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During the reactive deposition of cobalt powders, Co(OH)2 colloidal layers are formed at the 
electrode surface; the individual cobalt crystals are isolated by the Co(OH)2 colloid around the 
grain boundaries so that their growth is inhibited and ultrafine cobalt crystal grains are formed, 
which are loosely attached to the titanium substrate. The existence of Co(OH)2 colloid layer at 
the electrode surface depresses the hydrogen evolution reaction in the deposition process and 
accelerates the decrease of the interfacial Co 2+ concentration. Therefore, compared to the 
normal deposition of cobalt powders, it has several unique advantages: (1) ultrafine cobalt 
powders (0.4-0.6 lam) can be produced; (2) the amount of Co(OH)2 in the powders is 
decreased; (3) there is a wider range of current density for the formation of cobalt powders. 

1. Introduct ion 
Cobalt and cobalt alloys are widely employed in 
corrosion protection, catalysis, batteries, and as the 
recording media in both magnetic drum and magnetic 
tape memory systems in the computer [1, 2]. More- 
over, the manufacture of hard metal tools, grinding 
and polishing materials is currently estimated to con- 
sume 10%-15% of the western worlds' cobalt produc- 
tion [3]. At present, cobalt powder production 
involves the pyrolysis of an organic cobalt salt under 
reducing conditions, followed by further mechanical 
grinding. Because all the above applications require 
fine cobalt powders, an alternative inexpensive 
method for producing such powders is of considerable 
interest. One possible alternative approach is to pro- 
duce the powders electrically [4]. Electrolytic metal 
powders are produced industrially by two procedures 
[4]. Deposition of the powder directly on the cathode, 
stripping the deposited coating, and grinding a par- 
tially coherent but brittle deposit; and the dec- 
trodeposition of cobalt powder from COSO4 solutions 
[5], but in this case the products are contaminated by 
significant amounts of Co(OH)2 and the particle size 
of the products is larger than that produced via the 
pyrolysis route. 

Reactive deposition is a novel process involving the 
deposition of metal in the presence of bubbling oxygen 
and the presence of C1- ions in solution [6, 7]. The 
mechanism and kinetics of the reactive deposition of 
cobalt have been extensively studied in the presence of 
bubbling oxygen and dissolved oxygen [8-13]. The 
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preparation of active plates in rechargeable batteries 
by reaction deposition has also been reported [14]. In 
the reactive deposition of cobalt, oxygen is reduced 
prior to the deposition of cobalt through a four- and a 
two-electron process in unbuffered neutral solutions. 

02 + H20 + 4e = 4OH- (1) 

02 + H20 + 2e = HO2 + OH- (2) 

A Co(OH)z colloid layer is formed in the vicinity of the 
electrode surface, by reaction with the OH-  formed in 
Reactions in 1 and 2 [-11-13] 

Co 2 + ~- 2OH- = Co(OH)2 (3) 

The formation of such a poorly conductive Co(OH)2 
colloid layer inhibits the deposition of cobalt and 
depresses the nucleation potential to the cathodic side, 
increasing the nucleation rate of the deposition. More- 
over, the product of the oxygen reduction, HO~, 
reacts with the Co(OH)2 colloid layer at the electrode 
surface to form the electroactive species, CoOOH, 
which is then further reduced to form cobalt metal. 

Co(OH)2 + HO2 = CoOOH + 2OH- (4) 

CoOOH + H20 + 3e = Co + 3OH- (5) 

In addition, the mechanical sparging of bubbling oxy- 
gen has a significant effect on the stability of the 
Co(OH)2 colloid layer. Therefore, the dynamic states, 
i.e. the formation and breakdown processes of the 
Co(OH) 2 colloid layer, are responsible for the forma- 
tion of high surface area and a highly porous (i.e. 
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ultrafine crystal) cobalt deposit. Reactive deposition of 
cobalt is characterized by localized nucleation and 
limited crystal growth processes. It has been found by 
scanning electron microscopy that the deposit pre- 
pared by reactive deposition shows the existence of 
fine ( ~ 0.1 gm) and coarse pores ( ~ l gm), together 
with similar sized fine and coarse pores. As a result, 
the reactive deposition method offers the possibility of 
manufacturing ultrafine cobalt powders. In the pre- 
sent work, the electrochemical characteristics of the 
reactive deposition of cobalt powders were studied 
and the effect of oxygen in the electrolyte solution on 
the formation of cobalt powders analysed and com- 
pared to the normal electrolytic manufacture of cobalt 
powders. In Part II of this paper, the physical proper- 
ties of the reactively deposited cobalt powders will be 
measured and its practical application discussed. 

