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INTRO~~JCTI0N

.3everal in’tc~~~~i - ’~t rtuu .i es have be~-r.. conducted and en~incering design
models constr-.~rtcd of niokol oxidc-hyd.ro~ e: ~r..d s ij .~ic’r oxide-hydrogen cells
as possible power 3c~rce: for orbi t ing sat ellite app lications .~~’

2 The cells
are reported tr ha’.’c a long oyele life ~aoat l l ity and can be overcharged
repeatedly ~ thout  serious W~~~~~ t~~~~~ to cell operation and efficiency. Although
cell voltag e reversa~ can occur on Iischarge , the voltage reversal has no
apprecial 1 :- ef:ci’t. or. ce lL e~ficienc~ ar~d cyc~ e l i fe, especially in nickel
oxide-hyIrcge :i cells . However , silver oxide-hydrogen cells have a more
limited cycie life capability due to silver migration through the separators,
rerulting in subsequent shorting . Thi s stLdy examines in detail the current-
voltage characteristics for charging arid discharging nickel oxide and silver
oxide-hydrogen cells and presents the Faradaic and thertnodynaznic efficiencies
of the cells for charging and discharging up to the 2C rate (100 ~~/ 2).
Charge and discharge e~’fi c~cncies as a function of cycle li fe of the cells
are also discussed.

ANODE PREPARATI ON AND CELL CONSTRUCTION

A standard sintered nickel-oxide cathode, 5.O~ cm x 3.~ cm x 0.102 cm,
shown in Figure 1, was used in the nickel oxide-hydrogen cells. The cathode
had a capacity of approximately 1.0 ampere-hours. This electrode was pre-
charged for 15 hours at 0.4 A in 5C~ - KOH eiectr~l’çte against a nickel counter
electrode • The charged nickel-oxide cathode was placed in a folded layer of
potassium titanate paper - the dimensions being 10.8 cm x 6.99 cm x 0.0254 cm.
Two folded layers of polyaznide Pellon 2506K , each being 10.8 cm x 6.99 cm x
0.127 cm, were then placed on top of the KT layer. The KT layer of the dual
separator configuration served as an electrolyte reservoir, while the Pellon
layer functioned as an electrolyte absorbent wick. The Pellon separator
also provides rapid KO H electrol yte absorption at hi gh rates of charge and
discharge without a significant decrea se in the electrical conductiv ity of
the cells. Two platinum/Teflon bonded hydrogen anodes, each being 5.08 cm x
u.35 cm x 0.033 cm and containing approximately i~ mg pt/cm

2, were placed on
each side of the nickel-oxide cathode/separator pack. The single cell
pack consisted of one nickel-oxide cathode sandwiched between two hyth-ogen
anodes , the separator wrap consisting of one layer of KT paper on the cathode ‘I
side, followed by tw layers of Pellon ~~~~~ The platinum/Teflon bonded
anodes were fabricated in-house.

The platinum powder (black) was first prepared chemically fran chioro-
platinic acid (H 2Pt Cli • 6H2o) using sodi um borohy-iride (NaBHj~) as the reducing
agent. ‘iTh.~’ platinum black was washed with dis ti ll ed  water ur.tl.l free of
sodium chloride and boride salts. The materiaL was then vacuum tried in air
to rcmovc adsorbed and occluded hydrogen. This pr ocedure minI mizes the heat
evolved ~y the hydrogen-oxyren redox reaction. ~~cess heat will  prunote
sinter i ng and crystal ~rcwth ci ’ the platinum b lack which results in a loss

1
M. Klein and M. ri eorge , “~~ickel-Hyd.ro~ en Secondar y Bat .t er ies ,~ Proc.

2
26th Power .;ou.rces Symposium , May 1)71. , pp. l~~20.
L. R. Miller . ~et-al-!iy Irogen T~at . tery I~~.igns , ’ Proc. ‘ ~h Power
Sourcco iymposi el . May 1)714, pp. .2l~~N+ .

