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Introduction 

The nickel hydroxide electrode has evolved over nearly 100 years from 
the pocket electrode structure through to the present desrgn of a light 
weight, porous, plaque structure Before dlscussmg the hrstoncal aspects, rt 
would be helpful to point out that there are basically two parts to the elec- 
trode the active material and the current (electron) collector. Together they 
provide the essential properties for stonng and converting the chemical 
energy mto electrical energy and ulce uersa The electrical energy is stored m 
the nickel hydroxide active matenal during charge, m which the electrode 1s 
oxidized The chemical energy 1s converted back to electrical energy dunng 
discharge. The active material 1s itself mrtlally non-conductive Therefore it 
must be housed m a high conductlvlty metallic structure which serves as the 
current collector This IS, m turn, connected to another high conductlvlty 
metallic structure called the termmal 

History/background 

According to Falk and Salkmd [l], Desmazures [2], and Dun and 
Hasslacher [3] were the first (1887) to discuss the possible use of nickel 
oxrde as a posrtrve actrve matenal in alkalme cells. Jungner [4] and de 
Mrchalowskl [ 51 described methods for preparing the compounds m the late 
1890s. Jungner was Jomed m 1901 by Edison [6] m writing a series of 
patents related to electrochemrcal power sources and, m particular, to 
alkaline accumulators. The two became involved m several patent suits over 
the nickel-cadmium and nickel-uon cells. 

The earliest nrckel hydroxide electrodes were manufactured as pocket 
plates The basic structure of these plates was flat, perforated conductrve 
sheets contammg mdentatrons (pockets) mto which the black nickel hy- 
droxide powder was added. The active matenal powder, mrxed with graphite 
for conductrvrty enhancement, was covered with a conductive, perforated 
metalhc sheet. This structure with active matenal m the pockets was mounted 
m a nickel-plated steel frame which served as the current collector With 
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time, the graphite presented a problem m that it oxidized and swelled, thus 
causing the pocket sheath to bulge This was accompanied by the simulta- 
neous loss of contact between the graphite and the steel pocket, resulting m 
a loss of capacity and polarization 

A further change came m 1908 when Edison replaced the pockets with 
a tubular construction Several of the perforated steel tubes containing the 
active material were mounted m a steel frame which was connected to the 
terminal post. The mgenious change was a substitution of nickel flake for 
the graphite to improve conductivity. The process for producing the flake 
is described m ref. 1 The active material was added to each tube by placing 
alternate nickel hydroxide and nickel flake layers mto the tube, then tamp- 
mg (compactmg) the powder with a solid rod after each layer was added 

The next advancement m technology was based on a 1928 patent by 
Pfleider et al [7] m which the process for producmg smtered plate elec- 
trodes was described Surpnsmgly, this process is much the same as that m 
use today, mcludmg the use of high purity nickel powder, produced by the 
carbonyl process, as the basis for the smtered mckel-plaque current collector. 
The carbonyl nickel powder is sintered m a reducmg furnace at 900 “C over 
a nickel screen or perforated mckel-plated steel substrate to produce the 
high-porosity plaque The substrate serves both as a support structure and 
central current collector Tracy and Perks [8] described the variations m 
producing single plaques by loose smtermg m a mold, typical of a batch 
process. A contmuous plaque production process had been evaluated pre- 
v~ously at Accumulator-Fabrik AG [9] Later, the SAFT process [lo] was 
licensed m the U S.A. Referred to as the “slurry process”, it mvolved plac- 
mg a layer of nickel powder m a viscous binder (e g , carboxymethyl cellu- 
lose) on a contmuous mckel-plated, thin, perforated steel sheet, burning off 
the binder, and smtermg the plaque m a reducmg atmosphere The result was 
a continuous roll of 85% porous plaque material. 

Porous plaques from the batch or contmuous process are impregnated 
with the active material either by chemical deposition or galvanic precipita- 
tion from metal nitrate solution. The latter method was not applied com- 
mercially until the 1970s and became known as electrochemical impregna- 
tion The Pfleider patent [7] also suggests the use of cobalt as an additive. 
Interestmgly, the patent was aimed at the production of the iron electrode 
rather than the nickel electrode. 