2. Exper imenta l  procedure 
The deposition of cobalt was carried out in an electro- 
lytic cell as described by Jiang et al. [8]. The volume of 
the electrolyte was 220 ml. Gas (oxygen or nitrogen) 
was fed through a sintered glass plug directly on to the 
working electrode and the flow rate of the gas was 
monitored. Titanium foil was used as the metal sub- 
strate in this study to facilitate the easy collection of 
cobalt powder. Titanium foil was placed in boiling 
dilute HC1 for 10 min to clean the oxidized layer on 
the surface, then washed with distilled water, dried 
with tissue paper and subsequently kept in anhydrous 
alcohol until use. The apparent surface area of the 
titanium foil substrate was 1 cm 2. Cobalt metal (99.5% 
Co, Cobalt Development Institute) was used as the 
counter electrode. The deposition potential was meas- 
ured against a SCE reference electrode. The electrolyte 
was made from CoC12 (Analar Grade, BDH) and 
distilled de-ionized water. Prior to the deposition, 
either nitrogen or oxygen was bubbled through the 
electrolyte for 10 rain (30 ml min - 1) to ensure that the 
electrolyte was either oxygen-free or saturated with 
oxygen. 

The deposition was controlled by an Oxford Elec- 
trode rotating disc assembly. The experimental results 
were plotted on a recorder (Lloyd, PL2500). All ex- 
periments were performed at room temperature. The 
morphology of the cobalt deposit on the titanium foil 
was examined by scanning electron microscopy. 

3. Results and discussion 
3.1. Deposition of powdery cobalt in the 

presence of bubbling nitrogen 
Fig. 1 gives the potential time transients without 
correction of the ohmic drop between the working and 
reference electrodes obtained from 0.05M CoC12 solu- 
tion at different current densities in the presence of 
bubbling nitrogen (30 ml rain 1). At a current density 
of 20 mA cm -2, the potential decreases with time. 
Similar behaviour has also been found in previous 
studies [15]. Once powder deposition has started, the 
surface area of the electrode increases and the real 
current density is smaller than that based on the 
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Figure I Potential-time transient curves obtained from 0.05M 
CoCI 2 solution on a titanium substrate at different current densities 
in the presence of bubbling nitrogen (30 ml rain-l) without the 
correction of ohmic drop. 

geometric area. At this current density, the colour of 
the deposit obtained is black, indicative of the forma- 
tion of cobalt powder which can be collected by 
scraping the deposit from the titanium substrate. 
However, when the current density is lower than 
10 mA cm -2, grey and dense deposits are formed and 
no powder is obtained. 

In contrast, when the current densities are higher 
than 20 mA cm- 2, the potential increases rapidly with 
time. The deposit obtained in this case is green, which 
is indicative of a large amount of Co(OH)2 in the 
deposit. As in the case of nickel and iron deposition, 
hydrogen evolution also occurs during the deposition 
of cobalt. At such high current density, hydrogen 
evolution is probably the main electrode reaction in 
unbuffered neutral solution and the concentration of 
Co 2+ on the electrode surface is not high enough to 
sustain high rates of cobalt deposition. The rapid 
increase in pH caused by hydrogen evolution results 
in the precipitation of Co(OH)2 which is co-deposited 
with cobalt in the vicinity of the electrode. The poor 
conductivity of Co(OH)2 leads to a rapid increase in 
potential and a incoherent deposit is obtained after 
the appearance of Co(OH)2 in the electrolyte. Similar 
observations have been reported in the electrodeposi- 
tion of iron group metal powder. In order to decrease 
the change in pH at the'electrode surface, pH buffer is 
generally added: for example, solutions of FeC12 with 
the addition of NH4CI' have been found to be very 
suitable [16]. 