1
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in catalytic activity ci’ tho p lat inum 1 a rt i ,c ico .  T b ’  two p 1at iouc~/iefl or,
bonded anodes were prepared as ± ‘ollow~~: (a)  a mixt ur e of 1.5 :ra’so of the
platinum black was wetted with 1 cc o~ di~~t i i lcd  watr~r and 20 i.ropc
(0.05 cc/drop) of a uctutLun ci’ Tv: L ,~ ~~ TX ~nulsiori con tn I n i n g  15 milli-
grams of Teflon emuiotor .  ocr J:op ( - ‘ u l t im ,  ir . a dry vixturo of approxi-
mately 15% by weight of 2 ’i ”Lc O : 0rLdJ:~g ai’c:~t), (h )  the vet mixtur e  was
kneaded with a spatula to obtai n a uni form cod of g ta t . in~m and Tef lon
cmulsion, (c) to thi c mixtur e 20 cc ci ’ acetone (c.r. Grade) w~~e added and
said mixture  further kneaded until a ‘~oi orm cca ; — ilated ball of i latinuxn/
Teflon was formed 0’ the acotor i ’ .- l i q j i vr . (d)  the  acetone can decan t ed and
fresh acetone was adiod ceveral times to remove toe ~~ois~ i’yio’ a ’ en t n  of
the Teflon d BX mixture, (e )  the coa :ulated p latinum ‘Tcl ’TLor. mixtur o  was
rolled evenly with c:laos re~~; osl o two ex~ andcd silver cur r ent  collectors,
each b eLr :g 5. x: cm x v .35 cm x 3.02-Si cm . and ( f )  the resulting electrodes
were air dried ‘~vernight . After Ir1rin~~, the  ‘:‘tect r c i c o  y or e  hot presoed at
200°C on to single layers of Chemplast fib rous ucroco ThE Tcl’lon (~~ 

mils
thick) at a pressure of 24( . k~ kg/cm2 for  three minutes . The h ydrogen
anodes in their fi nal configuration averaged about 0 .0 ’  centimeters in
thickness. A plat inum-hydrogen electrode prepared b y the above method is
shown in Figure 2.

The silver-oxide cathoics (3. o cm x ..l3 cm x 0.00 ’ cm) consisted of
sintered silver powder pressed onto expanded silver screens. The cathodes
were taken from zinc-silver oxide ceLls nanui’actured by Eagle-Picher
Industries (Figure 3). A silver current ~ofleetor (6.35 cm x 0.3)6 cm x
0.013 cm) was spot welded onto a coined corner of tho electrode. The elec-
trical capacity of the cathode was approximately L.o a~~ere-hours.

The silver-oxide cathodes were preci.ar~od at 375 mA for 1 - hours in
30% KOH electrolyte prior to cell assembly. The separator system for the
silver-oxide hydrogen cell consisted of two layers of fibrous sausage casing
and cellophane sandwiched between two layers of Pellon 2506K . The separator
clad silver-oxide cathode was then situated between two platinum/Teflon
bonded anodes as shown in Figure 3. A complete cell pack is also shown in
this figure.

EDCPERIMENTAL PLAN

The test cells were cycled by means of an automatic charge/discharge
apparatus whi ch had a maximum current capability of 2.2 amperes . The timers
could be set up to 214 hours eFth er  on charge or discharge. The current dur ing
charge and discharge was held constant by the instrument and was occasion-
ally checked by means of calibrated ammeters .

The test cell for the nickel oxide-hydrogen and silver oxide-hydrogen
electrode packs is shown in Figure ~. The test cell consisted of a stain-
less steel pressure chamber and cover with a wall thickness of apvr ’u-J rsatety
1.27 centimeters th ick .  Attached t o  the ci~ver  wac a T r eosure vi
(o to 7.03 kg/czo~~) and stop-cock valve arrangement :or releasing or I ceding
hydrogen gas to the closed syotem . During ~, h ’  o ar~~~ng ohan ~’: c: both the
nickel oxide and si lver  oxi de-hydrn ~~~n cells , hydrogen was fed in t o  the
system at about 0.35 kg/ cm3 (5  p s i ) .  This cm; done because ti ; ’ low rat ci
hydrogen leakage at the sealed j o in t s  of the nre ss ;ir c ’ vessel wan cu I i c i e : , t
to impair the ccli perfonnance of the low casaci t v  elec t r ode onr ~~; .
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Prior to tb- - chargi ng and ~iincha rgi:1~ of the eiectr;  do paci~s , the
pressure vesscc s were vac uc’i - .t and purged wi ts  hydrogen several t imes in
order to provide  a pure hydrogen atmosphere tc the inclosed systems . Cell
voltages were recorded cm Hewlett-Packard 7100B strip chart recorders . At
the ~.2 maximum amoerL’ rate.  th e ecrresponding current densities were
110 mA / cm2 fo r the nickel oxide-hwirciuen cells and 100 m.A/cm2 for the
silver oxide-hydrogen cells. )ur ino cell cLarg 1r ~~, the charge time was
a&justed . to overcharge the cells Ly 27.5% (of nominal rated c~~ acity) for
both the ni ckel oxide and silver oxide-hydrogen cells .

