impregnated electrodes are appreciably identical to the

100% chemically impregnated electrodes and about 30 to 35% greater

tahn the standard ander impregnated electrodes.

From the standpoint of density, these electrodes have greater
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energy than the 100% chemically impregna} ;-d electrodes due to

the greater yield obtained with the electrochemically impreg-

nated hydroxide.

Finally, the discrepancy in the results obtained with the

100 electrodes is small, since it is on the order of 2 to 3%.

The electrochemical impregnation pr xess therefore seems to

be reliable, since dimensionally stable ::lectrodes can be pre-

pared with a much energy as the 100% chemically impregnated elec-

trodes and with little fabrication discrepancy.

4.3 SUK14ARY
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The study of the definition ;)'. the electrochemical impreg-

nation parameters demonstrated the feasibility of making thick

Ni-H2 type nickel el-ctrodes exhibiting ar. energy capacity of

about 95 to 100% of chemically impregnated electrodes and a high

dimensional stability during cycling.

The main parameters defined during this study are:

. Role of Alcohol:

The impregnations performed in the baths, containing 20 to
50% alcohol assure the fabrication of dimensionally stable elec-

trodes and with an energy capacity of about 95 to 100% of the

chemically impregnated electrodes.

The presence of alcohol in the impregnation bath decreases

the filling rate, but assures dimesnional stability during the

cycling of electrochemically impregnated electrodes. It actual-

ly seems that the electrochemically impregnated electrodes in an

aqueous medium swell during cycling. Thus, such electrodes ex-

hibiting a specific capacity identical to the standard Ni-H2
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electrodes swelled about 35% after 200 cycles.

Observation of the electrode thickness variation curves

shows that the swelling of the impregnated electrodes (chemi-

cally or electrochemically) in an aqueous medium is progressive

and continuous. Conversely, the electrodes impregnated in an

hydro-alcoholic medium are dimensionally stable during cycling.

Thus, the electrodes impregnated chemically in the presence of

alcohol do not exhibit thickness increases during cycling after

undergoing the formation cycles.

Alcohol probably has two types of roles:

-Decrease in the corrosion of the sintering and thus assur-

ing a greater firmness of the impregnated support.

-Modification of the structure of the impregnated hydroxide

(crystal size and shape).

This role is probably the cause of the suspend.on of the

swelling process observed with the electrodes impregnated in an

aqueous medium.

The study of the critical impregnation parameters (section

6.4) tries to determine the role of alcohol.

.Electrolvsis Current:
	 /30

A decrease in thefilling is observed when the electrolysis

current density is too high, i.e. 95 mA/cm2.

The best fillings are obtained for low current densities,

i.e. 50 to 75 mA/cm2 and they assure the fabrication of elec-

trodes with capacities comparable to chemically impregnated elec-

trodes.

The impregnation time must be such that the amount of current

used for electrolysis be greater than 600 C.cm2. A surface de-

posit then forms which is eliminated during the electrochemical
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cleaning. An observable potential jump corresponds to the

formation of this deposit, particularly for high current den-

sities (75 and 95 mA.cm2) .

.Temperature of the Impregnation Bath

The tests were carried out at a temperature close to the

mixture's boiling point.

It seems that a temperature decrease of the impregnation

bath causes aidecrease in the filling rate in the electrodes.

This phenomenon is probably due to the decrease in the diffusion

of Ni++ ions in the sintering.

.Bath Acidity:

The tests were carried out in two acidity conditions: "pH"

1.5-2 and "pH 3-3.5. This pH corresponds to the indication for

calomel electrodes.

A decrease in the bath acidity causes a decrease in the fil-

ling and therefore in the capacities restored, particularly

when the impregnation occurs under high current densities.

This phenomenon is due to a large rise in the pH on the

plate surface, causing the surface hydroxide to precipitate and

an obstruction of the sintering pores.

The optimal "pH" zone in an hydro-alcoholic medium there-

fore seems to be "pH" 1.5-2.

.Ni + Co Concentration in the Bath:

The tests were performed for concentrations of Ni + Co con-

centrations fo 2 M/1 and 3 M/1.
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The filling results are greater for an Ni + Co concentra-
tion in the bath equal to 3 M/1. However, the impregnated elec-
trode capacities are similar in the 2 cases with a slight super-
iority of about 5 % for the impregnated electrodes in the bath

containing 2 M/1 Ni + Co.

.Cobalt Concentration in the Bath:

The impregnated cobalt concentration in the plate is a func-

tion of the cobalt concentration in the bath and of the bath

acidity.

In an hydro-alcoholic medium at "pH" 1.5-2, the cobalt con-

centration in the bath must be on the order of 3% to fabricate

electrodes containing about 5% cobalt which are comparable to
the chemically impregnated electrodes.

The characteristics defined above made it possible to fabri-

cate one hundred Ni-H2 type nickel electrodes with specific free

electrolyte capacities identical to the 100% chemically impreg-

nated electrodes.

The impregnation conditions are the following:

.Impregnation Bath: 50% ethylic alcohol

Ni + Co = 2 M/1

Co concentration: 2.5%

"pH": 1.5-2

Temperature: 800C

.Electrolysis:	 Current density: 50 mA.cm2

Time: 4 hours

There is little discrepancy in the results as it is less

than 3%.
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The filling rate '.s about 15% slower than that of the chem-
ically impregnated electrodes. However, the hydrate yield is
about 10 to 15% greater than that of the hydrate obtained by

chemical impregnation.

Consequently, the electrodes have:
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-A specific energy per unit of mass identical to the 100%
chemically impregnated electrodes.

-A higher energy per unit of volume due to the absence of
swelling during cycling.

These results show that the impregnation of Ni -H2 type elec-

trodes, whose specific energy is about 95 to 97% of chemically
impregnated electrodes, may be performed in the following condi-
tions:

. Impregnation Bath: 20% ehtylic alcohol

Ni + Co: 2 M/1

Co concentration: 2.5%

"pH": 1.5-2

Temperature: 84° C

. Electrolysis:	 Current density: 75 mA/cm2
Time: 2 hours 30 minutes

These conditions seem optimal for satisfying the objective
established and for limiting the cost of impregnating the ^po•si-
tive electrodes used for the Ni-H2 accumulators.

5. APPLICATION OF THE STUDY TO THE ELECTROCHEMICAL IMPREGNATION /33
OF Ni -Cd TYPE POSITIVE ELECTRODES

5.1 REVIEW OF PREVIOUS RESULTS:

During the study on corrections to the dewatering of the
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separator within the framework of ONES Contract 75/0590, several

electrochemical impregnation tests were made on Ni-Cd type nickel

electrodes.

The set of results obtained presented in tables S and 9 show:

-the dimensional stability of the electrodes during cycling.

