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Abstract 

Cobalt substituted a-mchel hbdroxldes obtamed by prectpltatlon techmques have been 
used as posltlve electrodes of Nl-Cd battenes As these materials are mdefimtell stable 
m KOH solutron, the electrochemical cyclmg between (I and y phases allows up to I 3 
e- per (NI + Co) atom to be reversibly exchanged at the C/5 rate Nevertheless, dunng 
long-range cyclmg, a slow evolution from the y/a couple to the ~(lll)l~(II) couple occurs 
It has been asslgned to a partial reduction of Co3’ eons to Co“ Ions at the end of the 
discharge process The evolution of the number of exchanged electrons (NE,?) versus 
the cobalt amount IS dscussed 

Introduction 

The addmon of cobalt to NI(OH), which IS the posltlve electrode matenal 
of mckel-cadmnun cells was first reported by Edison at the beguuung of 
this century [ 11 ‘and mterest III the addltlve has contmued ever smce However, 
whereas most previous studies have been confined to composltlons up to 
0 15 m molar cobalt ratio [2, 31, this work exanunes those rangmg from 
0 10 to 0 55 Recently, we have shown that the substltutlon of at least 20% 
of cobalt for mckel allows the formatlon of an cY*-hydrated phase stable m 
KOH medmm at room temperature [4, 51 These materials were prepared 
by ‘chmue deuce’ techmques from the NaNI,,Co,O, phases used as precursor 
More recently, Armstrong and Charles con6rmed that a large cobalt addltlon 
to the mckel electrode (cr; = 0 45) allows the stabtiatlon of the ylcu cyclmg 
[S] The cr-cobalted matenal was, m that case, prepared by cathodic deposltlon 
from mtrate solutions We have also shown that stablllzed a-phases can be 
obtamed from preclpltatlon techmques [ 7-91 Dependmg on the preparation, 
the hydrated cobalt substituted mckel hydroxide can exhlblt a well-ordered 
cy’ or a turbostratlc (Y structure In such matenais, the charge excess due 
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to t n v a l e n t  c a tmn  is c o m p e n s a t e d  by the mser taon of  c a r b o n a t e  or  su lpha te  
a n m n s  be tween  the  hydrox ide  s labs  

Tills p a p e r  deals  with the  e l ec t rochenuca l  s tudy  of  aco~* (COa) p h a s e s  
ob ta ined  by (hrect  prec~p~tatmn 

Experimental  

Electrodes preparatzon 
The cobal t  subs t i tu t ed  mcke l  hyd rox ides  have  been  t e s t ed  as  pos i t ive  

e lec t rode  mater ia l  m alkal ine ba t te r ies  ( p o c k e t  type)  us ing  large capac i ty  
c a d m i u m  e l ec t rodes  (m o r d e r  to  be  pos i t ive  e l ec t rode  lumted)  and  5 N KOH 
as f ree  e lec t ro ly te  The  mix tu re  of  the mcke l  hydrox ide  and  graph i te  (30% 
by weight )  is pa s t ed  on to  a mcke l  f o a m  s u p p h e d  by  SORAPEC The e lec t rode  
is t hen  p r e s s e d  at  10 a bars  m o rde r  to a s s u r e  a g o o d  e l ec t romc  con tac t  
b e t w e e n  the  foam and  the  ac t ive  p o w d e r  I ts  th ickness  b e c o m e s  then  c lose  
to 0 8 m m  The  e l ec t rode  is finally p r o t e c t e d  by  a s e p a r a t o r  film m o rde r  
to  r e d u c e  the  loss of  ac t ive  mate r ia l  dur ing  e l ec t rochemica l  cycl ing 

Electrochemical  tests 
The cha rge  and  d i scha rge  r eac t i ons  a re  real ized a t  the  C/5 rate ,  wluch 

m e a n s  tha t  the  cu r r en t  dens i ty  is c h o s e n  m o r d e r  tha t  the  nomina l  capac i ty  
( c o r r e s p o n d i n g  to one  e lec t ron  pe r  (Nl + Co)  a tom)  will be  r eached  m 5 h 
The  e l ec t rochenuca l  e x p e r i m e n t s  we re  m o m t o r e d  by  an HP 1000 A600  
c o m p u t e r  u s m g  a sof tware  p rev ious ly  desc r ibed  for  the  cycl ing of  h th lum 
ba t te r ies  [10] They  were  p e r f o r m e d  m the  fol lowing con(ht lons  the  first 
th ree  c h a r g e s  a re  20, 15 and  7 5 h, respec t ive ly ,  each  of  t hem be ing  fol lowed 
by  a (hscharge  down to  0 9 V The  p r o c e s s  of  the  third cycle  is then  r e p e a t e d  
for  the  fol lowing o n e s  As dur ing  the  first two  cycles  the  pos i t ive  e lec t rode  
is s t rongly  ove rcha rged ,  the  capac i ty  r e c o v e r e d  dur ing these  dmcharges  has  
not  b e e n  t aken  into a c c o u n t  dur ing  the  (h scus smn  of  the  resul ts  