Therefore, it can be seen from Fig. 1 that the range 
of current density for the formation of cobalt powder 
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is greatly limited by the accompanying hydrogen 
evolution in the unbuffered neutral solution in the 
absence of oxygen. In 0.05M CoC12 solution at a 
nitrogen flow rate of 30 ml min t, the only suitable 
current range for the formation of cobalt powder is 
10-20 mA cm- 2 

The potential time transients in the initial depos- 
ition region of Fig. 1 are shown in Fig. 2a. Due to 
stirring and the shielding interference of nitrogen 
bubbles, it is very difficult to analyse the kinetics of the 
deposition processes. One effective way to avoid the 
interference is to outgas the dissolved oxygen by 
bubbling nitrogen through the electrolyte before the 
experiment. Fig. 2b shows the transients from 0.05M 
C o C l  2 solution in the absence of oxygen. The common 
characteristic of the all transients in Fig. 2 is that the 
overpotential increases and reaches a plateau after 
some time. At short deposition times, because the 
change in surface area of the electrode is less with 
respect to the change in the concentration on the 
electrode surface, the potential-time transients mainly 
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reflect the characteristic changes in the concentration 
of metal ions at the electrode surface. At a constant 
current density, because of the depletion of the inter- 
facial Co 2 + concentration, the overpotential increases 
so that hydrogen evolution becomes the main reac- 
tion. Under such conditions, the overpotential will not 
change with time. Therefore, the occurrence of the 
potential plateau in Fig. 2 indicates that the limiting 
current density for cobalt deposition has been 
reached. At constant current density, in the absence of 
convection, the interracial concentration decreases 
continuously with time. The relationship between the 
interracial concentration with the current, i and the 
time t, is given by [4] 

it 1/2 = [ z f  /2(1 - -  n~)](C o --  Ce)(7~O) 1/2 (6) 

where z is the electron number exchanged per one 
metal ion in the reaction, F is the Faraday constant, nc 
the transference number of the depositing metal cat- 
ion, D the diffusion coeff• of the metal ion in the 
aqueous solution, C O and Ce the concentration of the 
metal ions at the electrode surface and in the bulk of 
solution, respectively. Ce = 0 when the deposition is at 
the transition time. As an illustration, the time, tl, to 
reach the potential plateau, measured in Fig. 2, is 
plotted logarithmically against current density in Fig. 
3. A straight line with a slope of approximately - 2 is 
obtained as required by Equation 6. Therefore, this 
means that the time to reach the potential plateau in 
Fig. 2 may be reasonably considered as the transition 
time when the interfacial concentration falls to zero. 

On the other hand, in our previous studies [12], it 
has been confirmed that the main effect of gas spar- 
ging, where nitrogen is generally used, is to increase 
the mass transfer process and therefore the limiting 
current density, and bubbling nitrogen has little effect 
on the nucleation potential for the electrodeposition 
of cobalt. As shown in Fig. 3, the transition time is 
longer at a constant current density for the deposition 
of cobalt in the presence of bubbling nitrogen, com- 
pared to the absence of bubbling nitrogen. At low 
current density, the transition time is never reached 
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Figure 2 Potential-time transient curves in the initial deposition 
obtained from 0.05N CoCl a solution (a) in the presence of bubbling 
nitrogen (30 m rain 1) and (b) in the absence of oxygen, respectively. 
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Figure 3 Logarithmical relationship of current density with the 
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because forced or natural convection prevents the 
interracial concentration from decreasing to zero. Af- 
ter some time a steady state is established in which the 
interracial concentration is independent of time. 
Therefore, in the presence of bubbling nitrogen, a 
higher current density is needed to reach the transition 
time with respect to the absence of bubbling nitrogen 
in order to increase the polarization concentration. 

A significant number of systematic studies [4, 17, 
18] on the deposition of metal powder have shown 
that the current density, ip, for powder formation at 
which the transition from a compact to a powdery 
deposit occurs, corresponds to the limiting current 
density, i~ and there is a good agreement between the 
concentration dependence and Nusselt numbers. 
Therefore, it is reasonable to assume that powder 
formation starts as the reaction layer at the electrode 
is totally depleted of depositing metal ions at the 
limiting current density. The transition to a deposition 
in powdery form occurs in the region of the potential 
plateau in galvanostatic transients or the plateau of 
the current-potential curve which corresponds to the 
limiting current. Powder formation requires the pro- 
cess to be operated at the limiting current for cobalt 
deposition. However, under such conditions, hydro- 
gen evolution increases to produce a mass of Co(OH)2 
in the powders. As a results, the range of current 
density for deposition of cobalt powders from 0.05M 
CoC12 under bubbling nitrogen (30ml min -1) is 
10-20 mA cm -2, a very narrow range. 

