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The oxygen evolut ion react ion (OER)  was investigated on polished pure nickel electrodes preanodized 
for 30 min in nonpuri f ied  30 wt % K O H  at 70 ~ C prior  to de te rmina t ing  the kinetic parameters  o f  the 
OER.  The electrolyte conta ined  up to 0.8 mM dissolved cobal t  and  the preanodiza t ion  current ,  i a, 
ranged f rom 0.05 to 5 A cm -2. In the presence o f  dissolved cobalt ,  an anodic  coat ing of  C o O O H /  
Co304 is fo rmed  on the nickel substrate.  The electrocatalytic activity increases as ia or  the concen- 
t ra t ion  in dissolved cobal t  is increased. Wi th  0.4 mM dissolved cobalt ,  the improved  electrocatalytic 
activity is due to a l inear increase in exchange current  densi ty th rough  the charge associated with the 
reduct ion of  the loading.  The Tafel  slope remains  unaffected.  

1. Introduction 

One of the significant factors contributing to the lower 
performances of alkaline water electrolysis is the over- 
potential associated with the oxygen evolution reac- 
tion (OER) [1-3]. Nickel or nickel-based electrodes 
are considered attractive for the OER in the presence 
of hot concentrated alkaline solutions because nickel 
is relatively cheap, it is corrosion-resistant in the pres- 
ence of concentrated KOH solutions and it has good 
electrocatalytic activity for the OER compared with 
those associated with expensive electrode materials. 

The OER overpotential, r/o2, can be significantly 
reduced by adding metallic species, e.g. Fe(II)/Fe(III) 
or Co(II) [4-6], to the concentrated KOH solution. 
The addition of cobalt (II) to a 30 wt % KOH at 90 ~ C, 
resulting in the activation of nickel anodes during 
electrolysis at a current density of 1 A cm -2, has been 
reported [6]: ~/o2 is ~ 0.29 V after 200 h at 1 A cm -2, ~/o2 
being stable with an anodic loading in cobalt of 
4 mg cm -2 or more. The authors postulate that cobalt 
is present mainly in the form of Co304 (spinel-type 
oxide) anodically deposited on the nickel substrate, 
while Co(II) is dissolved in the form of Co(OH)42 by 
adding cobalt nitrate to the caustic medium. No further 
information is given about either the amount of dis- 
solved Co (II) in the electrolyte or the morphology of 
the coating and its influence on the kinetic parameters 
of the OER. 

The present study investigates the activation of 
nickel anodes during electrolysis of 30 wt % KOH at 
70~ in the presence of Co(III) species introduced 
by dissolving tris(ethylenediamine) Co(III) chloride 
hydrate. The concentration of Co(III) species was 
varied up to 0.8 mM. The nickel electrode was pre- 
anodized at a current density ranging from 0.05 to 
5 A cm 2 before measurement. Special attention was 
paid to the influence of the Co(III) concentration and, 

in particular, to the preanodization current on the 
characteristics of the anodic deposit on the nickel 
substrate. 

2. Experimental details 

Cell preparation is described in detail elsewhere [7]. 
The working electrode consisted of a vertical 0.05 cm 
diameter nickel or cobalt wire (Met. Res. Corp. 
99.99%) polished with alumina paste (1 #m). 

The sample surface area was 0.157 cm 2. The tem- 
perature of the deaerated 30 wt % KOH aqueous sol- 
utions was maintained constant at 70~ by means of 
a Lauda M20 thermostatic bath. 

The electrodes were preanodized for 30 min at an 
anodic current density (ia) ranging from 0.05 to 
5 Acm -2. In some experiments, cobalt, in the form of 
tris(ethylenediamine) Co(III) chloride hydrate, was 
dissolved in the electrolyte; the Co(III) species ranged 
in concentration from 0.2 to 0.8 mM. 

In a first set of experiments, the OER kinetic par- 
ameters were obtained after preanodization in the 
presence of either 0.4mM dissolved cobalt with ia 
ranging from 0.05 to 5Acm 2 or 0, 0.2, 0.6, and 
0.8ram dissolved cobalt with ia = 0.5Acre z. Im- 
mediately after preanodization, an anodic current of 
0.052Acm -2 was applied for 1 min then decreased 
galvanostatieally until a value of 1.1 x 10 - 4  Acm -2 
was reached. The Tafel parameters were determined 
from r/o2 corrected for the/R-drop.  