Result  and discuss ion  

Evolutzon of  the n u m b e r  o f  exchanged electrons per  (Nz + Co) atom 
versus cycle number  

aCo3÷ (CO3) p h a s e s  we re  e l ec t rochemica l ly  t es ted  for  coba l t  c o m p o s i t i o n s  
rang ing  f r o m  0 .10  to  0 55. The  var ia t ion  of  the  n u m b e r  of  e x c h a n g e d  e lec t rons  
(NEE) ver sus  the  cycle  n u m b e r  for  the  va r ious  coba l t  con ten t s  is r e p o r t e d  
on Fig. 1 The  N E E  d e c r e a s e s  for  each  coba l t  c o m p o s i t i o n  when  the  cycle  
n u m b e r  increases .  A d e c r e a s e  o f  the  N E E  m also  o b s e r v e d  when  the  coba l t  
ra te  i nc reases  m the  0 2 0 < x < 0  55 r ange  This  point  will be  (hscussed  m 
the  foUowmg s e c t m n  

aco3. ( c o 9  (x  = o lo )  
As the  aCo~. p h a s e  is uns tab le  m KOH m e ( h u m  for  x = O  10, thin mater ia l  
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1 Vanatlon of the number of exchanged electrons (NEE) LS the cycle number for various 

cobalt amounts 

WIU be consldered separately It urlll m fact rapidly transform mto a P(II) 
type phase and after a few cycles (less than lo), the electrochenucal cyclmg 
pnnclpally occurs between /3(II) and /3(M) type phases However, we notlce 
that the ZVEE remams higher than 1 dunng the first 40 cycles and such a 
result should be compared to the classical /3(U)-Nl(OH),/~(III)-NIOOH cychng 
m which only 0 9 e- per NI atom IS experunentally exchanged Thus, a small 
cobalt content seems to mmprove the electrochernlcal capacrty of the ruckel 
electrode Prekious workers have also observed an Increase m electrode 
capacity when cobalt 1s added to the mckel hydroxide but have not clearly 
shown Its nature The unprovement m performance has been explamed as 
berng due to (I) mcreased charging efficiency [31, (II) better electromc 
conductlvlty m the reduced state [3], (UI) formatlon of an cr phase dunng 
the charge reaction [ 111 For Armstrong et al , who studled the unpedance 
behavior of mckel hydroxide and mckel/cobalt hydroxide electrodes UI alkahne 
solution, the addltlon of cobalt unproves the electrode kmetlcs by Iowermg 
the charge transfer resistance of the reactlon process [ 12, 13 I 

q&l + (CO3 (x > 0 20) 
F’rorn Fig 1, for all cobalt composltrons urlth .r > 0 20, a decrease of 

the NEE after the first 15 cycles IS seen This behavior 1s mamly observed 
when the cobalt/(mckel + cobalt) ratlo LS equal to 0 20, 0 30 and 0 40 A 
long-term electrochenucal test was therefore performed on the ~,J-(CO~) 
phase (x=0 20) and the NEE/(NI+ Co) atom versus the cycle number IS 
@ven m mg 2 If the NEE IS equal to 1 3 dunng the first 15 cycles, it 
gradually decreases and becomes lower than 1 after 100 cycles Such a 
capacity decrease suggests a slow transformation from the y/c~ couple to 
p(III)/p(II) durmg the electrochemical cychng In order to check this hy- 
pothesrs, a study of the shape of the discharge curve of the electrode made 
from the ~~c,~-(CO,) phase (.x=0 20) has been performed, the discharge 
curves obtamed after 3, 10, 20, 30, 40 and 130 cycles are reported on 
Fig 3(a) It IS seen that the shape of the discharge curve illustrates the 
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Rg 3 Molficatlons of the shape of the dscharge curve (a) for mcreasmg cycle number 