-an improvement in the filling  and in the specific c-apac i _.

ties obtained by increasing the initial porosity of the sintering.

-the capability of reaching capacities comparable to those of

100% chemically impregnated electrodes during the formation in a

free electrolyte in the following conditions:

1st cycle: Charge 10 hours at C/5

Discharge C/2 - Stop at 0.5 V.

2nd cycle: Charge 6 hours at C/3

Discharge C/2 - Stop at 0.5 V.

3rd cycle: Charge 4 hours at C/2

Discharge C/2 - Stop at 0.5 V.

The results actually show that the electrode capacities could

be improved by increasing the quantity of the electrolysis cur-

rent (table 9).

Consequently, the impregnation tests performed within the

framework of this study involve electrolysis current quantities

greater than 450 C/cm2.

5.2 EXPERIMENTAL STUDY
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The set of results obtained are summarized in appendix 11.

5.2.1 Experimental Conditions

The electrode fabrication and test conditions are identical

to the conditions described in paragraph 4.1.
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-Prepara tion of the Sintered Support:

The characteristics of the sintering s used are presented in

table 10 (sintering number 4).

The porosity	 the sintered support is high, i.e. 85%.

The accessible vacuum volume is 5.2 cm3/dm2, i.e. 6% greater

than the vacuum volume of a standard type support.

-Impregnation:

The impregnation conditions are the same as those defined
in paragraph 4.1.3:

55 liter Tank

-Cathode: sintered plate at mid-distance between the 2 counter-

electrodes.
-2 counter-electrodes in pure soluble nickel.	 i

-Electrode/counter-electrode distance = 19 mm
-Teflon electrode support
-Agitation - Thermomix pump flow rate 13 liters/minute.

The experimental conditions are summarized in appendix 11: /35

-Nature of the sintered support:

Ni-Cd type high porosity sintering

Thickness: 0.79 ± 0.02 mm
Surface treatment: reduction under H2.

-Bath concentration: 2 concentrations are tested

2 moles/l Ni (NO 3 ) 2 + Co (NO 3 ) 2 including 0.1 mole/l Co (P:03) 2

3 moles/l Ni (NO3) 2 + Co (NO3) 2 including 0.1 mole/l (N- ) 2
J

42

0;'



-Bath temperature: 800C
-Alcohol content: 50%
-"pH":	 1.5-2

-Electrochemical Cleaning

Identical conditions to those defined in paragraph 4.1.5:

Formation in free electrolyte (KOH d = 1.306) with negative
cadmium electrodes with overcapacity.

1st cycle:	 Charge: 15 hours at C/5

2nd cycle:	 Discharge: at C/2 - Stop at 0 V/Hg-HgO
3rd & 4th cycle: Charge 4 hours at C/2

Discharge at C/2 - Stop at OV/Hg -HgO

C value = 4 Ah/dm2

5.2.2. Experimental Results
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The tests were performed with Ni-Cd type sintered supports

(thickness 0.79 ± 0.02 mm) with high porosity.

Standard Ni-Cd type positive electrodes were 100% chemically

impregnated (hydrate = 12 g/dm2) to establish a comparison with

the chemical impregnation of the ele.:trode characteristics during

electrical testing.

Characteristics of the Sinterings Used

2 types of sintering were made:

.1 standard sintering for the chemical impregnation of the

positive electrodes used in the Ni-Cd elements.

4
E
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.1 high porosity sintering (85) for the electrochemical

impregntion of positive electrodes for Ni -Cd elements.

Their characteristics are presented in table 10.

The accessille vacuum volume of the "high porosity" sinter-

eu support capable of being filled with active substance exceeds

the vaccum volume of the standar support by 68, i.e 5.2 cm3 va-

cuum/dm2.

Characteristics of the Impreq nated Electrodes

The characteristics of 1008 chemically impregnated electrodes
are presented in table 11.

The characteristics of electrochemically impregnated electrodes

in the various conditions, in compliance with the test grid shown

in appendix 11 are shown in tables 12 and 13 and in figures 20, 21

and 22.

3 essential parameters are examined to define the impregna-

tion method:

-Filling
-Capacities (formation - cycling)
-Electrode swelling.

5.2.2.1 Electrode Filling (tables 12.1 and 12.2)
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The tests were performed for 2 different Ni (NO3) 2 + Co
(NO 3 ) 2 concentrations of the impregnation bath:

-In Ni (NO 3 ) 2 + Co (NO3 ) 2 = 2 M/1 (table 12.1) the deposition
of nickel hydroxide is achieved proportionally to the impregna-

tion time for any electrolysis current d-_::3ity applied (figure
20.1).
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However, it seems that the apparent thickness of the plate

at the end of impregnation (Table 13.1) may increase by as much
as 308 of the intitial thickness of the sintering.

During the formation, a weight loss of the impregnated plates

is observed (table 12.1 - figure 20.1). This weight loss is

associated with a thickness decrease (Table 13.1) and a capacity

loss during the formation (figure 22.1) .

At the beginning of impregnation, deposition occurs in the

pores of the sintering, then on the surface at the end of impreg-

nation (figure 20.1). The hydroxide quantities desposited are:

Current Densities Applied
(mA/cm2)

Impregnation time (minutes)

Specimen

Total hydroxide quantity
deposited (g/dm2)

Hydroxide quantity de-
posited in the pores of
the sintering (g/dm2)

50	 75	 95

	

210	 240	 140	 180	 110	 125

	

3312	 3313 3322 3323	 3332 3333

	

10.6 11.9 10.6 12.1	 9.8 10.1

9.3	 9.2	 8/9 8.4	 7.4	 8.1

The hydroxide quantities formed in the pores decrease as the

electrolysis current density increases. This observation is cor-

related with the fact taht at high current densities, the pH gra-

dient on the edge of the plate is greater and therefore the pre-

cipitation of hydroxide on the surface is facilitated.

-In Ni (NO 3 ) = 3 M/1 solution, the diffusion of nickel ni-

trate improves and there is no increase in Surface deposit at

the end of impregnation (Table 12.2) unless there is a deposi-

tion with high current density: 95 mA.cm2.
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For lower current. densities ( 50 mA/cm2 and 75 mA.cm2) we

observe the beginning of a filling stabilization (figure 20-V.

Electrodes thus impregnated do not exhibit capacity losses

during formation (f: ,ure 22.2) nor large thickness decreases
during formation (Table 13.2).

We observe an improvement in t'.__ filling when the current
density increases:

Current Densities	 50	 75	 95(mA/cm 2 )

Maximal f illing
obtained ( *P in
g/dm2) within the	 10	 10.5	 11
pores

In conclusion: The tests performed show a filling improvement

within the pores of the sintering by using highly concentrated
nickel nitrate solutions so as to avoid a large deposition on the

plate surface.