In a second set of experiments, the nature of the 
accumulated oxides or hydroxides was investigated by 
cyclic voltammetry. Immediately after preanodization 
under experimental conditions similar to those associ- 
ated with the first set of experiments, the electrode 
potential was varied in the cathodic direction at a 
scan rate of 0.1 V s- 1 and potentiodynamic traces were 
recorded. 
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The potentials were measured against a Hg/HgO/ 
30 wt % KOH reference electrode at 70 ~ C. The experi- 
mental value of  the reversible potential for the hydro- 
gen reaction in 30 wt % KOH at 70~ was - 0 . 9 2  V 
with respect to this electrode, i.e. the reversible poten- 
tial for the OER was + 0.278 V. 

The solutions were not purified prior to the experi- 
ments. The metallic impurities contained in the 
fresh 3 0 w t %  KOH solutions were A1 (2.5p.p.m.), 
Pb (2.3p.p.m.), Cr (1.3p.p.m.), Ni (0.6p.p.m.) and 
Fe (0.6 p.p.m.). 

3. Results 

3.1. OER 

The oxygen overpotential, t/o 2 (/R-corrected), is plotted 
against log current density in Fig. 1. The nickel 
(curve a) and cobalt (curve b) electrodes were pre-  
anodized with an electrolyte containing no dissolved 
cobalt (referred to below as NDC electrolyte) while in 
the case of  curve c preanodization was carried out on 
a nickel substrate in the presence of  0.4 mM dissolved 
cobalt prior to the kinetic measurements. The pre- 
anodization time was 30min and the current was 
0.5 A cm -2. With NDC electrolyte, it was noted that 
qo2 is lower for cobalt than for nickel at any current 
density value. The exchange current density (io) and 
Tafel slope (b) are, respectively, 2.52 x 10 -7  Acm 2 
and 0.077 V dc ~ in the case of  nickel (curve a) com- 
pared to 0.89 x 10 7Acm 2 and 0.061Vdc -I for 
cobalt (curve b). 

The addition of 0.4mM dissolved cobalt to the 
electrolyte resulted in a large decrease in t/o 2 (curves a 
and c); for example, at 0 .052Acm -2, t/o 2 was 0.137V 
lower. In the latter case (curve c), io and b are, respect- 
ively, 29.4 • 10 7 Acm-2 and 0.064Vdc 1. Conse- 
quently, b is practically the same for a cobalt electrode 
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Fig. 1. Tafel lines for the O E R  after preanodization at 0.5 A c m  -2 
in 30wt % K O H  at 70~ Preanodization time: 30min: r/o 2 values 
are/R-corrected.  (a) Pure nickel substrate with no dissolved cobalt. 
(b) Pure cobalt substrate with no dissolved cobalt. (c) Pure nickel 
substrate in the presence of  0.4 mM dissolved cobalt. 
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Fig. 2. Influence of  preanodization current density on Tafel lines 
for nickel preanodized in the presence of  0.4 mM dissolved cobalt. 
Preanodization time: 30 min; qo values are /R-correc ted  (30 wt % 
KOH,  70~ Current  density, l~2a: (a) 0.05, (b) 1, (c) 5Acre  2. 

preanodized with NDC electrolyte (curve b) as for a 
nickel electrode preanodized with dissolved cobalt 
(curve c). 

The electrocatalytic activity of the nickel anode 
towards the OER also depends on the preanodization 
current, as illustrated in Fig. 2. In the presence of 
0.4mM dissolved cobalt, qo2 at 0 .052Acm : shifts 
from 0.296V for ia = 0.05Acre -2 to 0.235V for 
ia ---- 5 A cm -2. The kinetic parameters of the OER 
under the experimental conditions corresponding to 
Fig. 2 are summarized in Table 1 for ia ranging from 
0.05 to 5 A c m  -2. It is observed that b is practically 
constant with ia; consequently, the improvement in 
the electrocatalytic activity towards the OER with 
higher values of ia is due to the increase in io as ia is 
shifted from 0.05 to 5 A cm -2. 

As shown in Fig. 3, the electrocatalytic activity of  
the nickel anode is influenced by the dissolved cobalt 
concentration in the electrolyte; for example, t/o 2 at 
0.052 A cm-Z is 0.282 V with 0.2 mM dissolved cobalt 
compared to 0.261V with 0.8mM dissolved cobalt. 
Preanodization was carried out at 0 .5Acm 2 for 
30 min. The kinetic parameters of  the OER are sum- 
marized in Table 2. It is observed that the influence of  
the Co(III) concentration on the kinetic parameters is 
small compared to the influence of the preanodization 
current (Table 1). 