(_z = 0 2), @) for mcreasmg cobalt amount (30th cycle) 

presence of two phenomena Several groups of workers have shown that 
the discharge potentlal obtamed from a p(W) phase 1s higher than that 
obtamed from a y phase [ 14-161 The first part of the cuwe LS therefore 



attributed to the ~(111)//3(11) system whde the second one (at lower potential) 
IS assigned to the y/a one From these discharge curves, we can assume 
that the proportlon of the /?(II) matenal m the discharged electrode mcreases 
wth cycle number at the expense of the (I%+. phase The X-ray dlffractlon 
spectra of the discharged and charged electrode matenal after 50 cycles are 
reported m Fsg 4(a) UI comparison with that of the startmg phase They 
confirm that the reduced and oxldlzed materials are formed by a mucture 
of LY and /3(H) hydroxides and by y and /3(111) oxyhydroxldes, respectwely, 
wth a high percentage of the p(H) or /3(U) phases After 130 cycles, the 
discharge curve shape (Rg 3(a)) and the X-ray dflractlon spectrum show 
that the electrode matenal has been totally turned into the p(U) phase after 
the discharge Thus although the CQ,~* phases are chenucally stable m 
concentrated KOH medium (when the cobalt ratlo IS hq$er than 0 20) even 
after a long-term stability test [7, 81, they gradually transform mto a P(II) 
type phase dunng the electrochemical test so that the ylcu cychng IS slowly 
replaced by the /3(III)/p(II) one 

However, as shown by the 30th d&charge curve, reported m Fig 3(b), 
for vanous cobalt amounts, It E seen that the cr+P(II) reactton IS slowed 
down when the cobalt rate mcreases For the highest cobalt amount (5 = 0 55), 
the p(I1) phase formatton IS mmunlzed and the y/a cychng Is almost stabked 
The X-ray dflractlon spectra of the discharged and charged electrode matenal 
(after 50 cycles) are reported UI Rg 4(b) m comparison wth the spectrum 
of the startmg k,.,-(COJ phase (x= 0 55) the reduced or oxldrzed matenals 
are prmclpally composed of cy or y phases 

S?mulatzon of the curve shape modzJicakm andwed by the 
y/n + p(IUI) /p(lI) tran.szt?on 
In order to Illustrate the relation between the shape of the discharge 

curve and the relative amount of ~(III)/~(Ir) and y/a couples, a sunulatlon 
program was reahzed This program deternunes the potential vanatlon of 
an electrode (durmg the discharge) when two electrochemical systems are 

x=055 

charged 

A w matena’ 
I... 3. I.. I ;e I I... ‘MgB I I. . 1. 
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Q 4 Comparison of the X-ray Wractlon spectra of charged and dlsrharged electrode matenals 

(after 50 cycles) to that of the startmg phase (a) J= 0 2. (b) J =0 55 



sunultaneously present It requu-es that the discharge curves of each system 
are known From these data, the decreasmg potentials are scanned For each 
potential value the program adds the number of electrons already exchanged 
m each system accordmg to the ratlo of ylcu and /3(111)//3(11) couples The 
discharge curves correspondmg to the YCO --+ %-OJ l 

(x = 0 20) and 

PW- (III) -‘PCoJ* (II) reactlons, respectively, are reported II-I fig 5(a) As was 
previously dlscussed, the half discharge potential of the second reactlon 
exhibits a higher value (1 238 V) than that of the first one (I 175 V) The 
theoretlcal shape of voltage curves obtamed for mcreasmg the ratio of the 
P(III)/j3(II) couple to y/al IS reported m Rg 5, b and c The evolution of 
the discharge curve IS quite sun&u to that reported m Fig 3 from expenmental 
data These results show unambiguously that the ylcu cychng IS slowly replaced 
by the ~(III)/~(II) one Moreover, as pre\qously mentioned, this comparison 
confirms that the evolution from the ylcu cychng to the p(III)/~(II) one IS 

slowed down when the cobalt amount increases 

Compnrmm uxth prevzcms results 
The electrochemical stablllzatlon of the y/n cychng for high cobalt rates 

has also been studled by Armstrong and Charles on electrodeposlted materials 
[6] They showed, m accordance with our results, that for lower additive 
levels, the y/a reactlon gradually converts to the more commonly observed 