3.2. Reactive deposition of powdery cobalt in 
the presence of bubbling oxygen 

3.2. 1. Characteristics of the reactive 
deposition of powdery cobalt 

In our previous studies on the reactive deposition of 
cobalt, it has been found that the effect of oxygen 
reduction during the deposition is to form a Co(OH)2 
colloid layer on the interracial plane which is dynam- 
ically unstable because of its reaction with HO],  
produced by oxygen reduction and the sparging effect 

of bubbling oxygen. The unique characteristics of the 
reactive deposition process are directly responsible for 
the formation of ultrafine ( < 1 gm) powders on the 
deposit. In addition, it has been found [11, 19] that for 
the deposition of cobalt from aqueous chloride solu- 
tion, hydrogen evolution becomes the main reaction 
at approximately - 1.1 V versus SCE in the absence 
of oxygen, but beyond approximately - 1.2 V versus 
SCE in the presence of oxygen. This confirms that the 
formation of a Co(OH)2 colloid layer at the electrode 
surface inhibits hydrogen evolution in the deposition. 

Fig. 4 gives the potential-time transients without 
correction of the ohmic drop for the initial deposition 
of cobalt powders from 0.05M CoC12 solution in the 
presence of dissolved oxygen and bubbling oxygen 
(30 ml rain- 1). The transients in the presence of dis- 
solved oxygen show a similar characteristic to those in 
the presence of bubbling nitrogen or the absence of 
oxygen; the overpotential increased with time and 
finally reached a potential plateau at which the inter- 
facial concentration of Co a § ions falls to zero. How- 
ever, even compared to the case of bubbling nitrogen 
(30 ml min- 1), the transition time to reach the poten- 
tial plateau in the presence of dissolved oxygen is 
generally much longer. In the presence of oxygen 
during the electrodeposition, oxygen reduction takes 
place prior to the deposition of cobalt. According to 
Reaction 3, the OH-  formed in the oxygen reduction 
process reacts with Co 2 § to form Co(OH)> Therefore, 
it acts as a pH buffer. Furthermore, the Co(OH)2 
colloid layer inhibits the further increase in pH in the 
interracial plane and depresses the hydrogen evolution 
reaction. Therefore, it is not surprising that the trans- 
ition time for the deposition of cobalt in the presence 
and absence of oxygen is significantly different. On the 
other hand, the longer transition time in the presence 
of oxygen also means that the percentage of Co(OH)2 
in cobalt powders may be lower and the current 
density applicable for powder formation may be 
higher. 

On the other hand, the pH buffer effect of the 
Co(OH)2 colloid layer is also confirmed by potential 

-1.5- 

LiJ 

-1.3- g 

- 1 . t  - 

..-~ 

~g -0,9- 
g. 

- 0 3 -  

-0.5- 

60 mA cm -2 

~ ~ ~ ~  m A cm-2 ~ . , , , ~ ~ 4 0  mA r -2 

~ 0 mA cm -2 

f" - - 20 mA cm -2 

10 mA cm -2 

-1.6- 

L. 

-1.2- 
: >  

= - 1 . 0 -  <r 

g 

-0.8 i 

-0.6-~ 

/ , ~  60 mAcm -z 

50 mA cm -2 

10 mA cm -2 

~ m - 2  

30 mAcm -2 

cm-2 

I 1 I I I I I I I I I I 
0.4 O.O 1.2 1.6 2.0 2.4 0 0.4 0.8 1.2 1.6 2.0 ;>.4 

(o) Time (rain) (b) Time (rain) 

Figure 4 Potential-time transient curves without the correction of ohmic drop in the initial deposition obtained from 0.05M C o C l  2 solution 
in the presence of (a) bubbling oxygen (30 ml rain 1) and (b) dissolved oxygen. 
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Figure 6 Schematic structure of the electric double layer in the 
reactive deposition of cobalt. (---) Change of Co 2" concentration in 
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changes on switching on and off the oxygen supply 
(Fig. 5). For the deposition of cobalt powder in the 
presence of dissolved oxygen at 30 m A c m -  2, hydro- 
gen evolution is the dominant reaction at the potential 
plateau after the transition time; the overpotential 
immediately decreases once oxygen is fed into the 
solution continuously at a flow rate of 30 ml min-  ~. 
This shows that a continuous C o ( O H ) 2  colloid layer is 
formed due to the increase in oxygen reduction, which 
depresses the hydrogen evolution (via the increase in 
pH at the electrode surface), eliminates the formation 
of Co(OH)2 precipitate, and therefore results in the 
immediate drop of the overpotential. Although the 
sparging effect of bubbling oxygen on the mass trans- 
fer process cannot be ignored, it could obviously not 
cause such a significant decrease in the overpotential, 
because a simple sparging effect would only result in a 
drop in overvoltage similar to that for nitrogen spar- 
ging (Fig. 2). 

