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Anodic Oxidation of Cobalt in Neutral and 
Basic Solution 

Norio Sato* and Toshiaki Ohtsuka 
Electrochemistry Laboratory, Corrosion Research Group, Faculty of Engineering, 

Hokkaido University, Sapporo 060, Japan 

ABSTRACT 

The anodic oxidation and anodic oxide films of cobalt have been studiect 
in borate buffer solutions in the pH range from 7 to 11. The anodic polariza- 
t ion curve Shows the active dissolution, p r imary  passivity, secondary passivity, 
ter t iary passivity, and transpassivation. It is also shown that  the anodic oxide 
film is hydrated oxide of CoO in the p r imary  passive region, bi layered oxide 
CoO/Co804 in  the secondary passive re gmn, and bi layered oxide of CoO/Co20:~ 
in  the ter t iary passive and transpasslve regions. The dissolution current  of 
the anodic oxide film in the secondary and ter t iary passive regions is much 
smaller  than that  in the p r imary  passive region. By cathodic reduction the 
outer Co203 layer is first converted to Co~O4 and then reduced fur ther  to 
hydrated  Co S+ ions before the inner  CoO layer  is reduced to metall ic cobalt. 

Ear ly  this century, it  was reported that  cobalt was 
passivated chemically in concentrated ni tr ic  acid and 
electrochemically in  alkal ine solutions (1). Later, 
Grube (2) found three potent ial  arrests in  galvano- 
static t ransients  of anodic oxidation of cobalt in 
a lkal ine  solutions and a t t r ibuted them to the forma-  
tion of Co304, Co203, and COO2. El -Wakkad and 
Hickling (3) also found the three potential  arrests 
but  described them as corresponding to CoO, Co203, 
andL COO2. Recently, by use of potential  sweeps, Tik- 
kanen  et al. (4) observed three current  peaks in the 
anodic polarization curves of cobalt in alkal ine solu- 
tions and assumed the formation of CoO, Co:304, an d  
Co(OH)a. Other potentiostatic studies (5-7) carried 
out af terward have also suggested the successive for- 
mat ion of cobalt oxides of different oxidation states 
in agreement  with the thermodynamic  predictions 
(8-9). No direct evidence, however, has been pro- 
vided for the composition of anodic oxide films on 
cobalt, except that Leidheiser et al. (10-11) detected 
by MSssbauer spectroscopy cobal t(II)  and cobal t(IH) 
ions in the anodic oxide films. 

In  our  previous paper (12) the thickness of anodic 
oxide films on cobalt has been measured by in situ 
ell ipsometry in neut ra l  borate solution. This paper 
deals with the anodic polarization curve and the com- 
position of anodic oxide films on cobalt in neut ra l  
and alkal ine solutions. 

Experimental 
The specimen was prepared from cobalt rods of 

99.99% puri ty  (Johnson-Mat they Company, Limited) 
into polycrystal l ine sheets, 0.8 mm thick and 5 or 10 
cm 2 surface area. It was mechanical ly polished, an-  
nealed for 100 hr  at 390~ in vacuum, and electro- 
polished at 0.45 A/cm" in a mixture  of 60% perchloric 
acid  and  pure acetic acid (5:1) at 3 ~ ~ 5~ The 
electrolytic cell was a two-compar tment  four-elec-  
trode cell of 50 cm 3 capacity connected with four 

* Electrochemical Society Active Member. 
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separate solution reservoirs. It  had a Luggin capil lary 
to a saturated calomel reference electrode and two 
p la t inum counterelectrodes, one in the specimen com- 
par tment  and the other in the countercompartment .  
The solutions, prepared from doubly distilled water  
and analyt ical  grade reagents, were mixtures  of 0.30 
mole /dm ~ boric acid and 0.075 mole /dm 3 sodium bor-  
ate solutions, and their  pH was adjusted by changing 
the mixing ratio and, if necessary, by adding a small  
amount  of sodium hydroxide. Before t ransfer  into 
the cell, the solutions were deoxygenated practically 
completely by inject ing purified ni t rogen gas for more 
than 24 hr. 