Table 1. Tafel parameters for  the OER after preanodization at dif- 
ferent current densities* in the presence o f  O.4mM Co 

Preanodization i o • 107 b 
current ( A cm-  2) ( V de - i ) 
(Acm -2) 

0.05 13 0.065 
0.2 14 0.063 
0.5 29 0.064 
0.8 42 0.065 
1 62 0.067 
2 76 0.066 
5 80 0.062 

* 30 min preanodization in 30 wt % K O H  at 70 ~ C 
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Fig. 3. Tafel lines after 30rain preanodization in the presence 
of  different dissolved cobalt concentrations in 30 wt % K O H  at 
70 ~ C. Preanodization time: 30 min and i a = 0.5 A cm -2 for concen- 
trations: (a) 0.2 (b) 0.6 and (c) 0.8 mM Co(III). 

Table 2. Tafel parameters for the OER after preanodization* at 
0.5 A cm -2 in the presence o f  dissolved cobalt 

Concentration i o • 107 b 
& dissolved cobalt (A cm -2) (Vdc -~ ) 
(mM) 

0.2 9.3 0.060 
0.6 26 0.062 
0.8 31 0.062 

* 30 min preanodization in 30wt % K O H  at 70~ 

3.2. Nickel surface after preanodization 

SEM pictures of  the nickel surface after preanodization 
at 0.05, 0.5 or 5Acre  -2 in the presence of 0.4mM dis- 
solved cobalt are given in Fig. 4. For ia = 0.05 A c m  -2, 
small nodules of  a precipitate are observed on the 
nickel substrate (Fig. 4a). The nodule size and number 
per unit area increase as ia is raised from 0.05 to 

Fig. 4. Nickel surface after 30 min preanodization in the presence of 0.4 mM dissolved cobalt (30 wt % KOH,  70 ~ C). Preanodization current: 
(a) 0.05; (b) 0.5; (c) 5 and also (d) 5Acre  2. 



O X Y G E N  E V O L U T I O N  O N  N I C K E L  E L E C T R O D E S  615 

Fig. 5. Nickel surface after 30 min preanodization at 0.5 A cm 2 in the presence of  dissolved cobalt (30 wt % KOH, 70 ~ C). Concentration 
in dissolved cobalt: (a, b) 0.2, (c, d) 0.6 and (e, f) 0.8 mM Co. 
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0.5Acm -2 (Fig. 4b). For  ia = 5Acre  -2, a coating 
containing cracks (Fig. 4c) and holes with a diameter 
ranging from 1 to 6/~m (Fig. 4d) is observed on the 
nickel surface. 

The influence of  the dissolved cobalt concentration 
on the morphology of the anodic deposit is illustrated 
in Fig. 5. The preanodization current is 0 .5Acm -2 
for 30rain. The precipitate takes the form of  large 
nodules, some with a diameter of  several ~tm (Fig. 5a 
and b) when 0.2 mM Co(III) is dissolved in the elec- 
trolyte. From 0.2mM Co(III) to 0.6raM (III), the 
amount  of  precipitate on the nickel electrode increases 
(Fig. 5c and d) while its morphology is practically 
unchanged; the main difference is that small cracks are 
present in the anodic coating with 0.6mM Co(III) 
(Fig. 5d). The morphology of the anodic coating is 
different in the presence of 0.8 mM dissolved cobalt 
(Fig. 5e and f): nodules with a diameter of typically 
0.7 #m are attached together and the coating is heavily 
cracked. 

EDX analysis of  surfaces corresponding to Figs 4 
and 5 reveals that the anodic deposit contains cobalt. 
Elements with an atomic weight below 23 could not be 
detected with the probe available. 