It is interesting to note that there is a significant 
difference between the transients in the presence of 
dissolved oxygen (Fig. 4b) and the absence of oxygen 
(Fig. 2b). There is an extra plateau at the initial 
deposition time in the former case. This is particularly 
evident from the curves at moderate current densities 
of 20 and 30 mA c m  -2  (Fig. 4b). After this extra 
plateau (first plateau), the overpotential continues to 
rise and then reach another plateau (second plateau) 
which corresponds to the plateau obtained in the 
absence of oxygen. In the presence of oxygen, the 
transition time to reach the first plateau is comparable 
to that required to reach the plateau in the absence of 
oxygen. This is due to the change in the structure of 
the electric double layer in the reactive deposition 
process resulting from the formation of the Co(OH)2 
colloid layer at the electrode surface. Fig. 6 is  a 
schematic diagram of the structure of the electric 
double layer for the reactive deposition of cobalt. In 
the presence of oxygen, due to the formation of 
C o ( O H ) 2  colleid layer in the interfacial plane, the 
surface concentration of Co 2 + ions quickly decreases 
and the mass transfer of Co 2+ ions is ,through the 
C o ( O H ) 2  colloid layer according to Reaction 3. This 
facilitates the formation of cobalt powder. Therefore, 

the first transition time is much shorter in the presence 
of oxygen. 

In the reactive deposition of cobalt, hydrogen 
evolution is a competitive process with the elec- 
trodeposition of cobalt and oxygen reduction. Oxygen 
reduction is under limiting diffusion control which 
depends on the concentration of oxygen dissolved in 
the solution. In the presence of dissolved oxygen (Fig. 
4b), at current densities higher than 30 mA cm -2, 
hydrogen evolution is the predominant reaction. 
Therefore, the first plateau disappears because of the 
breakdown of the C o ( O H ) 2  colloid layer at the elec- 
trode surface. Similarly, due to the stirring effect of 
oxygen bubbles, current densities higher than 40 mA 
cm -2  a re  required for the first plateau to disappear 
(Fig. 4a). On the other hand, as shown in Fig. 4b, after 
some time, the C o ( O H ) 2  colloid layer at the electrode 
surface is also broken and even disappears, accom- 
panied by the depletion of dissolved oxygen in the 
solution. Moreover, in the reactive deposition of pow- 
dery cobalt, due to the stirring effect of oxygen bubbles 
and the continuous introduction of oxygen, at moder- 
ate current densities, the electrodeposition of cobalt 
can be the predominant process and the hydrogen 
evolution reaction is suppressed. For  example, in 
0.05M CoC12 solution at a oxygen flow rate 30ml 
rain t (Fig. 4a) only the first plateau always exists at 
current densities lower than 40 mA cm-2 during the 
deposition. This shows that a higher deposition cur- 
rent density can be used at the same Co 2 + concentra- 
tion for the reactive deposition of cobalt than the 
normal electrodeposition, because the hydrogen 
evolution reaction is suppressed. This result is very 
important for the manufacture of electrolytic cobalt 
powders because the productive rate can be increased 
without significant production of Co(OH)2 .  

The first and second transition time, respectively, 
measured in the presence of bubbling oxygen (Fig. 
4b) and in the presence of dissolved oxygen (Fig. 4a) 
are plotted logarithmically against current density in 
Fig. 7. Two parallel straight lines with a slope of 
approximately - 2  are obtained as required by 
Equation 6, similar to the result obtained in the 
absence of oxygen (Fig. 3). The distortion of the 
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Figure 8 Potential-time transient curves obtained from 0.05M 
CoC12 solution in the presence of bubbling oxygen (30 ml min 1) at 
different current densities. 