The specimen in the cell was first cathodically re-  
duced at a constant current  of 10 ~A/cm 2 for 20 min 
in a borate solution of pH 8.42 to obtain the oxide- 
free surface, and after careful exchange of solution 
under  ni trogen atmosphere it was anodically oxidized 
potentiostatically for 1 hr at a given potential  in a 
given solution. The solution was then drawn out for 
chemical analysis to determine the amount  of cobalt 
dissolution by a colorimetric n i t ro-R salt method sensi- 
tive to 5 ~g/dm ~. The oxidation was repeated for 
various potentials and pH solutions s tar t ing every 
t ime from the cathodically reduced surface at pH 
8.42. In  some experiments  the t ime o[ anodic oxida- 
tion was extended up to 24 hr and the solution was 
chemically analyzed for cobalt for one hour to deter-  
mine the time change of cobalt dissolution at constant  
potential. 

Cathodic reduction experiments  were carried out 
in which the oxidized specimen, immediately after 
oxidation, was reduced by a constant  cathodic current  
of 5 or 10 uA/cm 2 for different periods of t ime and 
the solution, immediately after the current  was off, 
was taken out for chemical analysis to determine the 
amount  of cobalt dissolved as a function of cathodic 
charge passed. 

All measurements  were performed at 20 ~ _+ 0.5~ 
All  electrode potentials were measured in  reference 
to a saturated calomel electrode and converted to 
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the s tandard hydrogen electrode potential  scale ESHE 
or the hydrogen electrode scale in  the same solution 
EHESS : ENHE ~- 0.058 pH. 

Results 
Oxide-~ree re~erence sur~ace.--The oxide-free sur-  

face, with which coulometric measurements  were 
carried out, was obtained by cathodic reduction of 
the specimen at a constant  current  10 ~A/cm 2 for 20 
rain in a borate solution at pH 8.42. The absence of 
oxide films on the cathodically reduced surface ap-  
pears evident  from measurements  of galvanostatic re-  
duct ion-oxidat ion cycles, in which the first oxidation 
curve for a surface prepared by cathodic reduction 
of the electropolished surface was consistent with 
the second oxidation curve obtained after cathodic 
reduct ion of the anodically oxidized surface. This 
reproducible surface is suggested to be free from 
oxides. It  has also been shown by ell ipsometry that  
the anodic oxide films on cobalt were completely 
removed by cathodic reduction (12) at pH 8.42. 

Anodic oxidation.--The anodic polarization curves 
of cobalt in borate solutions at pH 7 ,~ 11 are shown in 
Fig. 1, where the anodic currents represent  the near ly  
s tat ionary values observed 1 hr after the start  of 
potentiostatic oxidation each with the oxide-free sur-  
face. Figure 2 shows the amount  of cobalt dissolved 
dur ing 1 hr  oxidation as a funct ion of potential. In  
these two figures, the three different degrees of pas-  

sivity can be  distinguished; the pr imary  passive re-  
gion I extending from +0.4 to +0.8V, the secondary 
passive region II from +0.9 to +1.25V, and the ter-  
t iary passive region I l l  from +1.25V to about + l .6V 
in  the I-IESS potent ial  scale referred to the hydrogen 
electrode in the same solution. Transpassivat ion ap- 
pears to occur at more anodic potential.  The critical 
potential  for anodic oxygen evolution is about +1.45V 
(HESS), which exceeds its equi l ibr ium potential  by 
about 0.37V. The Tafel l ine for the oxygen electrode 
reaction in Fig. i gives kinetic parameters;  (~E/a log 
{ ) ~  = 75 mV and (0 log {/8 pH)~ _ I. 