Although there is a record durmg the 1920s [ 111 of studies on smtered 
plate electrodes, it was not until the Second World War that the Germans 
produced smtered-plate electrodes for nickel-cadmium cells. The electrodes 
had high rate capabihty because of the larger active material surface area m 
contact with the electrolyte. In 1948 Fleischer [ 121 described m detail the 
process for producmg and impregnating smtered-plate nickel hydroxide 
electrodes Following the preparation of the porous plaque, the five step 
chemical deposition or impregnation process mcluded 

(1) submergmg the plaque, and vacuum-filhng the 85% porous structure 
with a nickel mtrate solution (acid pH), 
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(11) placing the nitrate-filled plaque m NaOH, cathodically polarlzmg 
the plaque to form the Nl(OH),, 

(III) washing; 

(iv) drying, 
(v) weighing. 

This process was repeated several times until the werght pickup of the active 
material provided the desired electrochemical capacity. The Flelscher 
method has been modlfred for commercrahzatlon of a contmuous process 
by omitting the polarlzatlon step m the NaOH solution 

A third method of impregnatron adopted by Casey and co-workers 
[ 13,141 utlhzed molten metal-nitrate solution produced by the thermal 
decomposltlon of the N1(N03)2*6H20 at 85 - 125 “C! m place of the aqueous 
Nl(NO& solution The plaques contammg the melt are then roasted m av 
at 180 - 250 ‘C, producmg what has been described as Nr(OH)* NOS. Con- 
version to the Nl(OH), occurs m 30% KOH solution 

The latest methods of lmpregnatlon are referred to as the electrochem- 
ical Impregnation or deposrtlon methods. Hausler [ 151, mltlally , later Kandler 
[ 161 m more detail, recognized that nitrate, havmg a higher redox potential 
than mckel, was reduced m the pores of the plaques thus preventmg metal 
deposltlon The nitrate was reduced dvectly to the hydroxide thus depoat- 
mg directly m the pore of the plaque, An extremely important adJunct 1s the 
existence of a pH gradient (higher mslde the pores, lowest outside), thus 
providing deposltlon of the hydroxide from the msrde of the plaque to Its 
surface McHenry [17] m 1967 was the first to utlhze this method in the 
U S A He also utlhzed LlOH m the active material. Takamura [18] rden- 
tlfled the reaction and Beauchamp [ 191, recogmzmg the importance of con- 
trolling the pH, Introduced sodium nitrate as a buffer to mamtam the pH at 
2 He also found greater loading at a higher lmpregnatlon temperature 
(> 75 “C) which was due to Improved efficiency of the deposition process. 
Others involved m the development included Selger and Pughsl [20), and 
Plckett et al. [21], whose processes using alcohol to mamtam pH are now 
utlhzed to produce nickel electrodes for nickel-hydrogen cells. The SUbJeCt 
of electrochemical rmpregnatron IS thoroughly revrewed by Gross [ 221 

The reactions of the nickel hydroxide electrode 

For many years the accepted oxldatlon/reductlon reactlon for the 
mckel hydroxrde electrode was grven by Glemser and Einerhand [ 231. 

charge 
Nr(OH), + OH \ NiOOH + Hz0 + e- 

ducharge 
(1) 

Complications were acknowledged by many, including Mllner and 
Thomas who m then review [23a] suggested that. 

(a) the oxldatlon state of nickel was not an integer value, z.e , neither 
+2 m the discharged state, nor +3 m the charged state; 
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(b) the equihbrmm potential exhibited a hysteresis, making its deter- 
mination drffrcult; 

(c) behavior of the electrode depended on its previous history 
Substantive work by Tuoml [ 241, and Bode et al [ 251 mvolvmg deter- 

mmatlon of the crystal forms and reactions between the forms, was con- 
ducted m the 1960s. Tuoml’s work centered around the Edison nickel, 
tubular, posltlve electrode used m large traction and railroad batteries The 
studies by Bode and co-workers involved the electrolysis of a nickel sheet m 
nickel nitrate solution using potentlostatlc and galvanostatlc methods m 
addltlon to the crystallographic methods They separated the species m the 
electrode reactions mto “genetic form”. 

in 
P-WOW, ( KOH 

(r-3Nl(OH),* 2H20 

Red 

/ \ 

Oxld Oxrd 

I \ 

Red (2) 

/3-NlOOH 
P_N1OOH overcharge l 

y-NrOOH y-NlOOH 
(+lOO mV) (+60 mV) 

Bode et al also pointed out that the p-0 reactlon and the o--y reactions 
could take place simultaneously 

Harlvel et al [26] mvestlgated the relationship between the fl-NlOOH 
and y-NrOOH compounds and the factors leadmg to therr formation They 
found that at low KOH concentratrons, low rates of charge, and low over- 
charge, the P-NrOOH product 1s formed. At higher rates, htgher concentra- 
tions of KOH, and long overcharge, the y component is favored The appear- 
ance of r-NlOOH takes place earlier at hrgh rates, but the amount of y 
formed at the surface of the electrode mcreases more quickly at low rates 

The CY component (UNIT- 2Hz0) clearly mdlcates that Hz0 IS an 
integral part of the structure and mcreases the lattice drstance between the 
OH-s greater than m the /3 compound Wemmger [ 271 pointed out that the 
change m den&y from the cx compound (2 5 g/cm3) to the /3-NQOH), (3.85 
g/cm3) IS in agreement with the above statement. 

