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Summary 

Studies were made of improvements to be obtained m Ni electrodes by 
increasing charge acceptance and stabihsing capacity at various charge and 
discharge rates over a wide temperature range. The charge acceptance of NI 
electrodes IS generally related to the oxygen evolution overvoltage* the 
addition of Co(OH), to Ni(OH), crystals has been found to lower the 
oxidation potential of Ni(OH),, while coating the electrode surface with 
Cd(OH)2 has been found to increase the oxygen evolution potential. Capac- 
ity stabihzation of Ni electrodes can be basically achieved by preventing the 
formation of a higher oxide, 7-NiOOH, and the addition of Cd(OH)* to 
Ni(OH)* crystals has been found to be effective for this purpose. Thus, a 
Ni electrode has been developed consistmg of a sohd-solution of Ni(OH)2 
and an adequate amount of Co(OH), and Cd(OH)* and where the content 
of the latter is relatively high at the electrode surface This electrode exhibits 
a stable capacity over wide operating conditions throughout cycling. 

Introduction 

During widespread use of sealed Ni-Cd batteries, they are often used 
under a variety of conditions mcludmg charging at various rates over a wide 
temperature range. The Ni electrode is well known for dehvermg a lower 
capacity when charged with a low current at an elevated temperature, and 
delivermg increased capacity when charged at high currents and relatively 
low temperatures The decreased capacity of a Ni electrode IS a problem 
because the capacity of a sealed Ni-Cd battery is generally designed to be 
limited by the Ni electrode. On the other hand, the hrgher than expected 
capacity of the NI electrode 1s also a problem because it adversely changes 
the predetermmed posrtive/negative electrode capacity ratio which, m the 
sealed Ni-Cd battery, is vital to avoid hydrogen evolution. 

Some papers [l, 21 have reported that the addition of Co(OH)z in a 
relatively large amount to Ni(OH)2 crystals or the use of LiOH electrolyte 
improves the capacity of the Ni electrode when charged at a low current and 
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an elevated temperature The addition of Co(OH), m relatively large amount, 
however, has been shown to result m a substantial decrease m discharge 
voltage, and the use of LlOH electrolyte impairs the capacity during charge 
at low temperature One of the authors of the present paper reported [3] 
that the addition of both Co(OH), and Cd(OH), to NQOH), crystals lm- 
proved the capacity of the Nl electrode when charged at low current and 
elevated temperature, but its mechamsm was not clear. 

It is known that the increase m capacity of the Nl electrode 1s asso- 
ciated with a change m the NlOOH crystals Several papers [4 - 61 have been 
published on the change m NlOOH crystals, but there are few papers [7] 
which discuss the influence of additives on the NlOOH crystal change 

It is the purpose of this paper to discuss the mechanism and the effect 
of additives to the Ni electrode m lmprovmg its capacity when charged at a 
low current and an elevated temperature, and m preventmg an increase m 
capacity when charged at a high current and a relatively low temperature. 

Experimental 

Smtered Ni-powder plaques, 40 mm wide, 40 mm long and 0 65 mm 
thick, were filled with active material by repeated impregnation with Ni(NO& 
solution with/without CO(NO~)~ and/or Cd(NO& followed by drymg, and 
then conversion to hydroxides m alkaline solution, followed by drying, to 
obtain test electrodes For some of the electrodes prepared m this way, the 
so-called APM (Anti-Polar Mass) additional impregnation process [8] was 
applied, which mcluded lmpregnatlon with 2 - 4 molar Cd(NO& solution, 
followed by drymg, and conversion to hydroxides m alkaline solution prior 
to final drymg. These posltlve electrodes were tested m KOH solution of sp 
gr 1 20, their voltages bemg measured agamst an Hg/HgO reference 
electrode 

To determine the crystallme structure, X-ray diffraction data were 
obtamed using Cu KCY or Co Kar radiation In addition, C-size cells were 
fabricated with positive electrodes, prepared m a manner slmllar to that 
described above, coupled with regular negative electrodes and separators, 
and tested to confirm cell performance. 