REST5LTS AND DISCUSSION

Typical charge-discharge curves 01” both types of cells are shown in
Figur e 5. The charge curves of the silver oxi de-hydrogen cells contain

• three voltage plateaus while those of the nickel oxide-hydrogen cells con-
tain one voltage plateau . The computed average values of the charge volt -
ages for the two metal-hydrogen cells were only about 0.1 volt difference.
For example , at a charge current density of 37.5 mA/ cm2, average potential
of the Nb /H 7 cell was 1.1414 V while that of the Ago/H2 was 1.525 V (Table 1).

Table 1. Voltage-Time Plateaus for Charging NiO/H0 and. Ago/H2 Cells.

NIC / 1 2 Ago/H2
VOLTAGE ~~)LTAGE

Dfl~FE~~~~CE D FFER~~CE
TI~~ (}E~) VOLTAGE (v), (v) TI1i~ ( HRI VOLTAGE (v) (v)

0. -P l.~~o0 - 1.5/0  0.090 0.148 1. 255  - 1.320 0.075

1.72 1.1450 0.65 1.320 - 1.620 0.300

0.15 1.620 - 1.770 0.150

Average Voltage = l .14# O V Average Voltage = 1.525 V

On discharge (Figure 5), the Ni0/}t~ cell exhIbited one voltage
plateau while the Ago/H2 cell had two plateaus. A more detailed evaluation
of both types of the rne~al oxide-hydrogen cell are given in the following
sections.

1. Nickel Oxide-Hydrogen Cells. Figure 6 shows the average cell
voltages on charge and discharge, as well as percent charge/discharge
efficiencies of the nickel oxide-hydrogen cells as a function of current
density up to the 3.2 ampere rate. Up to the maximum current level of the
test eq~ipment ( 110 mA/ cm2 ) ,  the charge/discharge voltages appeared
reversible. The charge/discharge efficiencies were greater than 70%, the

7



‘T’:. ~~~~~~ ~~~~~~~~~ 
‘ ‘— — - —  - ‘-—-—- -

~~ 
- — --‘--- — —- -

~
‘———,•.

~~~
- • — •---- -——

~~
-— -- —--~~ — --- ,uI

~I~~

C)
Q

-

I o~~~~~~JII
0

\

-‘

I

C ‘-a, — -t (“ h

(SI1OA) :-i~)V l ’1OA 1TI:)

8 -
‘ 

• - - -  ~~~~~~~~~ ‘ - •- • • • • - -• •



rlr 
—

~~~~~~

--- ‘ - _

~~~~~~~~~~~~~~~~~~~~ i-~i ~~~~~~~~~~
-
~
-—

~~~~~~~~
- -- ---- -- _______

(%) AJN~ I3I L~i~ ~IDV~L1OA

• c
cc ir~

I I I

•
H
C)

(

I 
1 

H

g I I ‘—

I . . ‘-
4~)Ip 

~~~~ c-, 
~• I

•
0 1 aI I E—~ ~ .-~ ~0

I 0 ~~• _ q p-,. ~~~ O-~

I - < 0
C/) HI .  

.I
~~~~~~~~~~I /

I , ‘ ‘ii

I II .  U

I a I I C

C ‘C — r

r C C

(s~L1o1\) ~l~)V.LiOA TI~ID ~l~JV~15iAV

0

—*-*—-——- • - • • • - - ‘ -•

~ 

• - -- • —‘- - - • - - -- - --- -



charge pote~tia was stutule at aso- t 1.50 volto ; , the d~ ,~ci~aroe p- -t -n tia l
decreased frim 1. L8 volt ~ 25 mA/em2 to / .~~~2- volt at 110 m A - ’cm 2 . The major
ene rgy 1esse~ in ‘h~~r~ ing  n~ ckoL oxole-nydrop-cn cells are sOown 1: yi~~j re 7.
The lossec are eYsI r~~u’e.i in terms of voltage , current , and ~vora11 efbicier .-
cies . Thn~e lo~-;e- are mainly attributed t ç : (a) the limited wnount of free
KOH e1ectrol~~~e w~~ hin t h e  si s t er ~~.1 n i c ke l  mat r~ x .  ( b )  a oer -unifnrri cell
pack p re ss ~r ’ . a’; t c) the re su l t i ng h ig he r  eell ohmic and concent ra t ion
ove rrot ent ials. The overall losses are mainly reflected in the  low eurr e r i t
e f f i c i en cy  ~r~ l ~es , .oer’ tb- ’ ‘~‘alje dro; s from 55’~ at 25 rn,4 / r ~n2 to -Y - °’ at
110 mA ’ cm - .