Salkmd and Brums [28] identified a compound that was produced 
during long overcharge. This form, as suggested by Bode et al [25] as the y 
form, had the structural formula: 

[N14%(OW4101 ,W-U, ,K (3) 

Wemmger and Brelter [ 291, m therr single crystal investigation of nickel 
using a slow voltage scan, found (a) that only a few layers of product are 
formed m low concentrations of KOH, and (b) the mdlvldual current- 
voltage peaks were identified relative to the followmg reactions 

Nl + 20H- - Nr(OH), + 2e (4) 
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NQOH), + OH- -+ NiOOH + Hz0 + e (5) 

Ni + 30H- - NIOOH + Hz0 + 3e (6) 

The first reaction (4) produces a peak, reflecting the conversion of Ni 
metal to the hydroxide The active material m the cell is therefore mcreased, 
adding to the electrode capacity This oxidation process is related to the 
corrosion of the mckel plaque substrate Reaction (5) is the oxidation/reduc- 
tion process occurrmg m the active material of the nickel hydroxide elec- 
trode Reaction (6) occurs at sigrnficantly higher potentials where O2 is 
evolved The current resulting from these reactions masks the Ni3+ to Ni4+ 
reaction given by Lukovtsev and Slaiden [ 301 as having an efficiency of only 
I- 2% 

Briggs and Fleischmann [31] show that different oxidation processes 
take place simultaneously at the sohd/hquid mterface of NIP On dis- 
charge, NiOOH exists over a wide range of compositions which compete for 
reduction to the discharged species It is suggested that electrochemical 
activity takes place at the interface between the conductmg NiOOH and 
non-conductmg NI( OH) 2 

An alternate concept, namely, of proton diffusion, has been discussed 
as a viable mechanism for the nickel hydroxide electrode by Lukovtsev and 
Slaiden [ 301 They investigated the quantitative aspects of proton diffusion, 
and found that Ni(OH), is a good proton conductor but a poor electron 
conductor. Briggs and Fleischmann [ 311 also observed the reaction between 
~3Ni(0H),* 2H,O and y-NiOOH and subsequent reduction They reported 
that the discharge and recharge of full layers of NiOOH follows a composite 
pattern controlled by diffusion of a species through the layers Salkmd and 
Brums [27] reported that Ni(OH), and P-NiOOH, during charge, form a solid 
solution 

Freshly prepared Ni(OH), electrodes are known to be both chemically 
and electrochemically more reactive than aged ones Kober’s [32] 1.r spectra 
showed that a smtered nickel oxide electrode on discharge has an hexagonal 
layered structure isomorphic with a D3d structure. The OH- ions are parallel 
to the c axis of the crystal and are free (H bonding is absent). A small 
amount of water is trapped m the lattice through coordinate covalent bonds 
Upon chargmg, the structure develops a high degree of crystal symmetry 
The relative intensity of H bondmg m the charged state was shown to be a 
measure of the electrochemical capacity. 

Several others, mcludmg Bourgault and Conway [33], Zedner [ 341, 
Foerster [ 351 and Kornfeil [ 361, have suggested reaction mechanisms similar 
to those already discussed MacArthur [ 37 1, using Lmear Scan Voltarnmetry 
prepared rnckel hydroxide electrochemically on a 1 cm2 nickel disc and sug- 
gested the followmg half cell reactions 

2[ 3Ni(OH),* 2H20] + 6OH- + $ KOH + 

2 [ 3NiOOH. % H20 $ KOH] + 3H,O + 6e (7) 
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In this work he used a model for the reaction 1n the nickel hydroxide 
electrode including a reversible charge transfer step at the nickel 1on site 1n 
the lattice During charge, a proton 1s released at the site and diffuses to the 
surface During discharge, the proton returns to the nickel site The proton 
diffusion 1s suggested as the limiting step 1n the reaction In a later work 
MacArthur [38] determined the proton diffusion coefflclent at 25 “C to be 
3 1 X 10-1’ cmZ/s during charge (oxldatlon), and 4.6 X 10-1’ cm’/s during 
discharge (reduction) He suggested that the movement of the proton 1n the 
lattice was due to thermal dlffuaon 