Results and discussion 

1 Capaczty varzatzon of Nz electrodes when charged at varzous rates and 
temperatures 

The capacity of a pure NQOH), electrode varied considerably when it 
was charged at various rates over a relatively large temperature range, as 
shown m Table 1 When expressed as a ratio with capacity after chargmg at 
a 0.1 C rate at 25 ‘C, the capacity varies from 68 to 120%. The capacity 
variation, however, is 72 - 114% for the 95 mol% Ni(OH), 5 mol% Co(OH), 
composltlon, and 79 - 108% for the 95 mol% Nl(OH)*.5 mol% Cd(OH), 
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composltlon, which 1s somewhat small compared with that for the pure 
Nl(OH), composltlon, mdlcatmg some effect of the Co or Cd addltlon 
Furthermore, the capacity varratron 1s even smaller, 98 - 106%, for the 90 
mol% Nl(OH),:5 mol% Co(OH), 5 mol% Cd(OH), cornpositron, implying 
that the capacity varlatron can be mmlmlzed by the addition of an appro- 
priate amount of Co(OH)* and/or Cd(OH)* 

2 Charge po ten teal of Nt electrode 
On the assumption that the poor capacltles of the Nl electrodes after 

charging at a low rate under normal or hrgh temperature are attributable to 
a low charge efficiency resultmg from the competltlve reactlons of the oxlda- 
tlon of active mater& and the evolution of oxygen, test electrodes m a drs- 
charged state were charged at a 0 1 C rate at 25 “C to obtam their charge 
voltage curves, from which the median oxldatlon potential, VOX 1 (the 
median potent& to oxygen evolution), the oxygen evolution potentml, Vo2, 
and the voltage difference, ‘I), between Vo2 and the maximum oxldatron 
potential (the oxidation potential Just before oxygen evolution starts), 
VOX 2, as shown m Fig 1, were obtained 

NNOH), +OH + NtOOH+H, Otd 
---- 

_______-_--------- -------- ------- 
A 

VOX I 

Fig 1 Posltwe electrode potentml change during charge 

Ill- 

I 
VI 

I 

- 0,+21 

v 

--_ 

DX 2 

&4e- 

102 

2 1 Addltaves affectmg the medwn oxidation potentaal, VOX 1 
As shown in Fig 2, the addrtion of 5 mol% of Co(OH), to Nr(OH), 

crystals lowered the median oxidation potentml, VOX 1, considerably, but 
the addition of Cd(OH)2 showed either no effect or even an adverse effect. 
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llWlI/HP 

480 - 

470 - 

VOX1 

Q 

7mV 
{ 

Nl9S m&6 

cd S md’l 

0 IC Char9e 

at WC NI 100 mol% 

sp.ct. 1.20 KOH 

460-- 

450- 

5 5 S S S 

95 94 93 92 91 

Fig 2 Poshve ache material composition us median oxidation potential 

5 Cd(OH), md% 

5 CdOH), md% 

90 Ni(OH), md% 

mV Hs/tQO 0 IC Charge 
at 25°C 

____ - ---- ------_---- ______ -- ,+ CdlOOmd% 

. Q Nr94md% 

0 { 
Cs 6md% 

Y 

NI 95 md% 

Cd 5 md% 

16 mV 

SmV 
NI 100 md% 

a 

Sp Gr I 20 KOH 

I I I I I I 

0 I 2 3 4 5 CdWW, md96 

5 5 5 5 5 5 

95 94 
co(Ow, md% 

93 92 91 90 NI(OW, md% 

Fig 3 Poshve actwe materlal cornpositIon us oxygen evolution potential 

2.2. Additives affectzng the oxygen evolutzon potential, Vo2 
As shown m Fig. 3, the addition of 5 mol% of COG to Nl(OH), 

