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The electrochemical behaviour of cobalt in molten alkali nitrates in the temperature range from 141 
to 321~ has been investigated. At lower temperatures the metal dissolves as Co(II); the oxidation 
product at higher temperatures is CoaO4. Nitrogen oxides are also formed. Passivation and localized 
corrosion occur under definite anode potential, Co(II) concentration and temperature conditions. 
These effects have been studied by non-stationary measurements. Co(II) dissolved in the melt can 
be electrodeposited either on cobalt or platinum cathodes. 

1. Introduction 

The electrochemical behaviour of iron and 
nickel in molten alkali nitrates has been reported 
previously, [1, 2]. The main purpose of these 
studies was to determine the potential regions 
related to immunity, corrosion and passivity of 
these metals, as theoretically established through 
the thermodynamic potential/pO z-  diagrams, 
[3, 4] and also to obtain information on the 
kinetics of those processes. 

Both the kinetics as well as the types of 
metallic oxides involved in the electrochemical 
oxidation of iron and nickel are different. This 
led us to extend the systematic study to cobalt 
electrodes dipped in molten alkali nitrates in 
order to obtain information attempting to 
establish a regular transition of the electro- 
chemical characteristics within this group of 
metals to see whether there is any correlation 
with atomic configuration. 

2. Experimental 

The experimental technique employed in this 
study was the same as described previously 
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[1, 2]. Cobalt wires (J. Matthey 99.997~, 0.5 mm 
diameter) were used as electrodes. Runs were 
also made with cold rolled cobalt plates (J. 
Matthey 99.995~, apparent area between 1 and 
6 cm2). 

The electrolyte was a KNO3-NaNO3-LiNO 3 
melt having the eutectic composition (44-5- 
37.5-18 mole 9/0, respectively) in the temperature 
range from 141 to 321~ 

The counter electrode was a platinum plate 
of large area (c. 10 cm 2) and the reference 
electrode was a platinum electrode dipped into 
the alkali nitrate melt. This electrode gives an 
arbitrary but otherwise reproducible reference 
potential [1, 2]. 

3. Results 

3.1. Products from the anodic reaction 

When a cobalt electrode is anodized at 3-4 
mA cm -2 in the melt at 250~ gases containing 
nitrogen oxides, principally NO 2 and N20, are 
formed while the melt/electrode interphase 
acquires a violet tinge which is characteristic of 
Co(II) dissolved in the molten nitrate [5, 6], 
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and the metal becomes covered with a Co30 4 
film. The oxide was identified by X-ray diffracto- 
grams, which exhibited only the e-Co and C%O4 
characteristic peaks. The same oxide film was 
found after immersion of the metal in the melt 
at 250~ for 10 h. 

When the anodic dissolution proceeds at low 
c.d. and at temperatures below 260~ or 
thereabouts, dissolved Co(II) remains as a 
stable solute in the melt. At higher temperatures 
the formation of a soluble species was also 
observed, but the latter decomposed to yield 
Co30,.  

The electrolysis carried out at 350~ yielded the 
same gases and oxide formation on the metal 
but instead of gMng soluble Co(II), black 
Co304 was precipitated in the melt. The latter 
was identified by chemical and physical methods 
(X-ray diffraction and electron microscopy). 

At 250~ and at 276~ the amount of metal 
dissolved per unit charge passed at i = 1.0 
mA cm -2 corresponded to 2.66 ( + 5 ~ )  unit 
charge per metal atom, in good agreement with 
the composition of CoaO 4. 

Localized corrosion is observed in the temp- 
erature range 141-168~ Apparently the pitting 
effect is less marked at about 215~ and the 
metal corrosion becomes more uniform. 

3.2. Stationary current/potential curves 

After immersion in the melt, the initial potential 
of cobalt lies at -0 .7  V or thereabouts. This 
potential is unstable, changing in a few minutes 
to more positive values. The rate of this change 
depends on the temperature and the Co(II) ion 
concentration in the melt. The higher the 
temperature the more positive the initial poten- 
tial. 

The potentiostatic E/Icurves, involving current 
readings at infinite time, depend at least on (i) 
the temperature; (ii) the Co(II) ion concentration 
in the melt and (iii) the direction of the potential 
change. 