The transpassive dissolution at more anodic poten- 
tials is shown in Fig. 3, where the SHE potential  scale 
is used. It is noticed that the critical potential  for 
t ranspassivat ion is almost independent  of pH, being 
about +1.1V (SHE) in the pH range from 7 to i i .  

To compare the anodic current  with the dissolution 
rate of cobalt in  the same scale, the anodic current  
after  i hr and the dissolution current  averaged for 
1 hr following the ini t ial  i hr  oxidation at constant 
potential  are plotted as a function of potential  in 
Fig. 4. In  the passive region I, the anodic current  
reached the steady value wi thin  I hr  and is equal to 
the dissolution current  of cobalt as cobal t ( I I )  ion. In  
the passive regions II and III, however, the anodic 
current  d o e s  not reach the steady state in i hr. F u r -  
thermore, the anodic current  in  region III is larger 
than the dissolution current  as (I iI)  ions, indicating 
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Fig. 1. Anodic current/potential curves of cobalt in borate 
solutions. The current is measured I hr after the start of potentio- 
static oxidation of the oxide-free surface. 
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Fig. 2. Anodic 1 hr dissolution/potenHal curves of cobalt in 
borate solutions. The amount of dissoluHan Wd is measured for 
1 hr of petentiostatic oxidation of the oxide-free surface. 
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Fig. 3. Anodlc I hr dissolution/potential curve of cobalt in pas- 
sive and transpassive potential regions in borate solutions. 
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Fig. 4. Anodic current/potential and dissolution-current/poten- 
tial curves of cobalt in borate solution at pH 8.42. The anodic 
current ( 0 )  is measured 1 hr after the start of oxidation, and the 
dissolution currant is the average for I hr following first 1 br ( 0 )  
and 24 hr (II~). 
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tha t  the th ickening of the anodie oxide  is in progress  
even af te r  l hr. In the t ranspass ive  region, the anodic 
cur ren t  most ly  carr ies  oxygen  at  more  anodic poten-  
tials,  and the t ranspass ive  dissolution current ,  though 
increas ing wi th  potential ,  takes  only a d iminut ive  
pa r t  of the  to ta l  anodic current .  The anodic oxygen 
evolut ion cur ren t  first increases wi th  potent ia l  fol-  
lowing a Tafel  re la t ion  and then approaches  a l imi t ing L} 

cur ren t  which increases wi th  pH. \ 
To examine  how much t ime to take before  the s teady <[ 

s ta te  is reached in passive regions II  and III, 24 hr  
ox ida t ion  was car r ied  out  at  constant  potent ial .  F igure  
5 shows the anodic cur ren t  and the cobal t  dissolution ._.~ 
cur ren t  both decreasing wi th  t ime of oxidat ion  toward  c~ 
the s teady  values  in 24 hr. I t  is evident  that  at  the o 
s teady  s tate  the anodic cur ren t  is equiva lent  to the 
cobal t  dissolut ion ra te  as coba l t ( I I )  ion in region II  
and as cobal t  ( I I I)  ion in region III. 

I t  has been shown in Fig. 1 and 2 that  the  pH de-  
pendence of cobal t  dissolution is much la rger  in act ive 
and passive I regions than  in passive regions II  and 
III. F igure  6 shows the pH dependence  of the act ive 
peak  cur ren t  /am and of the po ten t i a l - independen t  
dissolut ion cur ren t  ipl in passive region I, leading for  
a pH range  7.4 ~ 9.4 to the fol lowing relat ions;  log 
iam "- 0.34-0.63 pH ( A / c m  2) and log ipl ---- --0.44- 
0.63 pH (A/cm2) .  In passive regions 1I and III, it  
was difficult to de te rmine  the pH dependence  of the  
s t eady-s ta te  dissolution cur ren t  because of the ex -  
t r eme ly  smal l  dissolution ra te  in this pH range. 