Proton diffusion as a limiting mechamsm 1n the oxldatlon of N1(OH), 
to N1OOH was initially suggested by Jones and Wynne-Jones [39] Others 
concurring 1n this mechanism included Lukovtsev and Sladen [ 301, who 
measured the diffusion rate through a nickel oxide film and found 1t to 
increase with potential. Ewe and Kalberlah [40] suggested that the electric 
current was carried by the ions of the electrolyte 1n the electrode pores 
and the charge transported by proton diffusion to the surface 

In a recent series of papers, Schrebler-Guzman et al [41] suggested 
further modlf1catlon of the Bode reaction mechanism, 

I 
w [ NlOOH], + H+ + e- 

[WW,Is m [ N1OOH 1, + H+ + e- 
II 

where [Nl(OH),]* 1s a hypothetical intermediate bridging both main elec- 
trochemlcal and chemical processes The subscripts “u” and “s” refer to 
unstable and stable states. When the lntermedlate 1s omitted the box-like 
reactIons are similar to those suggested by Bode [25], where [Nl(GH),], 
1s the (Y form and [Nl(OH),], 1s the fl form. [NlOOH], 1s the 7 form and 
[ N100H], 1s the 0 form. 

In a recent development, Halpert and May [42] ut111z1ng cyclic linear 
scan voltammetry and aqueous solution theory suggested that the nickel 
electrode reaction mvolved a two-electron change and that the charge 
mechanism was consistent with a quasi-reversible reaction. The results 
followed the pattern of a two-step reaction - electrochemical followed by 
chemical The combined reaction suggested was 

N12+ \ N14+ + 2e electrochemical 

N1’+ + N14+ s 2N?+ chemical 

This would explain the wide range of oxldatlon states rangmg from 2+ 
to 4+. 
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Cell types 

The nickel electrode has been utilized as the positive electrode (cathode 
on discharge/anode on charge) m conJunction with four well-known negative 
electrode chemistries, 1 e , nickel-iron (Ni-Fe), nickel-cadmium (NrCd), 
nickel-zinc (Ni-Zn) and rnckel-hydrogen (Ni-H,) cells A description of 
these electrochemical systems and their characteristics is reviewed by Halpert 
[43] The four systems utilize aqueous potassium hydroxide electrolyte and 
a separator material for physical separation of the plates The plates of the 
nickel-iron, nickel-cadmium (non-sealed type) and nickel-zinc cells are 
flooded with electrolyte and therefore these cells are vented to release gas 
pressure Sealed nickel-cadmium and all nickel-hydrogen cells are manu- 
factured so that most of the electrolyte is absorbed m the separator and 
plates, thus allowmg the oxygen which is produced during overcharge on 
the nickel electrode to be rapidly recombined at the opposing negative 
electrode 

The nickel-won cell 
Constructed of rugged tubular or pocket-plate electrodes, these cells 

have extremely long cycle-hfe (to 25 years) and are used for fork-lift trucks, 
railroad-cars, and other heavyduty operations with relatively low depth 
of discharge They are capable of moderate discharge rates Their poor (high) 
self-discharge properties and low-temperature performance characteristics 
are disadvantages However, they can be rebuilt, flushed with fresh elec- 
trolyte, and returned to service for many years Lithium hydroxide m the 
electrolyte has a profound influence on the cell life. 

In recent years, there has been some effort to utilize batteries of this 
type m electric vehicles For the 80 kW range, a proJection of 1500 deep dis- 
charge cycles appears reasonable. The problems with the use of these cells 
for transportation are (a) low efficiency - 50%, (b) Hz evolution - cannot 
be sealed, and (c) high self-discharge rate (10% capacity loss m 100 h) 
Efforts to improve this technology are being continued. 

Nwkel-cadmium pocket plate cells 
These cells are capable of higher rates than the nickel-iron cells and 

their capacities are less sensitive to the discharge rate. Their charge retention 
is also better than the nickel-non cells. Because of their construction, they 
are also used for applications where rugged handling is the norm In addition, 
they cost less than nickel-iron cells Nickel-cadmium pocket plate cells can 
be used at temperatures to as low as -25 “C and to as high as +30 “C without 
damage. It is of interest to note that the cell voltage changes Inversely with 
temperature, but the effect IS so small It is practrcally immeasurable. 