At 141~ the semi-logarithmic plots of Eli 
curves of two runs (Fig. la) exhibit three 
different regions identified in the drawing as A, 
B and C. Region A extends from the immersion 
potential over a range of 0.15-0.20 V and 
corresponds to a nonlinear E/log i relationship. 
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Fig. 1. Semilogarithmic plots of anodic potentiostatic 
Eli curves, a, Runs at 141~ ([2,A) Co(II) in the melt 
initially absent, E changed upwards; b, Runs at 168~ 
(% x), Co(II) in the melt initially absent, E changed 
upwards; (e, +) Co(II) in the melt, Echanged downwards. 

Region B exhibits a linear E/log i plot with a 
slope close to 2.3(2RT/F) over nearly two 
logarithmic decades of current density, covering 
about 0.30 V. Finally, region C presents a rapid 
increase of electrode polarization. No linear 
E/log i relationship is observed in this region. 
In the returning Eli curve (Fig. lb), regions A 
and B are absent. In this case, as well as in the 
case of electrolysis interruption at high anodic 
potentials, the rest potential, E,, attained by 
the cobalt electrode, is stable and located 0.45 V 
more positive than the initial immersion 
potential. 

When Co(II) is present in the melt, region A 
exhibits a passivation effect, as soon as the 
applied potential exceeds 0.05 V above the 
immersion potential (Fig. lb). At 168~ the 
apparent Tafel region has a slope which has 
about half the value reported at lower tempera- 
tures. The rest of the Eli curve coincides with 
the one already described. However, if a second 
Eli curve is run, starting from the rest potential 
upwards, region C is the only one recorded. Now, 
the shape of the E/I curve is independent of the 
presence of Co(II) ion in the melt. 

The shapes of regions A and B continue chang- 
ing when temperature increases, this is noticed 
particularly in the continuous decrease of the 
apparent Tafel slope with temperature (Fig. 2a). 
At 215~ for instance, (Fig. 2b), a passivity 
potential is observed at -0 .43 V and at more 
positive potentials, the Eli curve exhibits two 



C O B A L T  I N  A L K A L I N E  N I T R A T E  M E L T S  243 

2 

1 , 5 - -  

1 , 0 -  

0 . 5 - -  

i O - -  
LU 

I 
- -0.5 - -  

- -0,  I 

-a o gi 1 : J  
- 2  

1 1 I I I I a 

c 2  
=- (e) 

tm,~, 

,9 

x x ,~ ,5.~ :(* x4QxO 0 

o x x x 
.Oooo x B 

'o o ~ 1 7 6 1 7 6  A 

I ! l T I 
--1 0 .1 2 5 

log t. x 10 6 (/. A cra-2J 

1 

1.5 
• 

+ 
• 

o~ C 1,0 

g (b) .2 

:0.5 ~ 

0[5  

[ 
4 

Fig. 2. Semilogarithmic plots of anodic potentiostatic Eli 
curves, a Runs at 183~ (E3,A) Co(II) in the melt initially absent, 
E changed upwards; (T,II) with Co0l)  in the melt, E changed 
downwards; b Runs at 215~169 x ) Co(II) in the melt initially 
absent, E changed upwards; ( e , + )  with Coal )  in the melt, 
E changed downwards. 

breaks, one at - 0 -2  V and another at 0.1 V. 
The latter is close to the rest potential attained 
after electrolysis interruption at high anodic 
potentials. 

At this temperature there is no linear E/log i 
region when the polarization curve is run from 
the immersion potential upwards. The returning 
curve behaves similarly to the one already 
described at lower temperatures. 

At 235~ region A is not found and the 
immersion potential is found at -0"22 V. The 
E/I curve presents a break at the rest potential, 
the latter at higher temperatures becoming more 
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Fig. 3. Semilogarithmic plots of potentiostatic anodic 
Eli curves, a Runs at 235~ (zx) Co(II) in the melt initially 
absent, E changed upwards, (T) with Co(II) in the melt, 
E changed downwards, b Runs at 254~ (�9 x ) Co(II) in 
in the melt initially absent, E changed upwards, (e,+) 
with Co(II) in the melt, E changed downwards. 

positive (Fig. 3a). However, the difference 
between the rest potential and the immersion 
potential is, as before, equal to 0.40-0.47 V. 
In spite of the changes in the E/I curves just 
described, this potential difference is nearly 
unchanged within the whole temperature range. 