I 3 

I 3 

I 3 

NEv(ffitCo) atom 
I. 1 . I.. I ., 

00 04 08 12 

Fig 5 Shape of discharge curves for vanous ratios of y/a and /3(II~)/~(li) couples (a) 

expenmental tunes obtamed from &+. and q-~+ phases, (b-e) sunulated curves 



/3(111)//?(H) one [ 6 ] A comparison should also be made wth the electrochemical 
cychng of LX&?- phases obtamed by ‘churue deuce’ reactlons from the 
NaNI, _&o,02 precursor phase The y/a* cychng IS then completely stabrllzed 
for x= 0 20 [ 171 Such an electrochemical behavior dtierence between 
czco3+ and cz&+ phases is not exactly understood but seems to be du-ectly 
hnked to the dflerence m texture and more particularly to the particle size 

Evolutwn of the NEE versus the cobalt rate 
Dunng the first 15 cycles, we can consider that the electrochenucal 

cychng of cells usmg (yc03+(COs) phases as startmg matenal prmclpally occurs 
between cy and y phases The NEE IS then almost constant whatever the 
cobalt amount Qugher or equal to 0 20) It 1s then possible to study the 
evolution of the NEE and the &scharge potential, versus the cobalt rate 

From l+g 1 It can be seen that the NEE decreases when the cobalt 
rate mcreases Durmg the first 15 cycles, the NEE 1s equal to 1 3, 1 2 and 
1 17 when the cobalt amount x IS equal to 0 20, 0 30 and 0 40, respectively 
For the CV,-~~+(CO,) phases (x= 0 55), the NEE remams lower than 1 

This behavior IS directly related to the oxldatlon level of cobalt and 
ruckel Ions m the oxldlzed and reduced phases Durmg the electrochenucal 
cyclmg, the average oxidation level of the transltlon ions 1s equal to 2 +x 
m the reduced %,s+ hydroxide, wlule It IS close to 3 5 m the y phases at 
the end of the charge process [ 181 Thus between the charge and &charge 
reactrons, [ 3 5-(2 +x)]e- per (NI + Co) atom are theoretically expected to 
be exchanged as schematically fflustrated on ng 6 This scheme also explams 
that for a cobalt ratio lower than 0.20, as the y/a! cyclmg 1s not stablllzed, 
only 1 -x electron IS expected to be exchanged durmg p(III)&?(II) cychng 
Experunentally, these values can be shghtly motied, as we have already 

OXIDATION LEVEL 

Rg 6 Vanatlon of the theoretwal NEE vs the cobalt amount 
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Fig 7 Vanatlon of the half discharge potential of the ycO -ncO reactlon (first cycle) vs the 

cobalt amount 

mentioned, because the oxldatlon level m p(III) or y phases IS not so stnctly 
dellned Moreover, as a result of the low electronic conductlvlty of the 
reduced phases, it 1s always Wcult or even unposslble to come back to 
the completely reduced matenal 

These results obtamed dunng the electrochenucal cyclmg of these 
cyc,,~+(CO~) phases are almost Identical to the theoretlcal ones dunng the 
first 15 cycles The optunal capacity IS reached as early as the uutlal cycles 
because the very small size of the particles confers on the whole matenal 
a very good electrochenucal actnnty. 

Evolutzon of the half dzscharge potentml vm the cobalt rate 
Dunng the iirst cycles, It IS also possible to relate the evolution of the 

potential at the half discharge tune (V,,) to the cobalt amount, because the 
electrochenucal cyclmg really occurs between cyc03+ and ‘ycO phases The half 
ticharge potentmls (Vln) obtamed for vanous cobalt amounts 
(0 10~~~0 55), after the first electrochermcal cycle, are reported m 
Fsg 7 whxh shows that the Vln value decreases when the cobalt rate 
mcreases This result was well known for the /3(III)//3(II) system. Nevertheless 
the physical reason for tlus phenomenon IS not well understood [ 11, 12, 
19-231. 

Hypotheses about the instability of the q03+ (CO,) phase 

In order to try to understand why the (yco3+ phases are unstable dunng 
electrochemical cyclmg, the followmg hypotheses were made 