Sm tered plate nickel-cadmrum cells 
These cells, first utilized m Germany during the Second World War, 

have the advantage of a very high (2 - 10 C)* charge and discharge rate 
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capability over a wide temperature range The sealed cells have the further 
advantage of being maintenance free Although the cost for these cells is 
generally higher than the pocket plate cells, they have wide use m aerospace, 
remote, and consumer apphcatlons They are also available m a wide variety 
of conflguratlons such as button, cylmdncal, and prismatic cells The fact 
that the oxygen evolved at the nickel hydroxide electrode during overcharge 
1s recombined at the cadmium electrode, provides a means of maintaining 
balance between the relative states of charge of the two electrodes and 
avoids pressure buildup 

The fact that the smtered plate cells are (a) resistant to vibration and 
shock, (b) hermetically sealed, (c) efficient, and (d) relatively stable over 
many thousands of charge/discharge cycles makes them ideally suited for use 
as power sources m satellites 

The mckel-zmc cell 
The interest m the nickel-zmc (Nl-Zn) cell after many years of study 

was brought about by the desire to fmd a higher energy-density battery for 
electric vehicles to replace the lead-acid system The 1 65 V discharge 
voltage offered almost a 30% increase over the nickel-iron cells The nickel 
electrodes were smtered but the zmc electrodes, either electrodeposlted or 
pasted, are life hmltmg The capacity associated with the requirement for 
high depth of discharge for vehicle apphcatlons was dlfflcult to achieve A 
new construction using vlbratmg electrodes to mmlmlze the dendrite growth 
has been utlhzed with limited success The flooded, vented nickel-zmc cells 
are capable of high-rate discharge. However, there 1s a disparity between the 
charge efficiencies of the charged nickel and zmc electrodes This, together 
with the loss of O2 by venting, results m the zmc species being depleted 
relatively quickly, favoring zinc shape-change and dendrite formation The 
multilayer separator system used m the silver-zmc (Ag-Zn) cell must be 
utlhzed m this system as well, to prevent shorting and to mmlmlze shape- 
change 

The lower cost-proJectlons for the NrZn cell require a reduction m 
cost of the nickel electrodes Several attempts have been made to produce 
plastic bonded plates, which 1s one way to reduce costs. Graphite m place 
of nickel 1s utlhzed to enhance the conductlvlty of the electrode Thus far, 
cycle life at high depth of discharge (DOD) has been adversely affected. The 
low cost approach results m a reduction m gravnnetrlc energy density be- 
cause additional active material IS required to offset the reduced usable 
energy density 

The nrckel-hydrogen cell 
The newest of the technolo@es is the NrH, cell, utilizing the electro- 

chemically impregnated nickel hydroxide posltlve electrode and a fuel cell 

*C IS the nominal ampere hour capacity removed m 1 hour 
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negative electrode Durmg charge, H, is evolved at the negative electrode. 
The gas pressure continues to increase during the charge process When the 
positive electrode reaches the overcharge condltlon, the oxygen generated 
reacts with the hydrogen from the negative at the fuel cell electrode An 
equlhbnum 1s reached and the pressure levels off, typically at 450 pn (31 6 
kgf/cm’) m present designs By using a transducer to measure pressure, the 
state-of-charge can be momtored Another advantage 1s that this cell 1s also 
unaffected by overdischarge because hydrogen gas liberated from the nickel 
electrode 1s recombmed at the negative electrode 

To date, the most direct apphcatlon 1s m satellite power systems Al- 
though baseline Nl-H, cell test data are hmlted, clauns of high depth of dls- 
charge capablhty and longer life than the nickel-cadmium systems have been 
predlcted, but not yet achieved The longer life 1s anticipated because of the 
absence of the cadmium electrode, thought to be the life-hmltmg electrode 
m the Nl-Cd cell This NI-H~ cell has a somewhat higher gravunetrlc energy- 
density than the nickel-cadmium cell but because of its higher depth of 
discharge, it yields a slgmficantly higher usable energy-den&y than Nl-Cd 

There are two drawbacks to the system aside from the cost factor One 
1s the higher volumetric energydenslty and the other that of electrolyte 
management The high volumetric energydensity of the Nl-Hz cell is due to 
the large volume required to contam and store the high pressure gas m each 
cell. This results m a large electrochemlcally “mefflclent” volume There has 
been a considerable effort to develop a Common Pressure Vessel (CPV) cell 
A bipolar plate nickel-hydrogen cell has been under development at NASA- 
Lewis Research Center [ 441 This design not only affords a significant reduc- 
tlon m volume but 1s capable of very high discharge rates because of the low 
internal impedance 