At 254~ in the absence of Co(II), the immer- 
sion potential lies at about - 0.2 V, and passivity 
is observed from about 0 V (Fig. 31)) up to 
0.25 V when a residual limiting current is found. 
At higher anodic potentials, only region C is 
observed. In the presence of Co(II) the Eli curve 
starts from a potential, which in the absence of 
Co(II) corresponds to the passivity onset. At 
higher anodic potentials the features of the Eli 
curves are the same as already described. 

At 320~ the initial potential is -0 .25  V, the 
passivity onset occurs at -0"15 V and the rest 
potential lies at 0.40 V. 

3.3. Potentiostatic current/time response at the 
discontinuity of the Eli curve 

Figs. 4 and 5 show records of the periodic 
current fluctuations at constant potential. At 
250~ for a melt containing Co(II) ions this 
response first appears at 0.05 V above the 
immersion potential, the average current being 
c. 35 #A. Each period shows an abrupt anodic 
current increase up to e. 60 #A, then a decrease 
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Fig. 4. Potentiostatic I/t response at the discontinuity 
of the E/i curve, 250~ E = 0"05 V above the im- 
mersion potential. 
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Fig. 5. Potentiostatic I/t response at the discontinuity 
of the Eli curve, 250~ E = 0"35 V above the im- 
mersion potential. 

to the average current value and finally a rather 
abrupt fall down to about 15 #A. The characteris- 
tic period of this effect is 0.4 Hz. 

At about  0.350 V above the immersion poten- 
tial where a net discontinuity in the E l i  curve 
exists, the current fluctuates around an average 
value of c. 200 #A. Each period comprises an 
initial anodic current jump up to c. 350 #A, 
then a decrease down to its average value and 
finally a fall. to c. 60 #A. The effect repeats at 
0.2 Hz. 

For  any of  the periodic effects just described, 
each cycle can be divided with respect to the 
average current, into a positive and a negative 
half-cycle. 

The charge per cycle involved for the periodic 
effect recorded at the higher anodic potential is 
on the average 0.167 m e  cm -2. The charges 
involved at both half-cycles are 0.0275 mC cm-2  
for the positive and 0.0260 mC cm -z  for the 
negative one. Therefore, an average number of  
6-14x 1013 Co atom cm -2 participates in each 
half-cycle. I f  the number of  Co atoms per square 

centimetre is taken as 5.9 x 1055, then the elec- 
trode area participating in the electrode process 
is 1.04x10 -2 times the total electrode area. 
This means that  the actual current density 
associated with this phenomenon is c. 3.3 mA 
c m -  2. 

The charges involved in the periodic current 
effect are much less than those corresponding to 
the formation of a film of homogeneous thick- 
ness on the metal surface. In spite of the 'noise' 
characterizing the periodic effect, it is possible 
to draw an average smooth I/t  record to deter- 
mine the corresponding average I/t  dependence. 
Thus, during the positive half-cycle recorded at 
0.350 V, the anodic current increases linearly 
with t ~. During the negative half-cycle it 
decreases linearly also with t {. 

The absolute slopes of  both linear plots are 
very close. Thus, for the dissolution process 
AI/At ~ = 0.108 mA s -{ and for the passivation 
process (AI/At ~) = -0 .126  mA s -~. Unfortu- 
nately a similar analysis with the periodic effect 
recorded at lower potential with the present 
results is uncertain because of the high percentage 
of background noise. 

3.4. Current/time response to potentiostatic steps 

The l i t  response to potentiostatic steps depends 
strongly on the magnitude of the potential step 
(rise-time 10 -4 s). Fig. 6 shows the 1It response, 

3.3 ~zA 

" - ~  3.5 s "--- 

Fig. 6. I/t response to a potentiostatic step, 210~ 
Immersion potential: -0.250 V; final potential: 
0-100 V. Fresh electrode surface. 
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for a clean cobalt electrode whose immersion 
potential was -0 .250  V, when a 0.350 V 
potentiostatic step is applied. There is an 
instantaneous current jump of about  4 / I A ,  the 
current stabilizes for a short time and then it 
starts to rise to a value of the order of  10/zA. 