crystals resulted m a shift of the oxygen evolution potential, Vo2, to a more 
noble potential, but the addition of 5 mol% of Cd(OH)2 instead of Co(OH), 
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shifted the oxygen evolution potential to an even more noble potential The 
addition of up to 5 mol% of Cd(OH)* to the 95 mol% Nl(OH), 5 mol% 
Co(OH), composrtlon shifted the oxygen evolutron potential to an even 
more noble potential, suggesting a tendency that the greater the Cd(OH)* 
content, the hrgher the oxygen evolution potential Ca(OH), showed a 
slmrlar effect to Cd(OH)2 m shlftmg the oxygen evolution potent& to a 
higher potential 

2 3 Combmatzon of addatzves to obtazn a large voltage dafference, q, 
between the maximum oxrdatzon potentral and the oxygen evolution 
potential 
As shown m Fig 4, the addition of either 5 mol% of Co(OH), or of 

Cd(OH)2 resulted m a substantial mcrease m q compared with pure Nl(OH), 
Furthermore, the addition of up to 5 mol% of Cd(OH), to the 95 mol% 
Nr(OH), 5 mol% Co(OH), cornpositron further increased q, suggesting that 
the greater the Cd(OH)2 content, the hrgher IS q Also, an increase m Co(OH), 
may also be effective m mcreasmg Q, but the known drawback of a low dls- 
charge voltage will hmlt the addition of Co(OH), to 5 mol% m practice 
Since Cd(OH)2 does not reduce the discharge voltage, the amount of Its 
addition 1s not lirmted provrded that the amount of Nr(OH)* IS not excesnve- 
ly reduced 

Cobalt, being an element with a varrable valency, 1s considered to rm- 
prove the proton conductlvrty of Nr(OH),, resulting m a lower Ni(OH), 

(mV) 

'O t 

Sp Gr I 20 KOH 

01 , I I I I I 

0 I 2 3 4 5 Cd(OH), md8 

5 5 5 5 s 5 wow; md% 

9s 94 93 92 91 90 N~@tl), md% 

Fig 4 Positive ache material compositlon us voltage difference between maxunum 
oxidation potential and oxygen evolution potentlal 
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oxldatlon potential, while cadmmm, being an element of fixed valency, 1s 
not considered to be suitable for thus purpose 

2 4 Coatmg of the electrode with Cd 
The reaction leadmg to oxygen evolution IS generally beheved to take 

place at the surface of the electrode For thus reason, the charge-voltage 
curve of an electrode whose surface was coated with Cd by the APM addl- 
tlonal lmpregnatlon process was compared with an electrode with no APM 
treatment, as shown m Fig 5 After the addltlonal rmpregnatlon, the Cd(OH)p 
content was considered to have increased, on average, for the total electrode 
by about 1 5 mol% Judgmg from a weight increase of approximately 2% of 
the total electrode werght The electrode coated with Cd, however, showed 
a higher oxygen evolution potentral than was expected from a 1.5 mol% 
Cd(OH), addltlon throughout the active matenal, mdlcatmg that the hrgher 
Cd content at the surface 1s more effective m obtammg hrgher r) by shifting 
the oxygen evolution potential to a hrgher potential. Figure 6 shows a 
schematic represent&on of the process, suggesting that the change occurs 
at the surface of the electrode m the APM addltlonal unpregnatlon On 
immersing the electrode m Cd(NO& solution, the surface layer of the active 
material would be partly dissolved and impregnated with Cd(NO& instead 
After drymg, on unmerslon m alkalme solution followed by drying, the 
active material would consist of a double-layered structure m which the 
outer layer would be of Cd-rich Nl(OH), containing Co(OH),, which would 
be coated with isolated Cd(OH)2 

mVHg/HgO 

550 - 

Sp Gr I 20 KOH 

1 

5 

A Nt92.Cd3, Co5 

B N192, Cd), Co5 + A.P.M 

1 I 

IO 1s (HI 

Charge Tame 

Fig 5 Surface coatmg with cadmmm for higher oxygen evolution potential 
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CWO,), 4&O 