The more slgnlflcant techmcal problem, that of electrolyte manage- 
ment, 1s of concern for the long term use of this cell The electrolyte forced 
out of the separator and plates durmg charge must fmd its way back during 
the discharge process smce drymg out of the mterelectrode spaces would 
lead to an increase m resistance and ultimate failure 

Satelllte use of Na-Cd and NPH, power sources 
The first documented m-space use of a cell contammg nickel electrodes 

was m Explorer VI launched Aug. 7,1959 A 142 lb. (64 4 kg) spheroid with 
four solar paddles, this satellite contamed two 14cell Nl-Cd batteries which 
ultimately degraded because of loss U-I solar array power The cells were 
Sonotone cyhndncal F size (5 A h) with paper separators and glass-to-metal 
seals It lasted 2 months m the highly elliptical orbit 

The quality of Nl-Cd cells has improved slgnlflcantly since those days. 
Cells are now manufactured to high rehablhty speclflcatlons [45] with 
numerous qualitycontrol steps and procedures The present state of the art 
uses prismatic cells, stamless-steel cases, ceramic/metal seals and a non- 
woven nylon separator Life m the Low Earth Orbit (LEO) has achieved 8 
years of cycling m a 100 mm (65 mm charge/35 mm discharge) orbit at 
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15 “C, and 10 years m Geosynchronous Orbit with a maximum depth of 
discharge of 60% at 10 “C The cell sizes have increased to the point that 20 
and 50 A h cells have become typical as the spacecraft power levels have 
increased 

Both 20 and 50 A h General Electric cells manufactured to the Goddard 
Space Flight Center Specification [45], which have been designated NASA 
Standard Cells, have completed 5 years of testing at the Naval Weapons 
Support Center, Crane, Indiana at 25% DOD and 20 “C without incident 
These Standard Cells have also been successfully tested at 40% Depth of 
Discharge at 20,30 and 40 “C as part of the qualification [ 461. 

Twenty-two Standard Cells have been assembled mto the NASA 
Standard Battery by McDonnell Douglas and have been in orbit for more 
than 4 years on the Solar Max Mission (SMM) Satellite The Standard Bat- 
teries are required to meet test requirements of 28 g acceleration m addi- 
tion to high levels of random and sine vibrations and a number of capacity 
test requirements before acceptance, according to the NASA Specifications 
for the Standard Battery (S-711-16) The high degree of sampling, testing, 
analysis, and quality control of the plates, separators, electrolyte, and seals 
have provided an amazingly consistent product over the past several years. 
The product has been consistent enough to match and select cells for the 
Standard Battery from the manufacturer’s data alone, without undergoing 
a separate and costly selection test The results on the NASA standard 20 
and 50 A h battery have been reported at the Annual NASA Battery Work- 
shop [47] 

The future of nickel electrode cells and batteries 

Continued advances m technology will provide opportunities for im- 
provements m hfe, cost, weight, and energy density of nickel electrode 
cells. Although the nature of the nickel electrode reaction is complex, 
progress can be made through improvements m materials technology meth- 
ods of operation and modelling that will have an impact on the state of the 
art. 

Energy dem ty 
Given a specific quantity of active material, the potential and ampere 

hour capacity define the number of watt hours available from a given cell 
Therefore, the only means of unprovmg the gravlmetric energy density of 
a cell or battery is to reduce the weight of the structural components of the 
cell The typical weight breakdown for a 20 ampere hour, sealed, smtered- 
plate, flight-qualified nickel-cadmium cell 1s 

case 173 g 
header 33 g 
separator and lmer 1Sg 
negative electrodes 305 g 
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positive electrodes 261 g 
electrolyte (31% KOH) 104 g 

Total weight 894 g 

The nickel hydroxide active material m the positive electrode to pro- 
duce 24 ampere hours at the C/2 rate at 20 “C m a sealed condition is ap- 
proximately 90 g The cell also contams cadmium hydroxide m the negative 
electrode having twice the positive electrode capacity or approximately 
160 g of active material. The remainder of the plate comprises the plaque 
and perforated steel current collector Including the electrolyte and sepa- 
rator, all but 372 g (or 58% of the cell) is m the weight of the structural 
components The theoretical energy density of the active materials is 211 
W h/kg. In practice, at 100% depth of discharge, the energy density of the 
above cell is approxu-nately 33 W h/kg (assummg a 1.25 V discharge voltage 
cutoff). 