The maximiun filling rate is appreciably identical for the 3
current densities 50.75 and 95 mA.cm2.

5.2.2.2 Electrode Capacities (tabl es 12.1 and 12.2)

-In Ni(NO3 ) 2 + Co(NO3 ) 2 = 3 M/1 solution, the capacities

obtained at the 4th formation cycle are low for the plates im-

pregnated at high electrolysis current densities (figure 21.1) .

The electrode capacit ies obtained by electrolysis at 50 mA/cm2

reach about 3,3 Ah.dm2, ie.e 40-95`,k of the capacity of 100% chem-
ically impregnated electrodes at the 4th formation cycle. However,

*Illegible.
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after the loss of the surface deposit during the first formation

cycle, the capacities obtained are stable (figure 22.1) . This is

not the case of the chemically impregnated reference specimen for

which the capacity increase caused by the swelling in the free

electrolyte is on the order of 4% for each cycle.

It is actually probable that the chemically impregnated elec-

trodes compacted in a limited electrolyte undergoing the same

type of formation would not show such a large capacity increase.

-In Ni (NO3 ) + Co (NO 3 ) 2 = 3 M/1 solution, the capacities ob-

tained during the 4th formation cycle are greater than in the

Ni-Co - 2 M/1 solution:

Ni+Co (M/1) Bath
Current -	 Concentration	 2	 3
Density	 -
(mA/cm 2 )	 -	 -

	

50	 3.3	 (2.9)

	

75	 2.85	 (3.1)

	

95	 2.8	 3.8

i

Electrodes electrochemically impregnated at 50 and 75 mA/cm2

have low formation capacities, whereas for an appreciably identi-

cal filling, the electrodes impregnated at 95 mA/cm2 show a high

capacity. This property is due to an inadequate yield of elec-

trodes impregnated at low current densities.

-In Conclusion:

Ni-Cd type electrodes impregnated electrochemically at high

current densities (95 mA/cm2) in a highly concentrated solution

(Ni+Co = 3M/1) are identical and are often greater than the
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capacities of 100% chemcially impregnated electrodes.

This characteristic is due to the proper filling within the

pores of the sintering as a result of the increase in the diffu-

sion of Ni++ ions.

5.2.2.3 Electrode Thickness Variation
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Electrode thicknesses before and after formation are shown

in tables 13.

-In Ni+Co = 2M/l solution, one observes a large swelling

duirng impregnation, particularly for electrodes impregnated

at high current densities. This swelling may reach 30% when

the quantity of the electrolysis current is on the order of

720 C/cm2. This swelling is due to the hydroxide deposit on

the surface and a similar recuction in the electrode thickness

is observed during its formation.

The overall swelling of formed electrodes is therefore less

than 5%.

-In Ni+CO = 3 M/1 solution, a swelling on the order of 5 to

15% is observed prior to electrode formation.

For electrodes impregnated at high current densities, this

thickness increase is due to the deposit of hydroxides on the

surface. This deposit detaches from the electrode during the

formation and thus promotes a reduction in the electrode thick-

ness (Table 13.2).

The overall thickness increase is less than 15%. It depends

on the amount of hydroxide impregnated (figure 23) as we have

already observed for Ni-H2 type electrodes.

48

AV-	 r C

	 J;I



A

5.3 SUMMARY

The results on the stud; of the electrochemical impregnation

of positive nickel-hydrogen type electrodes (thickness 0.93 mm)

applied to the study of the impregnation of Ni-Cd type electrodes

(thickness 0.79 mm) shows that it is possible to make Ni-Cd type

electrodes which are dimensionally stable during cycling and are

just as energetic as the 100% chemically impregnated electrodes,

by means of electrochemical impregnation in an hydro-alcoholic

solution.

The electrochemical impregnation conditions tested demonstrate

following points:

The ir«pregnatioii roust occur in a highly concentrated Ni (NO3) 2

+ Co (NO3 ) 2 solution to improve the filling in the pores of the

sintering and to avoid surface deposition.

In these conditions, the impregnated hydroxide quantities 	 -i

are satisfactory, i.e. about 2.1 g/cm3 empty, theoretically cor-

responding to filling the sintering porosity by about 75%. 	 j

The application of high electrolysis current densities

does not influence the filling and makes it possible to fabri-

cate high energy electrodes for an impregnation time of about 2

hours.

The thickness increase of the sintered support prior to the /41

formation is on the order of 5 to 15%.

During the formation, the electrodes are dimensionally stable.

The optimal impregnation conditions 'rested are the following:
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Temperature:

Ni+Co concentration:

Co Cuncontration:
Alcohol Content:
11 pH 11 :

80°C

3 M/1

0.1 M/1

508

1.5 -2

4

Electrolysis Conditions:

Current density: 95 mA/cm2

Impregnation time: 2 H 05

As shown in the study of the impregnation of Ni-H 2 type

positive electrodes (Paragraph 4.2), it is probable that a de-

crease in the alcohol content in the batch does not influence

the energy and stability characteristics of impregnated electrodes.

6. EXAMINATION OF THE CRITICAL FACTORS FOR THE DEFINITION OF
AN ELECTROCHEMICAL IMPREGNATION UNIT

6.1 Corrosion of the Sintered Support .prior to Impregnation

The test consists of controlling the corrosion of the support

immersed in an hydro-alcoholic solution before the beginning of

electrolysis.

The tests were performed at 80°C (temperature of the impreg-

nation bath) for 3 alcohol contents ( 20-30 and 508) and for two
nickel nitrate concentrations at "pH" 1.5-2.

The Ni-H2 type sintered supports of high porosity (Sinter-

ing no. 2 - Table 10) are immersed in the solution at 80°C ac-

cording to 4 different immersion times: 2, 5, 10 and 20 minutes.

After the immersion, the samples are washed in distilled

water, then are dried for 12 hours under nitrogen.
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Control:

-The samples are weighed to the nearest ±1 mg.

-Corrosion of the sintering is controlled by dissolution of

the nickel hydroxide capable of forming in an acetic buffer,

then determining the corrosion by weighing. 3 tests were per-

formed on the sinterings intact to correct the analysis error.

Results
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The results obtained are shown in table 15 and in figure 24.

For any nickel nitrate concentration and nickel content,

the corrosion seems to be appreciably nil during the first 15

minutes of immersion in the solution at pH 1.5-2.

After 15 minutes of immersion, the beginning of an observ-
able corrosion seems to form in figure 24.

6.2 Wear of the Impregnation Bath

During the electrochemical impregnation test on the positive
electrodes of Ni-H2 elements, we found a decrease in the filling

and in the energy characteristics of the electrochemically Im-
pregnated electrodes (figure 25). After using the bath for 5
impregnations, the bath suddently changed.