The 6rst one E to consider that as H + Ions are released from the matenal 
dunng the charge process, a local decrease of the pH value can occur m 
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s o m e  par t s  of  the e lec t rode  (mte rg ranu la r  space )  which are not well soaked  
with the e lec t ro ly te  It was  previous ly  showed  on 3' pha se s  (e i ther  coba l ted  
or  not)  p r e p a r e d  by ' ch imle  douce '  reac t ions  f rom NaNti _~Co~O2 phases  [4, 
24],  that  these  o x y h y d r o x l d e s  evolve to/3(I11) phase s  m acidic m e d m m  for 
a pH close  to 2 5 If such a p h e n o m e n o n  occu r s  dur ing e l ec t rochemica l  
cychng,  the reduced  mater ia l  fo rmed  dur ing the d i scharge  reac t ion  would 
be a /3(II) type  phase  In o rde r  to avoid such an acidic c o n c e n t r a t m n  m 
s o m e  local part  of  the  e lec t rode  during the cha rge  react ions ,  the e lec t ro ly te  
solut ion was  concen t r a t ed  and  e lec t rochemica l  t es t s  were  then  per for ined  
on the  aCo~.(CO~) ( x = 0  20)  phase  in a 10 N KOH so lu tmn  No i m p r o v e m e n t  
or  s tabi l izat ion of  the capac i ty  was  obse rved  af ter  the first 15 cycles  and 
the r educed  mater ia l  r ecove red  af ter  50 cycles  was  again  pnnc lpa l ly  f o rmed  
of  a fl(II) type phase  as af ter  the cychng  in 5 N KOH 

Another  hypo thes i s  was  to cons ider  that  s ince the  d i scharge  reac t ion  
o c c u r s  down to 0 9 V, the  t r tvalent  cobal t  ions may  be part ial ly r educed  to 
the  divalent  s ta te  leading to the  fo rmat ion  of  an uns table  aCo2÷ mater ia l  [8] 
An e lec t rochermca l  cychng  was  the re fo re  p e r f o r m e d  f rom the aco3÷(COj) 
phase  ( : t -=0 20),  the  d i scharge  react ion  be ing  hmt ted  to 1 15 V As only a 
par t ia l  e l ec t rode  d i scharge  occu r s  m these  condi t ions ,  the  cha rge  t ime has  
been  redt iced tn o rde r  to keep  the cha rge  t i me /d i s cha rge  t ime rat io c lose  
to 1 2 After  40 cyc les  in such  condi t ions,  an overal l  d i scharge  down to 
0 9 V has  been  real ized The shape  of this d i scharge  curve  m charac te r i s t i c  
o f  a T/a reac t ion  with a half  d i scharge  potent ia l  equal  to  1 12 V Moreove r  
the  cha rged  and d i scharged  e lec t rode  mater ia l s  r e c o v e r e d  are  essentml ly  
m a d e  of  T and a pha s e s  Such an interest ing resul t  sugges t s  tha t  aCoJ- phase s  
have  to be tes ted  xanth a d i scharge  react ion  limited to an end of  d i scharge  
poten t ia l  h igher  than  a b o u t  1 V In this case  the T/ct cycl ing can  be stabil ized 
for  a 0 20 cobal t  rat io because  cobal t  runs will not  be  r educed  to the divalent  
s ta te  E x p e r i m e n t s  are  current ly  be ing p e r f o r m e d  In this way  

C o n c l u s i o n s  

The subs t i tu t ion  of  at leas t  20% of  cobal t  for  nickel m the  pos i t ive  
e l ec t rode  mater ia l  o f  Nl/Cd ba t te r ies  a l lows the part ial  s tab ,hgat ion  of  the  
~,/~ cycl ing The n u m b e r  of  e x c h a n g e d  e lec t rons  pe r  (N, + Co) is theore t ica l ly  
equa l  to 1 5 - x  (x  coba l t  subs t i tu t ion  ra te)  and this  value is a l m o s t  r e a c h e d  
dur ing  the  first e l ec t rochemica l  cycles  Never the less ,  d u r m g  long- te rm elec- 
t rochemica l  t es t s  down to  0 9 V the T /a  s y s t em is s lowly rep laced  by the 
/3(II01/3(I0 one,  espec ia l ly  for  the lowest  cobal t  a m o u n t s  This  t r ans fo rma t ion  
could  be  due  to the  par t ia l  reduct ion  of  t nva l en t  cobal t  ions to the d ivalent  
s ta te  at  the  end o f  the  d i scharge  reac t ion  Sys temat ic  e x p e r i m e n t s  are  m 
p r o g r e s s  In o rde r  to de t e rmine  prec ise ly  the exac t  value of  the  end of  d i scharge  
potent ia l  which  p r e s e r v e s  the  T/a cycling It  should  be  kep t  tn mind tha t  
for  n u m e r o u s  app l i ca t ions  a 1 V llrtUt vo l tage  value is c lassical ly used 
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