Actually, there has been an effort to reduce cell-case weight through 
the use of thmner-walled cases However, the larger cells must be sturdy 
enough to withstand internal pressures of 100 psi (7 03 kgf/cm2) as spec- 
ified [45]. The larger the cell, the greater the strength necessary to with- 
stand the pressure on the broader surfaces. Although the sealed aerospace 
cell has been shown to withstand mternal pressures of several hundred psi, 
expansion at the edges (the large, flat surfaces are structurally restrained 
m a battery) would produce a distortion of the case, affecting the rehabihty 
and operational characteristics. In a recent development, the edges of a thm 
(19 mil) cell case were strengthened with ridges pressed mto the stainless 
steel These provided the strength to withstand 100 psi (7.03 kgf/cm2) with- 
out distortion and a significant improvement m weight. The lighter weight 
case, together with a compressed polymeric-seal, and electrochemically- 
impregnated plates, decreased the weight of a nominal 50 A h cell (60 A h 
of positive electrode capacity) from 2100 g to 1600 g - a 24% weight 
savmg. This resulted m an energy density of 46 9 W h/kg compared with the 
35.7 W h/kg of the flight-qualdied cell 

Additional improvements m weight can be achieved with a lighter 
weight terminal and the use of pressed powder electrodes. The pressed 
powder electrodes would provide a significant savmg m manufacturmg 
cost as well. The unproved utilization of electrochemically-impregnated 
electrodes would result m the requirement for less active material to achieve 
the same capacity 

Multiple cells are usually assembled into a structure to produce a bat- 
tery. The battery structure itself adds weight, which also reduces the energy 
density. The battery case or frame 1s required to mamtam mechanical mteg- 
rity durmg overcharge when the cell pressure is at its maximum, and to 
remove heat (16 - 18% of the power) generated durmg discharge. These two 
requirements are diametrically opposed to reducmg weight. The best battery- 
to-cell weight ratio achieved has been 1.15, which must be taken mto 
account when considermg the usable energydensity 
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Finally, the most significant improvement m usable energy-density can 
be achieved by increasing the depth of discharge The Ni-Cd cell m a Low 
Earth Orbit (LEO) application is generally restricted to 25% depth of dis- 
charge (DOD) for a long-lde, high-rehabihty apphcatlon. The Ni-H2 cell, it 
is claimed, can operate at 50% DOD with long life This would more than 
double the usable energydensity of the Ni-H2 cell compared with the NI- 
Cd cell even though their theoretical energy densities are not too different 
An important consideration is that for a fixed period of discharge, as m the 
LEO orbit, doubling the DOD results m doubling the discharge rate This 
would require additional heat removal capabihties of the battery and asso- 
ciated hardware thus increasing the weight and reducing the usable energy 
density. 

The NY&, Ni-Fe and vented Ni-Cd cells are not optimized for energy 
density m the same manner because they operate with flooded electrolyte. 
However, the Ni-Zn and Ni-Fe cells have been considered for electric 
vehicle applications where the DOD is high (80%) and the number of cells 
is quite large A weight saving m the structure would have an impact on the 
size of the cells and, even more importantly, the range and performance of 
the vehicle 

One of the drawbacks to the Ni-H2 cell has been its volumetnc energy- 
density because of the larger volume and configuration required to withstand 
the high pressures (- 500 psi) (35 15 kgf/cm2) Gas storage space must be 
provided The volumetric energydensity of a single nickel-hydrogen cell is 
1 2 times that of a nickel-cadmium cell However, two advances are being 
made to improve the volumetric energydensity A common pressure vessel 
(CPV) battery compnsmg several cells has been developed [48] which 
ehmmates a significant volume. Further, the development of a bipolar 
nickel-hydrogen pack [49] further reduces the volume, while significantly 
improvmg the power density. 

Modelling 

Among the areas attracting a great deal of attention m recent years is 
the development of models for predictmg cell performance and life. The 
ability to predict the effect of operation on life and performance can result 
m a cost-effective reduction of testmg. With regard to the aerospace, smtered 
plate Ni-Cd cell, NASA several years ago [50] attempted to establish a 
means for predictmg hfe usmg a simphfied linear regression technique on the 
first computer-operated cell test. The test included 12 packs operated m a 
related manner but did not accurately simulate orbital operations The equa- 
tions produced were found to be only applicable to the cells m each test 
sequence. Later, an attempt was made to predict hfe, not after years of 
testing, but from only a short period (1 - 2 months) of operation The accel- 
erated test program [51] at the Naval Weapons Support Center, Crane, 
Indiana, was planned statistically with five variable operatmg parameters 
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(Depth of Discharge (DOD), temperature, charge and discharge current, and 
overcharge) and three manufacturmg parameters (precharge, electrolyte 
volume, and electrolyte concentration) A significant effort was put mto 
developmg the relationship between the variables. 