Fig. 7 shows a recording starting from -0 .120  
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Fig. 7. lit response to a potentiostatic step, 210~ 
Immersion potential: -0.120 V; final potential: 
0.050 V. Fresh electrode surface. 

V when a potential step of 0.170 V is applied. 
Within the first 0.1 s the I / t  curve reaches a 
maximum and afterwards the current decreases 
down to a few pA. 

When the experiments are conducted with a 
previously anodized and partially cleaned cobalt 
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Fig. 8. lit response to a potentiostatic step, 210~ 
Immersion potential: 0.090 V; final potential: 0.170 
V. Electrode previously used and partially cleaned. 

electrode, the initial potential is about  0.09 V 
and when a potential step of 0.080 V is applied 
(Fig. 8), a region of rather constant current, of  
the order of  30 pA, is initially attained. After one 
second or thereabouts, the current decays with 
a particular 'noise' which apparently character- 
izes the onset of  the passive state of  the metal. 

Additional differences are observed when 
anodized electrodes are used starting from 0.05 
to 0.15 V. For  small potential steps the response 
is coincident with that shown in Fig. 8, but for 
large anodic potentials two different responses 
are found. The first one (Fig. 9) shows initially, 
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Fig. 9. lit response to a potentiostatic step, 210~ 
Immersion potential: 0"090 V; final potential: 0.280 
V. Electrode previously used and partially cleaned. 
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Fig. 10. I/t response to a potentiostatie step, 210~ 
Immersion potential 0"090 V. Electrode previously 
anodized and partially cleaned. 
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the charging of the electrical double layer; at 
longer times, a maximum current is reached. 
The second type of behaviour (Fig. 10) corres- 
ponds to the existence of an initial current pla- 
teau; then the current decays down to a minimum 
value and finally it increases steadily up to its 
stationary value. Although both responses could 
be reproduced, the conditions for a standardized 
electrode surface could not be dearly established. 
Consequently no reliable quantitative relation- 
ship can be derived from the present results. 

The lit curves which exhibit a current maxi- 
mum, without considering the double layer 
charging process, approach at different time 
scales, three limiting equations. At t- .0, a 
linear lit relationship is attained. Immediately 
after reaching the maximum, the current decay 
follows a linear function with t ~. Finally, at 
times exceeding that corresponding to the 
minimum current, the latter increases again near 
linearly with t, although at a rate which is 
much slower than that found at t--*0. These 
current transients are therefore characterized by 
two definite times, t M and tin, which are res- 
pectively associated with the maximum and 
minimum currents. The initial part of these 
curves including the current maximum, can be 
described to a large extent by the following 
equation: 

i = k t exp [(t/2t~t) 2] (1) 

where k is the charge transferred during the 
potentiostatic transient. 

3.5. The galvanostatic build-up of the anodie 
potential and its decay at current interruption 

Most of these experiments were made with 
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Fig. 11. Galvanostatic build-up and decay of the anodic 
potential, 210~ i: 6/zAcm -2. 

electrodes at potentials close to the rest potential. 
The E/t curves can be separated into three 
different groups. When the current step is 
about 6 #A cm -2, a steady potential increase 
occurs (Fig. 11). When anodic current pulses of 
the order of a few mA are applied to recently 
polished cobalt electrodes, the potential build-up 
exhibits a transition time which is related to the 
passivity onset (Fig. 12). If  the same experiments 
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0 6 12 18 24 
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Fig. 12. Oalvanosta t ic  bu i ld -up  and decay o f  the 
anod ic  potent ia l ,  210~ (a) i = 12.7 m A c m - = ;  (b) 
i = 4.2 m A  c rn -2 ;  f resh pol ished electrode. 

are carried on with electrodes previously 
anodized at potentials corresponding to region 
C of the E/log I curve, a potential maximum is 
attained at a certain time; afterwards the 
potential decreases and approaches its steady 
value (Fig. 13). When an anodic current flowing 
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Fig. 13. Oalvanostatic build-up and decay of the anodic 
potential, 210~ i = 4.5 mA crn -2. Previously anodized 
electrode. 

through fresh electrodes is switched off (Figs. 
11 and 12), the potential decays semi-logarith- 
mically with time; the slope of the E/log t plot 
is of the order of 0.10 V per decade. The potential 
decay at electrodes previously anodized at high 
potentials is more complex than that corres- 
ponding to fresh electrodes. After a few seconds 
of current interruption a potential minimum is 
reached. Then the potential increases slightly 
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and finally, after 15 s or thereabouts, it decays 
regularly to attain the rest potential (Fig. 13). 