In this case, the impregnation conditions were as follows:

^, = Bath volume (dm3 )	 _- 55	 = 8Sintering surface (dm2) 	 7.9

Temperature:	 800C
Alcohol content: 50%

Current density: 50 mA/cm2, i.e. I = 34.5 A

Impregnation time: 4 hours.
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Another test for determining bath wear was performed in

the following conditions:

__ Bath volume (dm3) 	 4.2_
sintering surface (dm2)	 0.58

	 ^' 2

Temperature:	 80°C

Alcohol content:	 50%

Current density:	 50 mA.cm , i.e. I - 2.9 A

Impregnation time: 4 hours.

After impregnation, the filling rate is determined by

weighing and by determining the formation capacities.

It seeems that after 21 impregnations in the same bath, 	 /43
on the whole, we do not see any decrease in the filling char-
acteristics and in the capacity of the impregnated plates (fig-

ure 25) .

If we compare the characteristics of the 2 tests, we do not

find an apparent correlation with the impregnation time and the

amount of current passing through the bath.

Furthermore, the decrease in the performance of Ni-H2 type

impregnated electrodes during the first test is possibly only
temporary and would require a more thorough statistical deter-

mination on an experimental unit.

Note, however, that the oxidation of alcohol causes an in-

crease in the acetate and in the acetic acid in the bath and

this can have a buffer effect.

A possible regeneration might `hen be considered by distilla-

tion or by precipitation of the nickel hydroxide and decantation.
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6.3 Characterization Tests of the Role of Alcohol

The results obtained in the first part of the electrochemical

impregnation study (paragraph 4.2) show that the electrodes im-

pregnated in an aqueous medium at pH 1.5-2 progressively increase

in th:ckness during iycling.

Conversely, electrodes impregnated in an hydro-alcoholic me-

dium are dimensionally stable.

Two hypotheses were therefore formulated to explain the role

of alcohol:

-Alcohol decreases the corrosion on the sintering and there-

fore enables the sintering to preserve its initial firmness and

thus prevents the corrosion process.

-Alcohol acts uon the structure of the hydroxide made and

thereby assures homogeneity of the filling.

In order to confirm either of these hypotheses, the impreg-

nation tests in an aqueous medium were carried out with sinter-

ings of thickness 0.85 mm (porosity 85%) at pH 3-3.5 in the fol-

lowing conditions:

-Tmeperature = 98°C

-Alcohol content: 0%

-Ni + Co = 2 M/1

-Co content: 5%.

The low acidity of the bath should decrease the corrosion

of the sintering during impregnation. If the brittleness of

the support is an important cause of electrode swelling during

cyclinq, an improvement in the dimensional stability of the

electrodes should be verified.
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The filling and capacity results obtained are shown in	 /44

table 16.

The results of thickness variation are shown in table 17.

-Remarks:

One notes that all electrodes electrochemically impregnated

in an aqueous solution exhibit a swelling during the relatively

large cycling according to the filling rate and capacities re-

stored (figure 26) .

Note that the hydroxide yields obtained are small and that
the electrodes showing a capacity similar to that of 100% chem-

ically impregnated electrodes (sample type D) swell about 75%

after 70 cycles.

Only specimen F has little swelling (about 10% after 70

cycles) for a capacity similar to that of a 100% chemically im-
pregnated sample.

For the same capacity, the swelling rate of 100% chemically

impregnated electrodes is greater than 40%.

It therefore seems that a decrease in the corrosion on the

support electrochemically impregnated in an aqueous medium de-

creases the swelling of electrodes during cycling.

However, the t ,asts performed did not make it possible to

obtain a dimensional stability of electrodes impregnated in an

aqueous medium. It is therefore probable that the role of al-

cohol is not limited tc, decreasing the corrosion of the sintered
support.

Modification of the "bath acidity" parameter does not seem

to be sufficient for obtaining dimensionally stable electrodes
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in an aqueous medium and a decrease in the impregnation
temperature could be required at the cost of the cost of the

impregnated hydroxide quantity.

Furthermore, the dimensional stability of electrodes impreg-

nated in an aqueous medium at 98°C probably will not be obtained

with high porosity sinterings for which the initial strength is
low.

We therefore thought it would be a good idea to search for a

product capable of having properties similar to those of alcohol,

but making it possible to fabricate high energy and dimensionally

stable electrodes in safe conditions and at the lowter colt.

6.4 Alcohol Substitutes
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Alcohol substitutes added to the impregnation bath are

normally used in galvanic treatments to modify the surface ten-

sion of the liquid and its wetting power.

-Impregnation in the Presence of Surface-Active Agents

Several impregnations of high porosity (85%) sintered, supports
of type Ni-H2 (0.93 mm thickness) were performed in various baths

containing surface active agents in the following conditions:

.Bath,	 Temperature: 80°C

Ni + CO concentration: 2 M/1
Co concentration: 5%
Additive: surface active agent

.Electrolysis: Current density: 50 mA.cm2

Time: 4 hours.

The electrodes thus impregnated, then electrochemically

cleaned were subjected to the 4 formation cycles defined in
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section 5.2.1.

The results obtained are shown in figure 27.

-Remarks:

Figure 27 shows that the maximal filling is obtained for

an optimal surface active concentration.

The variation of the plate weight during impregnation is

about 11.5 g/dm2, i.e. appreciably identical to that of an electro-

chemcially impregnated electrode in an hydro-alcoholic medium.

The capacities obtained during formation reach 3.8 Ah/dm2,

i.e. about 90% of the capacity of the 100% chemically impreg-

nated electrodes.

When the surface active quantity increases, the bath vis-

cosity becomes too high and the hydroxide forms a deposit on the

surface. The plate capacities thus achieved are therefore low.

The electrodes impregnated in the presence of surface active

agents do not swell during formation and during cycling (50 cycles

completed).

It is probable that the electrodes electrochemically impreg-

nated in the presence of surface active agents at higher temper-

atures would make it possible to fabricate dimensionally stable

electrodes showing the .same energy levels as chemically impreg-

nated electrodes.

6.5 SUMMARY	 /46

The study of the critical factros of impregnation established

the following points:
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-The corrosion on the sintered support in the impregnation

bath seems to be appreciably nil for an immersion time lasting

less than 15 minutes.

-A test for determining the possible number of impregnations

with the same bath without observing a decrease in the filling

characteristics and the capacity of the impregnated electrodes

was performed for twc different "Bath Volume/Sintering Surface"

ratios.

This test did not make it possible to check whether the drop

in the electrode characteristics observed after using the same

bath several times was temporary or whether the bath was unusable.

This determination may be accomplished statistically ors ail

experimental impregnation unit permitting a large number of elec-

trodes to be fabricated.

-In order to improve our knowledge about the role of alcohol,

an impregnation test in an aqueous medium was performed at pH =

3-3.5 to diminish the corrosion of the nickel sintering support.