McDermott [ 521 has spent several years evaluating the accelerated test 
data and performmg computations using these data Among the results has 
been an equation predictmg life, and equations relatmg the effect of operat- 
mg conditions on lde. Recently, he has been able to describe mathematically 
the equations for discharge voltage using all empirical methods This effort, 
together with the failure analysis of the cells from the earher program, was 
able to identify failure modes such as swellmg of the positive plate, electro- 
lyte redistribution, and cadmium migration [ 531 

JPL developed a unique approach m evaluatmg the accelerated test 
data using the Weibull distribution and flaw theory. They assumed that there 
is an mitral distribution of flaws m the cell and they were growing at a grven 
rate. Fedors et al [ 541 developed an equation which related the generatmg 
variables (DOD, temperature, etc.) to the probability of survival. In so doing 
they were able to develop an equation for the number of cycles to failure 
which was m close agreement with McDermott’s equation. However, the 
NASA accelerated test data described above were generated under severe 
non-orbital conditions Hafen and Corbett [55] showed, however, that the 
theory could be applied to simulated orbital test data They selected packs 
from LEO orbits and also developed a similar equation. 

There are three very important applications of a model. The first ~111 
provide the mformation necessary to answer the question’ “Is the product 
bemg tested consistent with the qualified or previously utilized cell design 3” 
Years of testing have only proved that the test cells were good but, when 
the cell fmally faded after several years, the chances of obtammg a repeat 
cell with the same mternal construction, design, and material, was very poor. 
Therefore, the model must be capable of verifying that the samples being 
tested are as tested previously. It is necessary that the verification mvolves 
only a short-term test Lengthy testing would provide the answers too late 
m the program 

Secondly, once the reproducibihty of the hardware is verified, then 
the modellmg needs to be useful for predictmg cycle life under any number 
of specific operating sequences (DOD, temperature, current, orbit, etc ) In 
this way it can be umversally apphed. Most of the effort m modelhng today 
is based on a specific sequence of operations which has only narrow apphca- 
t1ons 

Thirdly, and most Important, is the ability of a model to describe not 
only the cycle life which 1s a finality, but the change m voltage and other 
measurable and operational characteristics with life This kmd of mforma- 
tion will allow the capability to observe the degradation of a cell/battery 
m operation and provide mdicators well m advance of failure, so that steps 
can be taken to (a) reduce the load, (b) increase or decrease the charge 
voltage or operate the power system on an orbit-by-orbit basis Further, m 
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the event of a change in spacecraft power system operation due’to equlp- 
ment, instrument failure or change of orbital attitude, a well-designed model 
can predict even after years of cell/battery operation, how long and what the 
new characteristics will be m the abnormal operating condltlon. 

Modelhng has evolved mainly because of the ability of the computer to 
perform tests, store data, and perform a wide variety of complex calcula- 
tions With the Improved umformlty of cells, it 1s only a matter of time 
before a universal model IS available. 

A new technique being apphed to cell evaluation 1s the nondestructive 
complex impedance measurement [53] Although not well understood yet, 
the derived parameters such as Warburg impedance, and relatlonshlps be- 
tween frequency and the real and imaginary components of the impedance 
have been found to be related to processes occurring wlthm a cell Changes 
m these more subtle parameters occur with state of charge and cycle life 
Although no defmlte model has been developed, the chances are that one 
can be developed with the use of sophlstlcated electronics. These character- 
istics may be measurable continuously durmg operation rather than Just 
before and/or after operation. 

Although the above has been dvected at the sealed nickel cells, there 1s 
little doubt that modellmg can be utilized for the other nickel electrode cell 
chemutnes. 

The use of the nickel electrode cell 1s gomg to contmue to grow as the 
needs for portable power increase. The era of the electronics explosion has 
made the use of these systems even more suitable because of the mmlaturiza- 
tlon and lower dram losses from the cell The nickel electrode 1s a proven, 
reliable, long hfe, predictable and reproducible electrode whose use will 
continue to grow for many years to come 
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