To es t imate  the amount  of anodic oxide formed in 
1 hr, measurements  were  car r ied  out  of the anodie 
charge,  Qf, accumula ted  in the anodic oxide film, 
which could be obta ined  by  subt rac t ing  the charge 
equiva lent  to the amount  of dissolution as coba l t ( I I )  
or ( I I l )  ion from the total  anodic charge passed. 
F igure  7 shows the anodic film charge Qf as a func-  
t ion of potent ial .  Evident ly ,  the anodic film star ts  to 
form in the potent ia l  region of active dissolution. The 
amount  of the anodic film charge is near ly  potent ia l  - 
independen t  in passive region I, but  i t  increases wi th  
potent ia l  in passive regions l I  and iII.  

Cathodic reduction of anodic oxide films.~Figure 8 
shows the ga lvanos ta t ic -ca thodic  reduct ion of the 
anodic oxide  films, where  the potent ia l  decay and the 
amount  of coba l t ( I I )  ion dissolved from the films are  
p lo t ted  as a function of cathodic charge passed. In  
this figure, the film is formed for 1 hr  at  a given 
potent ia l  in the solution of pH 10.0 and reduced by a 
cathodic cur ren t  of 10 /~A/cm 2 in the solut ion of pH 
8.42. Obviously,  the anodic film formed in passive 
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Fig. 5. Variation of anedic current i a and dissolution current i d 
with time for cobalt at constant potential in passive regions II and 
III in borate solution pH 8.42. The dissolution current is the average 
for i hr. 
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Fig. 6. Variation of active peak current iam, primary passivity 
current ipl, and tertiary passivity current ip3 with pH for anodic 
oxidation of cobalt in borate solutions. The current is measured 
I hr after the start of oxidation. 

I 0  

pH : 7.4r5 

E~ I 1 ~  9.28 
. :o:o 

0.0 0.4 0,8 .2 1.6 

E ( V v s  HESS ) 

Fig. 7. Anodic film-charge~potential curves of cobalt in borate 
solutions. The film charge Qf - Qa - Qd, where Qa is the anodic 
charge passed for 1 hr and Qd the charge equivalent to cobalt 
dissolution (Qd = Wd/2F) .  

region I shows a r ap id  cathodic potent ia l  decay  to 
an oxide reduct ion potent ia l  --0.55V (SHE) s l ight ly  
more  noble than the final potent ia l  and no coba l t ( I f )  
ion is produced in the solution dur ing  the cathodic 
reduction,  indicat ing that  the p r i m a r y  passive film 
of coba l t ( I f )  oxide or hydrox ide  is reduced to meta l -  
lic cobalt. The film formed in passive region I l l ,  how-  
ever, shows a definite a r res t  in the potent ia l  decay 
and produces  coba l t ( I f )  aquo-ions  in the solut ion 
dur ing  its cathodic reduction,  indica t ing  that  a h igher  
va lent  cobal t  oxide is reduced to soluble coba l t ( I I )  
ions. 

The cathodic dissolution of the film as cobalt(If) 
ions, which occurs only with the film formed in pas- 
sive regions II and Ill, differs with different solution 
pH in which cathodic reduction is carried out. Figure 9 
shows the cathodic dissolution curves in di~erent pH 
solutions for the anodic oxide film formed at a con- 
stant potential in passive region Ill in the solution of 
pH I0.0. After an induction period of about 0.I mC/ 
cm 2, the amount of cobalt (If) ion dissolution increases 
nearly linearly with 'the cathodic charge passed and 
then gradually approaches a maximum value Wd max. 
The broken line in Fig. 9 refers to the theoretical 
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anodic oxide films formed in passive regions I and III. The film, 
formed potentiostatically for 1 hr in borate solution pH 10.0, is 
reduced by cathodic current 10 #A/cm 2 in borate solution pH 
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Fig. 10. Differential current efficiency ~1 and integral efficiency 
Wdmax/Wd T of reductive dissolution of an anodic oxide film on 
cobWt as a function of solution pH used for cathodic reduction. 
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Fig. 9. Cathodic reduction curves of an anodic oxide film on 
cobalt in borate solutions ,oH 6 ,-~ 10. The film, formed for 1 hr 
at +0.75V (SHE) at pH 10, is reduced by cathodic current 10 ~A/  
cm 2 to measure the amount of dissolution Wd as a function of 
cathodic charge Qe in various solutions. 