The results obtained show that the dimensional stablity of elec-

trodes electrochemically impregnated at 98°C in an aqueous medium

cannot be obtained. The role of alcohol therefore does not seem

to be limited to a decrease in the corrosion on the sintered sup-

port.

A modification of the parametric factors "temperature" and

"sintering porosity" might possibly make it possible to fabri-

cation dimensionally stable electrodes at the cost of the amount

of hydroxide impregnated.

Consequently, we thought it would be desirable to look for

alcohol substitutes.

Among these products capable of lowering the surface tension
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of the bath, a surface active age-:+t was tested at 80°C for

various concentrations.

It seems that the filling capabilities of the impregnated

electrodes reach a maximum level for an optimal surface active

concentration.

The electrodes thus fabricated are dimensionally stable

during cycling and their energy capacities reach 90% of the 100%

chemically impregnated electrodes.

It is probable that for higher impregnation temperatures,

utilization of a surface active agent makes it possible to ob

tain results comparable to those of alcohol.

In conclusion, the overall results obtained both for the

electrochemical impregnation of positive Ni-H2 type electrodes

and for Ni-Cd type electrodes, show that the electrochemical

impregnation makes it possible;

-To fabricate electrodes which are dimensionally stable

during cycling.

-To obtain an energy capacity per unit of mass which is 	 /47

equivalent to 100% chemically impregnated electrodes.

The advantage of the process thus being demonstrated for

laboratory conditions, it seems necessary to fabricate an ex-

perimental impregnation unit capable of impregnating electrodes

in large enough quantities to be able to evaluate the perform-

antes of new electrodes in accumulators.

7. CONCLUSION

The entire study of electrochemical impregnation demonstrates

the feasibility for making dimensionally stable Ni-H2 and Ni-Cd
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type psotive electrodes showing an energy capacity of about

95 to 100% of that of 100$ chemcially impregnated electrodes.

The summary of the study presented in paragraphs 4.3 and

5.3 specifies the influence of the different parameters: cur-

rent and electrolysis time, temperature and acidity of the

impregnation bath, nickel and cobalt concentration, use of al-

cohol.

The impregnation conditions seeming to be optimal for

obtaining electrodes showing the characteristics specified

above, are the following:

Ni-H 2 type positive electrodes: (thickness 0.93 mm)

Impregnation bath:	 -Temprature 84°C t 1

-Alcohol content 20%

-Ni + Co = 2 M/1 concentration

-Co = 0.05 M/1 concentration

-"pH": 1.5-2.

Electrolyte conditions: -Current density: 75 mA/cm2.

-Impregnation time: 2 hours 30 min.

Ni-Cd type positive electrodes: (thickness 0.79 rum)

Impregnation bath: 	 -Temperature 80°C ±1

-Alcohol content: 50%

-Ni + Co concentration - 3 M/1

-Co concentration: 0.1 M/1

"pH": 1.5 - 2

Electrolyte conditions: Current density 95 mA/cm2

Impregnation time: 2 hours 05 min.
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It seems that a decrease in the alcohol content by 20% 	 J48

should not modify the characteristics of impregnated electrodes
and facilitate production in terms of fabrication safety.

All critical factors of electrochemical impregnation was
discussed in paragraph 6.6.

What should be essentially noted are the •tests performed
to replace alcohol by an surface active agent.

These tests show that at 80°C, it is possible to obtain

dimensionally stable electrodes by showing a capacity of about

90% of the chemicall y impregnated electrodes.

Electrodes which are dimensionally stable during cycling

could not be fabricated in an aqueous medium by operating at

98°C for 2 bath acidity ranges.

A decrease in the impregnation temperature and of the ini-
tial porosity of the support might possibly have made it possible

to fabricate stable electrodes, at the cost of their capacity,

however.

Now that we have demonstrated the advantage of the electro-

chemical lmpregnation process, it is important to fabricate

electrodes in large enough numbers to be able to evaluate the

performances obtained with the new impregnation process.

It therefore seems necessary to fabricate an experimental

installation for making electrodes in the specified conditions.
We may consider broadening the impregnation conditions to im-
porve the manufacturing cost and safety of these positive elec-
trodes.
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ORIKANAL PA CIE FS

OF POOR QUALI'T'Y	 Table

r.	 TABLE 1
=	 t

Characteristics of the Ni-H2 Type Sinterings Used

n a!!!!!!!a!!!a!!!la iaaia!!!!!!!!!!a!a!!i!!!!!!!!!!!

r	 ^`

e

s-

r=

Standard	 High porosT

•	 Sintering Type	 Ni-H2 sint-: ity Ni-H2
ering no. 2: sintering_

no. 2

	

81 + 3	 92 + 3
Thickness (mm/100)

	

5,2	 5,3
Sheet weight (g/dm2)

14,4 _+ 0,4	 9,85 + 0,4
Mickel Coating Weight (g/dm2)

	

0,347	 0,489
: 1haoretical porosity cm /g sintered pl.:

3	 0,296	 0,405
Open _ porosity cm3/g sintered pl.:

	

970	 410
:Sintering strength

	

13,8	 13,4
Positive sintering capacity VAWdm2)

Theoretical porosity ($)	
80	 86

•	 5,8	 6,1
: Accessible vacuum volume (cm3/dm2)

_50_

tans ator'sNote- num em at bottom center of page are foreign text page numbers.
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O^dGINAR QuA^LCY
OF p00	 TABLE 2

CHARACTERISTICS OF POSITIVE. CHEMICALLY IMPREGNATED Ni.-H2 PLATES
r=r:rra=sarraaaaaa=s=a n arsa n a==aaasasaaarsa= n =rsa=aa=aas=saraara=raarrrrr

r
.'t -

I

i

t'
a

Ni-H2 : Standard Ni-H2
Plate Tvpe (100% imnrean.) : 	 (under -imnregn. )

Reference Sample 24 25

O Refer.	 S inter ina	 (no.) 1 1
H
x
w Thickness (mm/100) •91	 _ 3 91	 3-H

Porosity	 (%) 80 30

0 Z Hvdr^.ta wt.	 (a/-dm2) Stan-	 14.2 ' Stan- 1	 • =
W O Gard	 =14,5 115)	 ; dsrd =1C. =	 •_	 1.`-)
(4 H
a E•

Corroded Nickel M 13 11

Capacities	 1st cycle 3,72
(Ah/dm2)	 2nd cvcle 3.96 3,:-
For-ation

3rd cycle 4.10 3 •==
• 4th cycle 4,21

Yield (An/g hydrate) 0,296 ^.-

' Before fcmration

c Thickness :	 a. 86 8^.
t. 87 85

' Af ter foYmation .
• a. 109 91

t. 110.5 93
C. 111,5 92

Swelling	 ($) 29 9

_51-

65

i
J

---	 - ---------- - - -' ^.." -
	 '^.^^ •rr	 ^^ icy /`•r.►^ .^	 ^- t	 --'-1 -^--	 -^