3.3. Nature of the deposit 

The nature of  the deposit on the electrode surfaces 
after preanodization was investigated by linear sweep 
voltammetry. Potentiodynamic traces were recorded 
after 30 rain preanodization of a nickel wire electrode 
at i, = 0.05, 0.5 or 5 A c m  2 in the NDC electrolyte 
in Fig. 6. Two reduction peaks, I and II, are present 
for i, -- 0.5 or 5Acre-2;  I is the dominant peak 
and is the only peak present for i~ -- 0 .05Acm -2 
(located at ,-~ + 0.30VHgmgo). The charges QI and Qn 
related to peaks I and II are, respectively, 6.8 and 
0 m C c m  -2 for i, = 0.05Acre-2;  7.2 and 2.1 m Ccm  -2 
for i~ = 0.5Acre 2; and to 17 and 4.1 mCcm -2 for 
ia = 5 A cm -2. Peak I is ascribed to the reduction of  
f l-NiOOH to Ni(OH)z on nickel [8] and, since it has no 
doublet, it is deduced that ~-NiOOH is not present [9]. 
Peak II is attributed to the reduction of  Ni304(5), 
i.e. NisO4 ~ Ni(OH)2. 
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Fig. 6. Potentiodynamic traces after oxygen evolution on Ni in 
30 wt % K O H  at 70 ~ C. Current  densities, i~ (applied for 30 min): 
(a) 0.05, (b) 0.5 and (c) 5 A c m  2. Scan rate: 0.1 V s - l  was applied for 
30 rain. 
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Fig. 7. Potentiodynamic traces after oxygen evolution on Co in 
30 wt % K O H  at 70 ~ C. Current densities, i~ (applied for 30 min): 
(a) 0.05, (b) 0.5 and (c) 5Acre  -2. Scan rate: 0.1 Vs  -I. 

Potentiodynamic curves recorded after preanodiz- 
ation of cobalt at ia = 0.05, 0.5 or 5 A cm -2 in the N D C  
electrolyte are presented in Fig. 7. Two reduction 
peaks are present, with peak I located at ~ 0.32 VHg/Hg O 
and peak II at ~ - - 0 . 0 2 V H g / H g  o .  Peak I is broad, 
while peak II is narrow and dominant. Peak I is 
probably due to the reduction of CoOOH to Co(OH)2 
and peak II to the reduction of  C0304 to Co(OH)2 
[10, 11]. QI = ~ 9 mC cm- 2 and Q n  = "~ 32 mC cm-2 
for ia = 0.05Acm-2;  QI = "~49mCcm-2 and 
Qn = ~ 7 3 m C c m - 2  for ia = 0 .5Acm -2 while 
Ql = "~41mCcm-2 and QII = ~ 9 0 m C c m - 2  for 
ia = 5 A c m  -2. 

Voltammograms of preanodized nickel in the pres- 
ence of  0.4 mM dissolved cobalt in the electrolyte are 
given in Fig. 8. The preanodization time was 30 min 
and ia ranged from 0.05 to 5 Acm -2. A large broad 
peak (I) located at ~ + 0.3 VHg/Hg O is followed by a 
narrow peak (II) located at - 0 . 0 3 - 0  Vng/Hg O- 

The shape of  the curves and the peak location are 
very similar in Figs 7 and 8 but in Fig. 8 a large 
increase in Q~ and Q~ is noted when i, shifts from 
0.05 to 5 A c m  -2. Q1, Qn and QI + Q~I = QTot are 
expressed against the preanodization current in Fig. 9. 
At any i, value, Qn = ~Q l  and Q1, QH and Q~ot 
increase almost linearly with ia up to ~ 1 A cm -2. 

The shape of  the potentiodynamic traces and the 
location of the reduction peaks were similar to those 
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Fig. 8. Potentiodynamic traces after preanodization o f  nickel elec- 
trodes in the presence of  0.4 rnM dissolved cobalt in 30 wt % KOH,  
70~ Current  density, i~: (a) 0.05, (b) 0.5 and (c) 5 A c m  -2. Scan 
rate: 0.1 Vs  - l .  
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of  Fig. 8 for dissolved cobalt concentrations of  0.2, 0.6 
and 0.8 mM. 

4 .  D i s c u s s i o n  

The kinetic parameters of  the OER on preanodized 
nickel at i~ = 0.44 A cm 2 for 20 min in a nonpurified 
30 wt % K O H  at 70 ~ C range from 0.064 to 0.077 V dc 1 
for b and from l.3 x 10-Tto10 x 10 7 A c m  2forio 
[5]. These values are consistent with the values reported 
in the present investigation for nickel with b = 
0.077Vdc ~ and i o = 2.5 x 10 7 A c m  2 (curve a, 
Fig. 1). In the latter case, i, = 0 . 5 A c m  2 and the 
preanodization time was 30rain, with no dissolved 
cobalt in the electrolyte. 