When electrolysis proceeds with a cobalt 
anode, a localized corrosion is observed on its 
surface. This effect was clearly observed in the 
temperature region from 141 to 215~ 

3.6. Cobalt electrodeposition 

The electrodeposition of cobalt from melts 
containing different Co(f1) ion concentrations 
was attempted at 245~ Besides yielding 
information about the cathodic reaction, these 
experiments should also yield data on a possible 
effect of the concentration of Co(iI) ion on the 
rest potential and allow a coulometric relation- 
ship to be established between the dissolution 
and deposition processes. The different amounts 
of  Co(II) ion in the melt were obtained from 
anodic dissolution of  a cobalt electrode at 
potentials in the B region of the polarization 
curve. 

To determine the influence of Co(II) ion on 
the rest potential, concentration cells involving 
two cobalt electrodes dipped in nitrate melts 
with different Co(II) ion concentration were 
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Fig. 14. Semilogarithmic plots of potentiostatic Eli 
curves at 245~ a, Cathodic cobalt electrodeposition on 
platinum, Co(II): 2.9x10 -+ tool kg -~. b, Cathodic 
cobalt electrodeposition on an electrodeposited cobalt 
surface, Co(II): 1-7 x 10 -3 mol kg-L c, Cathodic cobalt 
electrodeposition on an electrodeposited cobalt surface, 
Co(II): 0"78 x 10- a tool kg-x. Anodic cobalt dissolution 
from electrodeposited cobalt. 

made. The liquid junction potential of the 
concentration cell was neglected because of the 
ionic composition of the system. At 245~ and 
within the concentration range investigated, an 
apparent Nernstian relationship was found. 
However, due to the change of potential with 
time no definite conclusions can be derived from 
these results. 

The cathodic Eli curves related to cobalt 
electrodeposition on platinum plate electrodes 
under different experimental conditions are 
shown in Fig. 14. They exhibit a starting potential 
which depends on the time elapsed since 
initiation of the electrolysis, but there is a 
cathodic limiting current within a potential range 
of c. 0.4 V. At constant composition and 
temperature, the cathodic limiting current 
obtained with static electrodes increases near 
linearly with Co(II) ion concentration, as deter- 
mined coulometrically. It also increases by a 
factor of about 10 when the electrode vibrates. 

The cathodic s curves can be linearized by 
plotting the applied potential against the log 
[IL/(1L--lc)], where 1L is the cathodic limiting 
current and I o the cathodic current read at the 
applied potential E (Fig. 15). The slope of the 
best straight line is close to 2.3 RT/F. 
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Fig. 15. E/log [iL/(iL--ic)] plots for the cathodic 
cobalt electrodeposition. Data taken from Fig. 14. 
from (+) run a, ( • ) from run b and (�9 from run c. 

The correspondence between the amount of 
metal dissolved and the value of the cathodic 
limiting current may be altered by the partial 
precipitation of Co(II) as insoluble Co30 4. 

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

The Eli curves recorded for the cobalt/alkali 
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nitrate melt are rather complex. To interpret 
them, let us consider a temperature where Co(II) 
ionic species are stable in the melt. According 
to the equilibrium potential/pO 2- diagram for 
this system (Fig. 16), at pO 2- beyond 27, 

1 j  i I i 

0 6 . ~ . ~  . , " 8 

- 2  7 

-340 ~ ~o lo o 
pO z -  

Fig. 16. Equilibrium potential/pO 2- diagram for the 
Co/NaNO3 (melt) at 600~ From reference [3]. 
1. CoO+2e = Co+O 2- 
2. CoaO4+2e -- 3COO+O 2- 
3.1/2Oz+2e = 02- 
4. Co2+ +2e = Co 
5. CoO = CoZ++O 2- 
6. Co304+2e = 3Co 2+ +402- 
7. NO~+2e = NO~+O 2- 
8. NO2+ 1/202+e = NO~ 

cobalt is in equilibrium with its dissolved ionic 
species. Thus, if cobalt is anodized in this 
region Co(II) ions should be formed according 
to: 