IS

1oo'R
	

pL

7F ? CHEMICAL ANALYSIS OF ELECTROCHEMICALLY IMPREGNATED ELECTRODES

Reference: Characteristic Parameters of the (.Corro4 Activ. S 'AP+N i
ZNS+Coratta./;

Theoret.
Sample Impregnation Conditions ^P	 N1

(g/dm2)'	 I	 ;'Ni+Co	 ;.(4th
yield

form.. :
(g/dm2): ( g/dm2T cycle

_

_
A':/cr A/

1111 a	 0 Alcohol 50 mA/cm2 2 h 30 °	 12.7	 1,48	 8.2	 1,73 0,33

1122 a '	 0 Alcohol 75 mA/cm2 2 h 20 11,6	 1,08	 7,2	 1,77
:

0,34

..	 1131	 a ;	 0 $ Bohol 95 mA/cm2 1 h 35 911 ;	 1,28 ;	 5.0	 -	 ; 0.34

1211 c ; 20 % r Alcohol 50 mA/cm2 3 h 10.4	 0 , 59 :	 6,1	 1,80 : 0.36

-:'	 1223 c ; 20 % Alcohol 75 mA/cm2 2 h 40 9.4 :	 0.79 ;	 6,1	 1,68 : 0.36

1232 c ; 20 % Alcohol	 95 mA/cm2	 1 h 50	 9,6 : 0.79 : 5.7 ; 1,81	 0.34

1313 c ; 50 % Alcohol 50 mA/cm2 4 h 14,1 0,49 . 8 1 9 1,63 . 0.34

1322 c ; 50 %	 Alcohol 75 W=2 2 h 20 11,7 ; 04P49 ; 7,35: 1,66 0,33

- 1331 c ; 50 %	 Alcohol 95 mA/cm2 1 h 35 811 0,69 ; 5 1 0	 . 1,76: 0,34

1612 . 70 %	 Alcohol 50 W=2 3 h 30 1019 . 0 1 5S ; 7,4 1,55 ; 0,32

1622 • 70 %	 Alcohol 75 W=2 2 h 20 10,6: 0,65. 7,5	 ; 1,45: 0,31

1632 ; 70 %	 Alcohol 95 mA/cm2 1 h 50 10,7: 0,15 7,0 1,55 : 0,32

+. 1511 . Ni + Co - 3M/1 50 W=2 3 h 1116 . 0,25. 7,8 1,52 ; 0,34
_

1522 ; Ni + Co - 3M/1 75 mA/cm2 2 h 20
;	

11,8 : 0.15 7,7 1,55 0,31 

1532 Ni + Co - 3M/1 95 W=2 1 h 50 11,7 0,15. 7,9 1,50 0,31;

2113 ; Nonpass. Sintering 50 mA/cm2 4 h 11,0 : 0.75 : 8,0 1.47 : 0,32

2123 Nor ass. Sinterir^ 75 mA/cm2 2 h 40 11,2.. 0,65. 7,8 ;	 1,52, 0,32

►:_ 2313 ; Passiv. Sintering 50 mA/cm2 4 h 11,2. 0,75 : 7 , 9 1,51 0,33
I

2323 ; Passiv. Sinterirrr 75 mA/cm2 2 h 40 ;	 9 1 0 . 0,65 : 6,7 ;	 1.44. 0.33

2413 Passiv. Sinter' 50 mA/cm2 4 h 12,1. 0,65; 7,7 1,65. 0,30

2423 ;Passivated Sintering 75 mA/cm2 2 h 40 ;	 1019. 0,55 7,6	 . 1,51. 0,32
-- i P,Frlilrcxi

2222 ;pH 3-3.5 75 Wcm2 2 h 20 10.6 0,15. 8 1 0 1,34 0,33	 t

2213 pH 3-3,5 50 mA/cm2 4 h 11,7 0,25 : 7.5 1, 59

20_ Electrode Ni-H2 50 mA/cm2 ;	 13,5	 ; 0.25 ; 8,2	 ; 1,68

36 Electrode Ni-H2 50 W=2 13,0: 0,05 7,9 1,67

1 : Chemical impregnation - Standard Lahti. ;	 1116 : 1,60 8,2 1,60 0,2`

66 2 Chemical impregnation - Alcohol 11 ,4: 2,1 8,7 1 .55 G
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FABRICATICN TESTS OF A BATCH OF NICKEL-HYDROGEN ELECTRODES
TABLE 7	 BY ELEC,"IROCH'MICAL DU REGNATICN - Mean sintering wt. before imprq: 7.4-qAlectrode'.

No. of	 Wt. ;Fillint' 
Cluster 

Formation Capacities (Ah/cW) Thicknesses : Swelling,	 : •P	 _' 1st	 2nd	 3rd
y 	'
	 ''Before' After	 t>,

Electrodes = ($)	
z (e/tlnt2)	 No.	 _= Cycle	 ' e clo	 C-ale	 j Resid. " F	 ti n' oF	 ti ,mi

4?

IZ aJ^-

Z

_ 00

i

1

i^

1

1 _

:	 r	 t	 1 r	 :	 ,	 ,	 t ^	 ant:e	 C	 ^	 r^s	 •	 ^
	1 	 ' 12.31	 '	 11,7	 '	 111 A	 z'	 '	 1	 1	 t,

	

t	 ,	 ,:	 r	 t	 ,	 t,	
W	

,	 z	7 	 12.01	 11,0	 3.96	 3.52	 3,5S	 0.18	 9{	 94	 0t	 1	 t	 „	 ,	 1	 t	 ,t	 1	 110	 12.11	 tt,2	 tut	 99	 0r	 ,	 ,	 ii	 t	 r	 ,	 ,t

	

1]	 ,^,itu,3e	 73.e	 1021	 ,	 ,	 ti	 ,	 ,	 t	 ,t	 t	 t

	

+6	
12.71
	 12.6	 102

	

t	 :	 ti	 1	 ,	 t	 11	 t	 I

	

19 	 12,S(	 12.1	 {{
22

	

r	 ,	 ,1	 1	 s	 r	 It	 N,9	 '	 91	 '	 0	12,1)	 11,2

	

26	 12,41
2)	

11,9 it	 t	 t	 1	 11	 101

	

12	

1	 I
r	 t	 1	 ,t	 r	 t	 1	 11	 N.S	 '	 9{	 '	 0	29	 .	 11,4

	

,	 r	 ,1	 ,	 1	 t	 tr	 r	 r
s	 ,	 ,	 II	 1	 r	 ,	 Ir	 t	 I

	