cathodic dissolution of stoichiometric Co804, Coa04 + 
8H + + 2e --> 3Co 2+ + 4H20, and hence its slope can 
be used as a reference of differential current  efficiency 
n for cathodic dissolution of the film. A l imit ing value 
in  the broken l ine represents the total amount  of 
cobalt Wd w in  the film assuming a single layer of 
CosO4. As shown in  Fig. 10, both differential current  
efficiency ~ and max imum amount  of dissolved co- 
bal t  (II) ion Wd max increase with decreasing pH. Notice 
that  *1 reaches 100% at pH 6.48, though Wd max is 
smaller  than Wd w even at this pH. The cathodic cur-  
ren t  density in  a range 2 ,~ 50 ~A/cm" has a slight 
influence on ~/Vd max but  produced no effect on n. 

Because of the differential current  efficiency ~ = 
100%, the solution of pH 6.48 and the current  density 
of 5 ~A/cm 2 were employed as a s tandard cathodic 
reduct ion method to measure the composition of the 
anodic oxide films formed at different potentials in  
the solution at pH 8.42. Results are shown in  Fig. 11, 
where the broken line a g a i n  refers to the cathodic 
dissolution of Co304. Noticeably, the film formed at 
+0.65V (SHE) in passive region II dissolves along 
the theoretical Co304 dissolution curve without  any 
induct ion charge for cathodic dissolution, indicat ing 
that  at least the outer part  of the film is Co304 or 
Co304-nH~O. The film formed at +0.85,  1.05, and 

- "r  ,dati'on. 42 ,o: ,  , r  , <  ' '. 

�9 / 2 o.85v (P.r,) %~ / / ~ _ f ~ ' ~  - 
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Cathodic charge, Qc (mC/cm2 } 

Fig. 11. Cathodic reduction curves of anodic oxide films on 
cobalt in passive regions II (+0.65VsHE), III (+0.85V and 
+I .05VsHE) and in transpassive region (+1.25VsHE). The film, 
formed for 1 hr at pH 8.42, is reduced by cathodic current 5 ~A/  
cm ~ in borate solution pH &48. 

1.25V (SHE) in  passive region III, however, requires 
an induction charge Qc ~ before the cathodic dissolu- 
tion occurs at the same rate as C0304, indicat ing that  
the outer part  of the film is in the oxidation state 
higher than C0304 or contains a significant amount  
of cobalt ion vacancy, C03-~O4. Furthermore,  it  is 
found that the induct ion charge Qc o and the charge 
Qr M, beyond which the slope of the cathodic dissolu- 
tion curve deviates from that of the theoretical Co304 
dissolution curve, both increase with the potential of 
fiim formation. As shown below, these two charges 
Qc o and QcM may be used to estimate the nonstoichio- 
metric composition of the anodic oxide films. 

Discussion 
The anodic oxide film in passive region L--As shown 

in  Fig. 7, an anodic, prepassive oxide film begins 
to form at a critical potential  of about +0.15-0.059 pH 
(VsHE), where cobalt is in the active state (Fig. 1 
and 2). This critical potential  is close to the equi l ib-  
r ium potentials (13-15) for the anodic formation of 
CoO, ~-Co(OH)2, and E-Co(OH):  Eeq(Co/CoO) = 
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+0.135-0.059 pH (VSHE), Eeq(Co/a-Co(OH)2)  ~- 
+0.15-0.059 pH (VsHE), and Eeq(Co/#-Co(OH)2)  = 
+0.08-0.059 pH (VsHE). This prepass ive  oxide film, 
which is assumed to be CoO or  Co(OH)2,  grows to be 
the, p r i m a r y  oxide  film in passive region I. The fact  
tha t  the  ga lvanos ta t ic  cathodic reduct ion  of the  film 
formed in passive region I does not  produce  any de-  
tec table  amount  of c o b a l t ( I I )  ions in the solut ion 
(Fig. 8) provides  indi rec t  evidence for a coba l t ( I I )  
oxide  or  hyd rox ide  film, which is reduced  to meta l l ic  
cobal t  a t  cathodic potent ials .  