2 mol Solution 

Neutraluatlon 

(NaOH solution) 

-- 

Cd rich t.NbCd,Co) (OH), 

+ 

Isolated Cd(OH), 

Fig. 6 Model showing surface coating with cadmmm 

2 5 Capacataes of cells with posrtwe electrodes of varaous composrtlons 
Table 2 shows the capacities, after chargmg at a l/30 C rate at 45 “C, 

for C-size cells wrth posltlve electrodes of various compositions considered 
suitable for this type of use. The cells with positive electrodes contammg Co, 
either with or without Cd, which were processed by the APM additional im- 
pregnatlon technique apparently showed higher capacltles. This confirms the 
assumption that the poor capacities of the Nl electrodes after charging at a 
low rate at normal or high temperatures are attributable to low charge 
efficiency. This 1s caused by the competltlve reactions of the oxldatlon of 
the active material and the evolution of oxygen, which, accordmgly, can be 
improved by increasing the voltage difference between the oxldatlon poten- 
tial and the oxygen evolution potential 

TABLE 2 

PosItwe active material composltlon us capacity after charg 
ing at a low rate at 45 “C for “C” size cell 

Pos act mat camp Capacity 
(mol%) (mA h) 

N192, Co 5, Cd 3 1412 

Ni 95, Co 5 + A.P M 1565 

Ni92,Co5,Cd3+AP.M 1554 

Charge l/30 C for 48 h 
Discharge 1CtollOV 
Temp 45 “C 
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3 The effect of addrtwes on the change an NlOOH crystals 
3 1 Change m NzOOH crystals by charging at a high current density 
The increase m capacity after charging at a 0 5 C rate, especially for the 

posltlve electrodes not contammg Cd and shown m Table 1 1s considered to 
be related to a change in the NlOOH crystals, because m chargmg at a high 
rate the electrodes are believed to be completely charged, regardless of their 
compositions When positive electrodes of various composltlons were charged 
at a 1 C rate for 10 h at 25 “C, the electrodes not containing Cd showed a 
lower voltage on discharge than IS usually observed m the discharge of 
&NrOOH. This lower voltage corresponded to what was observed m the dls- 
charge of y-NrOOH. 

Figure 7 shows the ratio of y_NlOOH to P-NrOOH according to X-ray 
diffraction analysis of the electrodes. As shown here, the electrodes free 
from Cd were found to have formed a considerable amount of y-NiOOH, 
implying that the increase m capacity was attributable to the formation of 
y-NlOOH, as suspected The formation of y-NIOOH was almost prevented 
by the addition of 5 mol% of Cd(OH)2 alone, or 5 mol% of Co(OH), to- 
gether with at least 2 mol% of Cd(OH)2 

The measurement of the oxldatlon state of the positive active material, 
x, of N10, by lodometry, showed that the active material after impregnation 
and conversion to hydroxide corresponded to NlO, ,,,,, but once charged it 
never returned to this figure, but stayed as N1OI.lo or even a higher oxide 
state when fully discharged X-ray diffraction analysis showed that the dls- 
charge product of y-NrOOH was @Nl(OH), with the remamder y-NlOOH, 

1.6 - 4@ 
pi 100 md% 

Chrtp IC for IOhr 

Tamp. 25°C 
Ekadyte Sp Gr I 20 KOH 

Cd 5 md% 

0 I 2 3 4 5 Cd@W, nd* 

5 5 5 5 5 5 CdOW, md% 

95 94 93 92 91 90 NI(OW, nml% 

Fig 7 Positive active material compowtlon us ratio of y-NIOOH to &NIOOH when 
charged 
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though it 1s beheved that y-NlOOH converts to CY-3Nl(OH),* 2H,O on dls- 
charge The fact that the chemically synthesized a-3Nl(OH),* 2Hz0 lmme- 
dlately converted to &Nl(OH), m sp gr 1 20 KOH solution suggested that 
w~N~(OH)~* 2Hz0 formed by the discharge of y-NlOOH Immediately con- 
verted to /3-Nl(OH), also 