72	 12,4)	 11,9	 111 p	 H,9t	 :	 ,	 It	 t	 t	 1	 It	 t	 1

	

3S	 72,2(	 11.4	 3.89	 3,92	 3.55	 0.14	 Nt	 t	 1	 ,t	 1	 s	 r	 11	 N	 '	 N,f	 '	 0	41	 12.1)	 11.2

	

44 	 12.202.40'	 11,4	 '	 u	 t	 t	 ,	
11 1tfl	

t	 t
t	 ,	 1	 t,	 ,	 r	 t	 1,	 r	 t	9S	 12.91	 12.4	 97

	

N	 ' 11, 9t	 '	 11.7	 '	 1s	 1	 ,	 t	 t1	
9S.S	

,	 1
1	 r	 1	 r1	 i	 1	 1	 11	

101	 '	 102	 '	 1

	

7,	 +2,a)	 u.4

	

t	 1	 „	 1	 t	 it	
90	

1	 a7	 1	 1

	

7,	 12, St	 12.1_	 ,	 1	 I t	 1	 /	 1	 1 1 
102	 '	 103	 '	 160	 13.11	

r	
13.6	 t	

,1	 t	 r	 t	 r,	 r	 t

_	 !	 It	 ,	 ,	 1	 11	 ,	 N	 1	 1

	

{]	 1].0)	 1],6	 112 A	 -

	

1	 t	 ,t	 t	 t	 t	 it	 1	 1

	

87	 ,2.31	 +t,I	 4.07	 3.59	 3,{4	 0.14	 100
90	 1 

12.71	 '	 12.6	 '	 ,1	 1	 t	 t	 11 
103	 1	 I

=	 r	 „	 t	 t	 t	 It 
102	 ' 104	 '	 213.1

	

S
S 	 12,1)	 '	 11.7	 ,	 rt	 t	 r	 1	 n	

as	 1	 1

	

1 
12.21	

1	
11.4	 t	 tt	 t	 s	 1	 Ir	 ,	 r

t	 t	 ,	 ii	 t	 t	 /	
u IDS	 ' 10{	 '	 0

	

+1	 tz,ot	 12 : 8s 	 t	 t	 t 1	 ,	 '	 '	 " 102	 ' 102	 '	 0	14	 12.91	 13,1s	 s	 ,	 tt	 t	 i	 ,	 „	 101	 1	 t	17	 12. S)	 12,1t	 s	 t	 ::	 z	 r	 ,	 t:	 t	 1
i	 1	 1	 tt	 t	 +	 '	 t0 102	 '	 702	 '	 0

	

2]	 t2. S1	 12.1	 1 l 8

	

27	 ' 12,7(	 '	 12,{	 '	 1' 
3.N	 ' 3,SS	 ' 3,SS	 '	 0.18	

'1 
101

	

30	 ' lz.S)	 '	 12.1	 '	 '_	 /	 t	 1	 11 
101	 i .W	 0

	3]	 ' 12.4(12.37'	 11,9	 =	 ,t	 ,	 t

	

42	 ' 12.71	 1	 12.6	 '	 n	 1	 r	 ,	 ,t ^W	 r	 1

	45	 1 11.7(	 '	 10.3	 '	 „	 t	 ,	 s it	 1	 1

	64	 ` 12,31	 '	 11.7	 =	 tr	 1	 ,	 t	 Ir	
92	

t	 v'	 1	
0

	

67	 12.0(	 '	 11.0	 '	 ri	 ,	 t	 ,	 11	 ^^' S	,	 1
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100,!	 It.O	 '	 0r	 ,	 r	 rt	 r	 r	 t	 1s 
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az	

r	
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'	 _	 :	 It	

99	
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t	 „ 102	 102	 0	 1
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6	 ' 12.41	 '	 11.9	 1	 :s	 1	 ,	 ,	 u	 98
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12	 ' 12, 6I	 =	 12.4	 '	 rs	 ,	 ,	 s	 , 1
 t02,s
	 97	 2

	

r	 ,
	15	 °12.71	 '	 12.6	 ' 113 8	

:t	 ,	 :	 t	 ,r 1W
	 1	 t

	

16	 ' 12.31	 '	 11.7 	 , 	 ,t	 1	 1

	21	 ° 17.0)	 _	 +	 ^; ],N	 3,52	 t 3. SS	 t	 0.14	 97,5	
99.9	 0
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2

	

1 1 0	
:t	 t	 ,	 ,	 rl 102	 1071	 '	 11,0	 `
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1
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,	 11.7	 I	

tt	 1	 ,	 ,	 t1	
9S	

/	 N	 1	 1

11.0	 ,t	 ,	 ,	 t	 n	 r	 I
	77	 i 12.4)	 '	 11.9	 `	 tz	 t	 t	 ,	 1r	
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1	 t
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	4e	 13.11 	 13.6	 ' tta p	 t,	 1	 z

	

I
12.6(	 °	

1t	 100	
,	 t

12.4	 1	 1r 4.p4	
a 3.SS	 ' 3.58	 '	 0.16	 11	 92.S	 1	 97	

1	
0
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58	 = 1?.7(12.401	12.6	 '	 t,	 t	 1	 s	 ,1	
91 

	

61	 ° 12
12 , a7 

1	 '	 12.8	 '	 u	 t	 r	 ,	 it	
N•S	 92	 0

	

ft	 `	
7

.
6 1
	 12.7	 r1	 r	 r	 t	

1, 101.5 	 102.!	 '	 1

	

94	 ° 7,)	 10.0	 tt	 t	 t	 r	 ,1	 1	 1
	97	 ` 71. 4 1	 '	 f.5 	 21.S	

t	 I

	

100	 ' 12.0)	 11.0	 ii	 ,	 1	 ,	 „	 .S	 r	
96
	 I	

Dtt	 t	 t	 z	 tt	 t	 t
	!a	 ° 12.6)

	

7	 13.DI	
1	 12,4	 1 11S A 	 4.12	 3.46	 11 3.52	 1	 0.16	 Ir	 f{	 '	 '	 i
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N.S 	

1 
•

	

53	 ' 12.3)	 1	 11.7	 ,	 It	 1	 1	 ,	 i,	
101	 S
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91	

1
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as	 1	 9S,S	 I	 0
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91.5	 1	 97	 z	 0

	

92	 ° 1Z.81	 '	 12.8	 '	 ,1	 ,	 t	 ,	 11	
N	

,	 1
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...OF POOR Q

1.:

^r

TAME 8

CHULWTERIVICS OF Ni-Cd Type MEClPXHE24ICALLY
IMPRF7GMTPD PLATES*

s>..

I

i

`l

Type of impregnation : Chemic .
Electrochenidal Impregnation : impreg.