I t  is also shown in Fig. 7 that  the amount  of anodic 
charge  for the  p r i m a r y  oxide  film in passive region I 
is a lmost  constant  at  2 ~ 2.5 m C / c m  2 in the  pH range  
f rom 7 to 10, which corresponds to the thickness of 
12 ,~ 15A for a film of CoO (dens i ty  5.7 ,-, 6.7 g / cm 3) 
and 27 ~ 33A for a film of Co(OH)~ (dens i ty  3.6 
g / c m  3) wi th  the roughness  factor  of the surface 7 ---- 1. 
In  the previous  paper  (12) the film thickness in re -  
gion I has been es t imated  by  e l l ipsomet ry  to be about  
25A, which  is close to the  thickness  ca lcula ted  above 
for  Co(OH)2 ra the r  than  CoO. It  thus appears  tha t  
the  anodic oxide  film in passive region I is hydra ted .  

There  is a s l ight  increase  in both dissolut ion cur -  
ren t  ia (Fig. 1 and 2) and film charge  Qf at  potent ia ls  
close to the secondary  pass ivat ion potent ia l  E~,,~. This 
is due to the  fo rmat ion  of a h igher  valence oxide, 
p r o b a b l y  giving r ise to the  pa r t i a l  b r eakdown  of the 
h y d r a t e d  CoO film. 

The anodic oxide film in passive regions II and III.-- 
The anodic oxide films in passive regions II  and I I I  
a re  charac te r ized  by  the cathodic potent ia l  decay with  
two poten t ia l  a r res ts  and by  thei r  cathodic dissolu-  
t ion as coba l t ( I I )  ion in the first potent ia l  arrest ,  
which  suggests a t w o - l a y e r e d  film consist ing of an 
ou te r  l aye r  of h igher  valence  oxide  and an inner  
l aye r  of lower  oxide, p robab ly  CoO. The cathodic 
charge  requ i red  for  the first potent ia l  a r res t  corres-  
ponds to the reduct ion  of a h igher  valence oxide 
l aye r  and hence m a y  be used as a measure  of i ts 
thickness.  

F igu re  12 shows the cathodic charge  for the  first 
potent ia l  a r res t  as a funct ion of the potent ia l  at  which 
the anodic oxide film has been formed for 1 hr  at  
var ious  pH solutions. Evident ly ,  the h igher  valence 
oxide begins to form at about  +0.75V (HESS) ,  which 
is consis tent  wi th  the e l l ipsometr ic  measurements  
(12). Since the  h igher  valence oxide  in passive region 
I I  has been identif ied as Co~O~ (Fig. 11), this cr i t ica l  
potent ia l  is represen ted  by  Ecoo/coso~ = +0.75V-0.059 
pH (Vs~E), which  is compared  wi th  the equ i l ib r ium 
potent ia l  (13), Eeq(CoO/Co304) -~ +0.6.5-0.059 pH 
(VsH~). The secondary  pass ivat ion  potent ia l ,  E,2 ---- 
+0.85-0.059 pH (VsHE), is 0.1V more  anodic than  

1,2 

0.8 
I 

E 

"(~ 0,4 

i I I 

D pH = s Co/Borate o A.~ 
0 8.42  Ih EP3 ~ ' / I - -  

10.0 ..T" 

n VQ~ =3Q c E 

(Co20s) ~ ~ v ~ ~  1.6 "~ 

g 

0.0 i J 0.0 
0.8 I.O L2 1.4 

E ( V vs HESS ) 

Fig. 12. Cathodic charge Qc' for first potential arrest in cathodic 
reduction curves and anodic charge Qf' for the outer layer (Co304 
or Co203) as a function of potential of film formation. The film, 
formed for 1 hr at different pH, is reduced by cathodic current 
5 #A/cm 2 in borate solution pH 6.48. 