Co = Co 2 + +2e (2) 

There should be no solid film and the metal 
should dissolve freely and continuously. As the 
potential increases further, a solid phase can 
be formed, partially blocking the passage of 
current. The lower potential metal-oxide line 
(line 1) may be extrapolated back to the active 
region where it represents the formation of a 
recta-stable film of a few molecular layers in 
thickness or even less. This first potential should 
be related to the first break of the E/log i curve, 
and corresponds to the formation of the Co/CoO 
system, represented by the following equilibrium: 

Co + 0 2 -  = CoO + 2e (3) 

As the potential rises the film grows slightly 
with the current barely increasing. Then, at a 
potential located at about 0.4--0.5 V above the 
potential assigned to equilibrium (3), a rapid 
increase of current is observed. This potential 
is always attained after anodizing the cobalt 
electrode at potentials higher than 0.3 V. Accord- 
ing to the equilibrium potential-pO 2- diagram 
it should correspond to the formation of the 
CoaO4-CoO couple as given by: 

3 C 0 0 + O  2- = C0304+2e (4) 

At this stage, on increasing the anodic potential 
still further, soluble Co(II) species may be 
oxidized directly to form CoaO 4 films 

3Co 2+ + 4 0 2 -  ~Co304  +4e (5) 

The overall processes just described explain the 
features of the El1 curves including also the 
spontaneous shift of the initial immersion poten- 
tial towards a more positive stable value 
approaching the equilibrium potential corres- 
ponding to reaction (5). The spontaneous 
passivation of cobalt in the nitrate melt occurs 
through the following complementary reactions: 

4/NO a +2e = NO~ + 0 2 - ]  
3 C o + 4 0 2 -  C o 3 0 4 + 8 e . ,  (6) 

Therefore, when a cobalt electrode is anodically 
polarized in the alkali nitrate melt, there is an 
initial unstable active dissolution of the metal at 
potentials near to the immersion potential and 
there are two breaks in the E/log ! plots relating 
to passive states which have been assigned to 
CoO and Co304 formation. The first of these is 
better defined at higher temperatures. At 
higher anodic potentials metal dissolution 
through the Co304 film occurs, yielding as the 
final corrosion product, insoluble Co304. The 
returning 17,/1 curves indicate clearly that the 
Co304 film is the stable one. The onset of passi- 
vity is characterized by a transition time on the 
E/t curve (Fig. 12) and the amount of charge 
involved corresponds to roughly one monolayer 
of oxide. During the occurrence of the periodic 
phenomena the amount of oxide playing a part 
during the passivation-depassivation cycle is of 
the order of 10 -2 times the amount correspond- 
ing to a monolayer. Therefore under those cir- 
cumstances, a relatively high rate of dissolution 
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should be approached at small localized islands 
on the oxide covered metal surface. From these 
results and particularly from the potential-time 
dependencies observed during the passivation- 
depassivation cycle, a diffusion-controlled mech- 
anism can be postulated for both processes, 
although this is far from proven. 

The potentiostatic l i t  and the galvanostatic 
E/t  responses are also interesting as they support 
the previous interpretation of the process and 
furthermore, throw some light on the shape of 
the E/log I curve observed at anodic potentials 
higher than that corresponding to equilibrium 
(5). The l i t  curves are characterized at short 
time either by a current maximum or a current 
plateau, which resemble potentiostatic pulses 
observed during film formation under either 
film growth rate control or ohmic resistance 
control respectively. At longer times the current 
increases regularly, approaching its steady value. 
This corresponds to an increase of the electrode 
area and quite likely to metal dissolution in- 
volving pitting [7]. The relaxation processes are 
then in reasonable qualitative agreement with 
the steady measurements. 

The interpretation given to the electro- 
chemical behaviour of cobalt in molten alkali 
nitrate eutectics appears satisfactory within the 
whole temperature range investigated. However, 
Co(II) soluble species in the melt are no longer 
observed at high temperatures because of the 
thermal decomposition of  cobalt nitrate into 

CoaO4 and nitrogen oxides [8], probably due to 
an increase of the concentration of species such 
as 0 2- or O 2 in the melt on increasing tempera- 
ture [9]. 
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