Figure 8 summarizes these crystal changes m Nl active material on 
charge and discharge. For active matenal contammg Cd m its crystals, the 
reaction on charge and discharge 1s @-Nl(OH), Z /3-NlOOH, while for material 
with Cd-free crystals the reaction 1s &Nl(OH), + P-NlOOH + y-NiOOH + 
(x-3Nl( OH),. 2H20 + /3-NI( OH) 2 In contrast to the effect of improving 
proton conductlvlty m NIP, the effect of preventing the formation of 
y-NlOOH by the addition of cadmium 1s considered to be primarily related 
to the fact that cadmium 1s an alkaline earth metal of fixed valency The 

1.7 

6 
z 

,a 15 
x 

) ,,I,; t------------l 

I 

I .-&!l 
NIV 

Fig 8 PosItwe actwe material composltlon US crystal change m NI actwe material on 
charge and discharge 
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effect of cadmium m this respect seems to be somewhat enhanced by the 
addition of cobalt. In this sense, magnesmm and calcium are expected to 
show an effect similar to cadmmm, while u-on may behave slmllarly to 
cobalt 

3 2 Increase m capacity of posrtwe electrode with cyclvag 
Table 3 shows the capacity increases of posltlve electrodes of typlcal 

compoatlon after 400 cycles at standard charge and discharge rates The 

NI 95 mol% 

Cd 5 

y-NIOOH 

: NI 100 mol% 
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TABLE 3 

PosItwe active material composition us capacity increase after cycling 

Capacity Positive active material composition 

Nil00 mol% NI 96 mol% NI 95 mol% 
Co 5 mol% Cd 5 mol% 

N190 mol% 
Cd 5 mol% 
Co 5 mol% 

Initial 

(mA h) 

After 400 cycles 

(mA h) 

Increase (%) 

364 354 351 358 

436 433 401 400 

20 22 14 12 

Charge 0 1 C for 15 h 
Ducharge 0 2 C to 0.00 V us Hg/HgO. 
Electrolyte sp gr. 1 20 KOH 
Temperature 25 “C 

increase m capacity was substantially higher for the electrodes free from 
Cd, suggestmg the formation of y_NiOOH m these electrodes, though they 
were cycled at relatively low rates Figure 9 shows X-ray diffraction patterns 
of the active materials of all the test electrodes m these cycling tests. In the 
absence of Cd the active materials clearly show the peak for y-NiOOH m 
their diffraction patterns. This confirms that y-NiOOH can be formed m the 
Cd-free Ni electrode after substantial cycling even when this is at relatively 
low rates. 

Conclusions 

A Ni electrode has been proposed which shows a stable capacity over 
wide ranges of charge and discharge rates and temperature throughout cycl- 
mg. Such an electrode should contain an adequate amount of Co(OH), and 
Cd(OH)2 m the Ni(OH), crystals and be coated with a Cd(OH),-nch outer 
layer. Cobalt has been found to lower the oxidation potential of Ni(OH),, 
probably by improving the proton conductivity of the electrode. Cadmium, 
on the other hand, has been found to have two separate effects on the elec- 
trode. Namely, the cadmium in the Ni(OH)2 crystals is believed to prevent 
the formation of r_NiOOH, while the cadmium on the surface of the elec- 
trode is considered to raise the oxygen evolution potential. A low oxidation 
potential and a high oxygen evolution potential are essential to ensure good 
charge acceptance when chargmg at a low rate under high temperature, thus 
providing a normal capacity after such chargmg; the prevention of the forma- 
tion of y-NiOOH gives a relatively constant capacity over wide operating 
conditions throughout cyclmg. 
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