With regard to the OER in a pre-electrolyzed K O H  
solution at 70~ b = 0.060Vdc -~ and io = 1.0 x 
10 -7 A c m  -2 for a cobalt electrode preanodized for 
20rain at 0 .44Acm 2 [5]. These values are close 
to those reported in the present investigation for 
a preanodized cobalt electrode at ia ---- 0 . 5 A c m  2, 
i.e. b = 0.061Vdc -1 and io = 0.89 x 10-7Acre  -2 
(curve b, Fig. 1). 

A Tafel slope 2/3 (2.3) R F T  l is compatible with 
two mechanisms [10, 11, 13]. The RDS of  the first is: 

C o O  2 --~ O a d  " +  C o O  2 �9 O -t- e (1) 

and of the second: 

CoOOH + O H  ~ C o O 2  + H20 + e-  (2) 

A slope value of ~ 1 (2.3) R T F  ~ is compatible with 
a mechanism [10] whose RDS is: 

OH + OH ~ O + H20 (3) 

Since b is ~ 0.88 ( 2 . 3 ) R T F  -~ in the present inves- 
tigation (curve b, Fig. 1), it is deduced that the RDS 
corresponds mainly to Reaction 3. 

For  a nickel electrode preanodized in the presence 
of dissolved cobalt, f rom 0.2 to 0.8mM Co(III) ,  b 
varies from 0.86 to 1 (2.3) R T F  -~ for ia ranging from 
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Fig. 9. Q~, Q,I and QI + Q~ against the preanodization current. 
The experimental conditions are those corresponding to Fig. 8. 
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Fig. 10. The exchange current density (io) against the total charge 
of" reduction obtained on potentiodynamic traces alter preanodiz- 
ation of" nickel electrodes in the presence of" 0.4 mM dissolved cobalt. 
io values are given in Table 1. Values of QTot = (Q~ + QII) are given 
in Fig. 9. 

0.05 to 5 A cm -2 (Fig. 2 and 3, Table 1). Consequently, 
it is deduced that the RDS of the OER also corre- 
sponds to Reaction 3. 

The improvement in the electrocatalytic activity of  
a nickel electrode when the preanodization current is 
raised (Fig. 2 and Table 1) is related to the increase in 
io with ia when preanodization is done in the presence 
of 0.4 mM Co(III).  This behavior is consistent with the 
accumulation of a porous anodic coating on the nickel 
surface (Fig. 4) while the amount  of  charge associated 
with the reduction of the coating, QTot, increases sig- 
nificantly from 0.05 to 5 A cm -2 (Fig. 9). The values of  
io in Table 1 are expressed against the total charge 
associated with the reduction in preanodized nickel in 
Fig. 10. The exchange current density increases linearly 
with a slope of ~ 17 x 10 -6 A C  -1, as QTot increases 
from 0.1 to 0.5 C c m  -2. This probably means that the 
interface for the OER increases linearly with the 
amount  of  anodic coating. 

The anodic coating formed on nickel preanodized 
in the presence of dissolved cobalt is most  likely 
a mixture of  C o O O H  and Co304, since the coat- 
ing contains cobalt. Furthermore,  the shape of  the 
potentiodynamic traces and the location of the reduc- 
tion peaks are very similar for cobalt preanodized in 
the absence of  dissolved cobalt (Fig. 7) and for nickel 
having an anodic coating (Fig. 8). 

In addition, reduction for the same amount  of  
cobalt for peaks I and II  required 1 C for reducing 
CoOOH to Co(OH)2 (i.e. C o ( +  3) ~ C o ( + 2 ) )  com- 
pared to 0.67C for reducing Co304 to Co(OH)2 
(i.e. C o ( + 2 . 6 7 ) ~  Co(+2) ) .  Since Qn = "~QI in 
Fig. 8, it can be concluded that, after preanodization 
in the presence of dissolved cobalt, the coating is 
CoOOH/Co304,  the latter oxide being slightly domi- 
nant. For  pure cobalt substrate preanodized in the 
absence of dissolved cobalt, the film is mainly Co304, 
since Q~ > Q . .  Since the nature of  the film is the same 
in both cases the Tafel slope is also practically the 
same. 

The presence of cracks and holes in the coating 
(Figs 4 and 5) when the amount  of  the coating is large 
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enough is probably induced by the high oxygen flow 
rate during precipitation. 

The influence of temperature on the nature and 
morphology of the anodic deposit and its electro- 
catalytic activity are under investigation. 
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