Ecoo/co3o4, indica t ing  tha t  a cer ta in  thickness  or cov- 
erage of the h igher  valence oxide  l aye r  is requi red  
for the secondary  pass ivat ion  to occur. 

The anodic oxide film formed in passive region II I  
exhibi ts  an induct ion per iod  in its cathodic disso- 
lu t ion as coba l t (H)  ions (Fig. 11). This is a t t r ibu ted  
to the  reduct ion  of excess oxygen  in the film 

8~ 8~ 
Cos-~04 + ~ H + + ~ e 

3 3 

where  a denotes the nons to ichiometry  of CocO4. I t  is 
thus assumed tha t  the cathodic charge Qc o requi red  
f o r ' t h e  induct ion per iod corresponds to the amount  of 
nonsto ichiometry  ~ and that  the cathodic charge QoM 
(Fig. 11) is equiva lent  to the  coulomb requ i red  for 
the  dissolution of Coa-~O4 to coba l t ( I I )  ions. Then, 
the nons to ichiometry  A m a y  be es t imated  f rom Qc o 
and Qc M b y  use of the  re la t ion  Qeo/Q~ M = 4.~/(3 + 
3~). F igure  13 shows Qeo/QcM and A as a funct ion of 
potent ia l  for the  film formed at  pH 8.42. The non-  
s to ichiometry  ~ is seen to change f rom ~ = 0 to 
~ __ 0.33 .and hence the  oxida t ion  s tate  of the  film 
from CoaO4 to Co~Os at  about  + l . 2 V  (HESS) .  This 
potent ia l  agrees  wi th  the  cr i t ical  potent ia l  tha t  sep-  
ara tes  passive region II  f rom passive region  I I I  in 
the anodic dissolut ion curve (Fig. 2); Eps ---- +1.25- 
0.059 pH (VsHE)o The corresponding equ i l ib r ium po-  
tent ia l  (13) is Eeq(Co8OjCoOOH) ---- +1.15-0.059 pH 
(VsHE). I t  has been shown in the  previous  paper  
(12) that  the  opt ical  constant  of the outer  l aye r  of 
the film also changes at  this cr i t ical  po ten t ia l  Eps. 

The anodic charge  Q / f o r  the h igher  valence  oxide 
l aye r  is es t imated  f rom the cathodic charge Qj re -  
qui red to reduce i t  to coba l t ( I I )  aquo-ions,  as shown 
in Fig. 12. The l aye r  thickness is ca lcula ted  from Q/ 
by  using the th ickness /coulomb rat io  5.11 A / m C  for 
Co304 (dens i ty  6.1 g/cm3) and 5.53 A / m C  for Co~O3 
(dens i ty  5.2 g/cm~). Fur the rmore ,  subs t rac t ion  of Q/ 
f rom the total  film charge  Qf (Fig. 7) gives the  anodic 
charge for  the inner  CoO layer ,  which then  al lows 
the inner  l aye r  thickness to be computed.  The th ick-  
ness of both layers  thus es t imated  for the anodic oxide  
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Fig. 13. Ratio Qe~ M in cathodic reduction curves and non- 
stoichiometry /~ of the outer Co3-~O4 layer of anodic oxide films 
as a function of potential of film formation. 
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Fig. 14. Thickness/potential curves for anodic oxide films farmed 

on cobalt for 1 br in borate solutEon pH 8.42; Lin represents the 
inner CoO layer and lout the outer layer. 