Fi~ ure 8 sn ows o w  t r~- - cell e l e r t r iea i  e l :  i c l e n c ie s  va ry  on
• l ife cycling 01’ the ni cKe oxi le-hy~troge n cells. The current  densi t ies

were varied at random dur ir ~~ cycling f rom 12.5 to ~5 mA ’cm~ - the current
densities used for c o n s tr u c t i ng  the figure were around 20 m~ /cm2 . The
figure shows that tLe -

- oltag e elf iciency remained relatively constant to
7914 cycles . The current ef fi c i ency  showed a gradual drop a f t e r  which it
decreased at a more accelerated rate alter the 660th cycle. The acceler-
ated loss in current efficiency is mainly attributed to the loss in elec-
trical conductivity c:  the nIckel oxide plague which resulted from embrit-
tl~~ient and loss of sintered contact poi nt•s on repeated cycling. This was
verified by visual cx .3 nation of the electrode after completion of cell
cycling. Cell char.~e/-Iischarge voltages and voltage efficiency during the
7911 cycles are shown in Fi~ure 9. The points used for construction of this
figure are around 20 mA/em’-. The fi~’ire shows that the average charge
voltage increases very sli;htly with continued cycling. The average dis-
charge voltage does not change appreciably during cycl1n~ since only

• average voltages above 1.0 V/cell cutoff were used in the computations.
• However , the discharge voltage-time intervals above 1.0 V became succes-

sively shorter during cycling because active material utilization of the
cathode dropped off with the breakdown of the nickel sinter-structure.

2. Silver Oxide-Hydrogen Cells. Figure 10 shows typical voltage
characteristics and charge/discharge efficiencies of silver oxide-hydro~en
cells as a function of current density up to the 1.116 C rate (110 mA/cmd).

• The discharge voltage curve (second plateau) is very f lat, a desirable
feature in high rate batteries. The charge plateaus are also reasonably
flat in the current density range investigated. In addition , the charge!
discharge voltage efliciency remained at values that are tolerable in
practical secondary batteries. As shown in Figure ii, the current effi-
ciency for the silver oxide-hydrogen cell sustained a loss, which was
comparable with that of’ nickel oxide-hydrogen cells (Figur e 7). Figure 11
shows a linear drop I n  Faradaic efficiency between 35 mA tcm2 and ‘(5 mA/cm2.
Above 75 m.A/em2 the current efficiency tends to increase somewhat and then
decline again. The reason for this anomalous characteristic is not clearly
understood.

The current efficiency in both the silver oxide and nickel
oxide-hydrogen cells can possibly ~~ increased by usi ng separators o~ lower
resistivity and interseparators that possess bett  er elec rolyte re ent ion
and wicking properties. In addition , employment ot’ cathodes with rein-
forced sintered of ructures should improve the active material utilization
on prolonged cycling and thereby stabilize the Faradaic etficiencies of
the electrodes.

10 
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A major shortcoming of’ the silver oxi de-hydrogen system is
its limited cycle life due to silver penetration of’ the separator wrap
which consisted f 2 layers of sausage casing and cellophane sandwiched
between two Layers of Pellon, as shown in Fi~~ire 12. The figure shows
that the cell attained 32 cycles without failure. The figure includee
voiLtage and current efficiencies as a function of cycle mimber. The
main drop in current and voltage efficiencies during cycling is believed
to be due to the increased resistivity of the separator wrap that results
from silver penetration arid oxidation of the sausage casing membranes.
This clearly indicates the need for more stable separator materials for
a practical silver oxide-hydrogen system.

CONCLUSIONS

Preliminary investigations on nickel oxide-hydrogen and silver oxide-
hydrogen cells indi cate that both syst ems need further development and
study. Both systems showed excellent voltage characteristics up to current
densities of about 110 mA/ mi2 - the maximum limit of the test equipment. C

The relatively poor current efficiencies of both systems are attributed to
the limitations of separator systems employed in this investigation as well
as poorly sintered cathode structures. The separators were state-of--the-
art for ni ckel-cadmi um and silver-zinc batteries, but were not necessari ly
optimal for metal oxide-hydrogen cells • Future tests on meta l oxide-
hydrogen cells containing separators of lower resistivity, greater stabil-
ity, and better electrolyt e retention appear warranted , especially since
there have been many pr~ nising developments of new separator materials in
battery technology.

16

_ _ _



— ‘~~ -— “

Cl)
‘—4a - ‘-4

I a)
0

/ I

z / I 
~~~~~

i i  .i~
’

I
’ 

~ I
0 3 -~ ~I D ~,.C >g - > U

I I ‘ -C

3 j ~Cr)

I I I I I I I I

C 0 0 C C C” C C Ca, ~~ ‘-‘-- ‘C “ -t —, ~— J —

(,,.) A:)
~::-I j : 1 ,j.: I ’1\’)1~LL:)i--

~ ‘i’ -i,~

17 HI SA-FM -b9-77

L • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~