;refer. -

75Thickness	 (mm/100) 75	 75 76

' Porosity M °	 78	 82 85 82

Surface treatment non-	 ;passi-	 non-
:passiv.=passiv.'vatad

: ReduceCNonpas-=passiv.::sivateds
non-

• oassiv.

Reference Sample 111 242 i	 211 231 311 =	 321 22,

o Filling	 AP	 (_	 g/dm2) 8 , 26 9,82 8,79 9 , 53 10,39 =	 10,77
U r,
C H

1

	

7	 : Corroded Nickel W :	 0 0 :	 1,5 :	 2,5 '	 3 =	 3 22

' Capacities: 1st cycle 2.44 2 , 86 2,22 2,95 2,54 3,20 3,36
' (Ah/dn2)	 2nd cycle 2,48 2 , 83 2,27 2,95 2,64 3,23 3,57
' 3rd cycle 2,48 2 , 93 2,34 3,22 2,67 3,41 3,64

. Yield WVgate) 0,300 0,298 0,265 0,338 0,251 :	 0,317
(-ArA cycle OX)

l. Z	.
Thickness	 Before formation 75 79.5 80,5 80 81 :	 81 76,5

'- (rim/100)	 After formation ;
After cycling 75,5 8015 80 80 84 , 5 82,5 9615

1	 ° (50 cycles) 75,5 77 80 80 84 82,5 105

- Swelling after cycliinq ($) 0 _	 0 _	 0 0 4 2 44

	Mmprecrnation conditions: bath	 Ni • Co n 2 M/1
-	

Co	 -5^
pH	 n 1,5 - 2

Alcohol - 50 %
Temperature n 80° C

Electrolysis: current densit- 50 M/:-_̀
time	 - 2h 30

84
	 _ 6q.



ORIGINAL PAGE 19
OF POOR QUALITY

TABLE 9

CHARACTER STICS OF Ni--Cd TYPE ELDCTROC HERICALLY
r	 MPRWIATID PLATES* - IWIUEBM Cr THE ELECPttOL-
i	 PSIS CONDITIONS

r -

Electrolvsis
Reference

.
Porosity ' Capacities

Sample MCurrent	 ImpreRrntirm Current	 i t!'^ldm2)

density 	 time rnvantity
'	 (mA/cm2)	 _	 (mn) (6/cm2)

t 111 78	 50	 150 450 2.5
i

211 82	 S0	 150 450	 = 2.3

^j
t:

311 85	 50	 :	 150
;

450 2.?

' 114 78	 50	 240 720 3,3

214 82	 50	 240 720 3.5

314 85	 S0	 240 720 3.8

-	 117 :	 78	 75	 100 450 3,8

j 217 82	 75	 100 450 3,2

'- 317 85	 75	 100 450 3.4

BnXegnata ,on Conditions	 gam Ni	 Co - 2 M/1
Co	 - SS

` pH	 - 1,5 - 2
Alcohol	 , 50
Temperature - 80° C

e?ontracVS/CNES/0590 -	 RePcrt OT/SAS -333/76

Reference - Chemical i npregnation : 3.6 Ah/dm2
3rd fonnation cycle	 charge 4 h b C/2

discharge	 C/2 t stop at 0,5 V).

{

i -

i

t

^. 85



ORIGINAL PAGE 19
OF POOR QUALITY

TAME 13
n a : r * a r . -

CHARAC.'TERISTICS OF Ni-Cd TYPE SINTFRINGS USED
afftlf!ltatttatl n t n fat n ttttf lt!lftatilttfltttf!!ff n

TYPE OE' SINTERING

Sintering
No. 3 Ni-Cd

(VO S)

Sintering No. 4
Ni-Cd High

; F Porosity

Thickness (mm/ 100) 79 +  2 79 - 2

Sheet ueicrht	 (g/dm2) 5,1 5,1

Nickel cc-tira wt. (g/dm2) 10,8 ! 0,2 8,8 _ 0,2

•	 s
Si.ntPrim strencrth(Ef) 600

.
320

Positive car+ecity-sintpri.ng(mAh /C.n&') 2.5 4,8

Theoretical perosit.1 (un3/q sintered nit 0,377 0.447

Open porosity (cm3/g sintered plate) 0,310 0.377

Theoretical poros.M 82 85,5

Accessible vac,-um vol- (cm3/dm2) 4,9 5,2

t-

V	 - II -

86Y

i.:

r

1

1
l

L

i



i
t,

I.

i

w

87

Reference Sample 44 _

_ =	 Sintering Reference (No.)
=

3 t

'	 Thickness (mm/100) ' 79 • 2	 =

Porosity M e2

s	 Hvr)rat:? 'Neiciht (g.ft7) 12

r,-.rrrAF0 nickel (9s) = 14	 =

Capacities	 1st cycle 3,17
(Ah/dm2) 2rxi cycle _3,30

Formation	 3rd cycle 3,44

4th cycle

=

3,62

Yield	 (Ah/g hydrate) 0,302

:

Before fOrm U01,

Thicknegq a 76,5
' (mm/100) b 76	 j

s	 e
c 76

• After f.rmtion:

• u. a

.

92

' b 92

' c 92

• Swelling W 24	 .

r12 -

G^ rs
	 ,..,.......

ALIV

ThELE 11

CH,RS r.MISTZCS OF POSITIVE Ni-14 rHFMTCAId,Y
IMPRBGNATM PIATES
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TABLE 14
:tassaassr

IWLUENCE CF THE	 XECTRCDE DISTANCE

- Ni-Cd type electrode

- _Inpregnation_cQ;r3it3QAV :Alcohol content: 50

Ni+Co-2M/1

Co	 -5%

pH	 -1.5-2

Temperature : 80° C

r

1

r-

,
y

Electrode/counter-electrode distance
:	 (mm)

20
(standard)

10

• Hydrate weight retained in plates 	 ° 9,2 11,3
• (after formation) 	 (in g/dm2)

.	 1st	 cycle 3,4 3,6
• Capacities	 2nd	 cycle 3.3 3,55
'	 (Ah/dm2)	 Formation

3rd	 cycle	 t 3,3 3,65

4th	 cycle 3.25 3,6

: L. • ckness	 Before impregnation;mm/100) 79 79

After impregnation ( mm/ 100) 97 86

After formation	 (mm/100) 80 87,5

Swelling before formation *26 +1 y'
'	 M
•	 Swelling during formation

la forma-
.	 M -25 +2

Overall swelling +1 +12

92
-74-
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MUCTROME DISTRI3MON

Ni-H2 BATTERIES AS A FUNCTION OF THEIR

LOCATIM IN THE CLUSTER DP/SAS-333/78
Contract 7r,/CMS/0590)
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LI	 Condi Fions 	 temperature 59 0C,
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Weight
variation
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Potential/
Pt
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FIGURE 5. 4 EXBCMODE FILLINGFILLING PROCESS
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