film formed at  pH 8.42 is shown in Fig. 14, where  the 
e l l ipsomet r ica l ly  es t imated  thickness is also shown for 
comparison.  Notice tha t  the coulometr ic  thickness 
es t imat ion assumes anhydra t ed  oxide films and hence 
would  give a smal le r  thickness than  expected for 
h y d r a t e d  oxide  films. The main  reason for the dis-  
c repancy be tween  the coulometr ic  and el l ipsometr ic  
thicknesses is p robab ly  the hyd ra t ed  na ture  of the 
anodic oxide films. 

Conclusion 
1. The anodic oxidat ion  of cobal t  in borate  solutions 

of pH 7 ~ 11 gives rise to the active dissolution, the 
passivation,  and the t ranspassivat ion,  depending on 
the potent ia l .  

2. The passive potent ia l  range can be d iv ided  into 
the three  regions; the p r i m a r y  pass ivi ty  (region I) ,  
the  secondary  pass iv i ty  ( region I I ) ,  and the t e r t i a ry  
pass iv i ty  ( region I~I). 

3. In region I, which extends f rom +0.4-0.059 pH 
(Vs,{E) to +0.8-0.059 pH (VsHE), a hydra t ed  co- 
b a l t ( l I )  oxide about  25A thick is formed at  pH 7 ,-, 
10, and the dissolution cur ren t  ipl nea r ly  independent  
of potent ia l  decreases wi th  increasing pH; log iD1/A 
cm -2 --  --0.44-0.63 pH in 1 hr  oxidat ion.  

4. In  region II  f rom +0.9-0.059 pH (VsHE) to +1.3-  
0.059 pH (VsHE), an oxide or hydra t ed  oxide film of 
Co304, whose thickness increases wi th  potent ia l  up 
to 15A, is fo rmed on the CoO film, and the dissolution 
cur ren t  ip2 is much smal ler  than  ipl; log ipJA cm-~  
= --7.5 at  pH 8.42 in 24 hr  oxidation.  The total  film 
thickness is es t imated  to increase f rom 15 to 50A 
wi th  potent ia l .  

5. In  region I I I  more anodic than +1.3-0.059 pH 
(VsHE), an oxide  or hyd ra t ed  oxide film of Co.~O3, 
whose thickness increases wi th  potent ia l  f rom 15 to 
35A, is formed on the CoO film, and the dissolution 
current  ip8 is smal ler  than  i,2; log ipJA cm -2 --  --8.0 
at  pH 8.42 in 24 hr  oxidat ion.  

6. The t ranspass ive  dissolution begins to occur at  
about  +1.1 (VsHE) near ly  independent  of pH, and 
the anodic oxide film in the t ranspass ive  region is 
the same in composit ion as that  in passive region III. 

7. The anodic oxygen  evolut ion begins to occur at 
/-1.4-0.059 pH (VSHE), i r respect ive  of the passive and 
t ranspass ive  dissolution of cobalt.  

8. The passive oxide  films can be ca thodical ly  re-  
duced to obta in  an ox ide- f ree  cobalt  surface. In  bora te  
solut ion at  pH 6.48, the  cathodic cur ren t  of 5 ~A/cm2 
reduces the outer  Co2Os layer  to a Co304 layer ,  which 
is then reduced to Co 2+ ions at  the different ial  cur -  
rent  efficiency ~ = 100% before  the onset of the re-  
duction of the inner  CoO layer  to metal l ic  cobalt.  

Manuscr ip t  submi t ted  March 21, 1978; revised manu-  
script  received May 30, 1978. 

Any  discussion of this pape r  wi l l  appear  in a Discus-  
sion Section to be publ ished in the June 1979 JOURNAL. 
Al l  discussions for the June  1979 Discussion Section 
should be submi t ted  by  Feb. 1, 1979. 

Publication costs ol this article were assisted by 
Hokkaido University. 
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