transition time measured at current densities lower 
than 30 m A c m  -2 from the straight line in the pre- 
sence of dissolved oxygen in Fig. 7 is probably due 
to the significant decrease of oxygen concentration 
dissolved in the solution over such a long depos- 
ition time. Therefore, the results in Fig. 7 show that 
there are two limiting diffusion processes of Co 2-- 
ions in the reactive deposition of cobalt. According 
to the structure of the electric double layer shown in 
Fig. 6, in the region of the first transition time, the 
current density is mainly contributed from the limit- 
ing mass transfer of Co 2 + ions from bulk solution 
through the Co(OH)2 colloid layer, and the electro- 
deposition of cobalt is the predominant process. 
However, at a much higher current density, the 
Co(OH)2 colloid layer at the electrode surface is 
broken and disappears, cobalt is then deposited on 
to the substrate, via the limiting diffusion of Co 2+ 
ions from the bulk solution to the surface. At this 
time, hydrogen evolution is a predominant  reaction 
to reach the second plateau. Therefore, because 
the Co(OH)2 colloid layer is formed in the react- 
ive deposition of cobalt, the limiting diffusion 
condition for the formation of cobalt powders is 
reached with the elimination of hydrogen evolu- 
tion. 

As a result, in the reactive deposition of cobalt 
powder in the presence of bubbling oxygen, the exist- 
ence of the Co(OH)2 colloid layer not only inhibits the 
accompanying hydrogen evolution in the deposition, 
but also accelerates the decrease of the Co 2 + concen- 
tration in the interracial plane. Therefore, the reactive 
deposition of cobalt has the advantages of a lower 
ratio of Co(OH) 2 in the cobalt powders and a wider 
range of current density for the powdery cobalt forma- 
tion, compared to the normal electrodeposition of 
cobalt. At a moderate current density where the sec- 
ond transition could never be reached, the limiting 
condition (i.e. the formation of powdery cobalt) could 
be achieved with little hydrogen evolution, which is 
not possible for the deposition of cobalt in the absence 
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of oxygen. As an illustration, it can be seen from Fig. 8 
that the overpotential increases with time due to the 
production of a large amount of Co(OH)2 only when 
current density is higher than 40 mA cm-2. This is the 
same as the result in Fig. 4b, where the second trans- 
ition time occurs only when the current density is 
higher than 40 mA cm -z. The suitable range of cur- 
rent density in the reactive deposition of powdery 
cobalt from 0.05M CoC1 z solution in the presence o f  
bubbling oxygen (30ml min -1) is 5-40 mA cm -2, a 
much wider range than that obtained with the same 
conditions in the presence of bubbling nitrogen (30 ml 
min-  1). 

3.2.2. Particle size of cobalt powders 
In previous studies on the reactive deposition of co- 
balt electrode [11-13], it has been found that because 
of the formation of the Co(OH)2 colloid layer at the 
electrode surface and the change of its dynamic states 
prior to the deposition of cobalt, the reactive depos- 
ition of cobalt is characterized by localized nucleation 
and limited crystal growth processes. The Co(OH)2 
colloid layer at the electrode depresses the nucleation 
potential of cobalt to the cathodic side. Individual 
cobalt particles could be isolated and their extensive 
crystal growth inhibited due to the continuous forma- 
tion of a Co(OH)2 colloid layer around the grain 
boundaries [12, 20]. This results in the production of 
high surface-area and highly porous deposits having a 
structure of ultrafine micrograins with a similar size of 
micropores. Fig. 9 shows the surface morphologies of 
the powdery deposits by using scanning electron 
microscopy (SEM). However, it can be clearly seen 
from Fig. 9b that the size of the grains prepared in the 
presence of bubbling oxygen is about 0.4-0.6 gm and 
at least three times smaller than those prepared in the 
presence of bubbling nitrogen (Fig. 9a). Therefore, the 
preliminary result confirms that ultrafine cobalt pow- 
ders can be prepared by reactive deposition. The effect 
of the Co(OH)2 colloid layer in the reactive deposition 



Figure 9 Surface morphologies of powdery cobalt deposits prepared from 0.05M CoCI 2 solution on a titanium substrate at a current density 
of 20 mA cm -2 in the presence of (a) bubbling nitrogen (30 ml min-~), and (b) bubbling oxygen (30 ml min~ ~). 

of cobalt powders is the same as in the reactive 
deposition of cobalt electrode, although the depos- 
ition kinetics is under limiting diffusion control. 

3.2.3. Effects of CoCI 2 concentration in the 
solution and f low rate of  bubbl ing 
oxygen 

In our previous studies [12] on the reactive deposition 
of cobalt electrode, it has been shown that to produce 
high surface area deposits, the kinetics of cobalt de- 
position should be controlled by both diffusion and 
interracial electron transfer processes. Moreover, fire 
formation of a Co(OH)2 colloid layer is kinetically 
controlled by the oxygen reduction process which is 
mainly controlled by the concentration of dissolved 
oxygen in the solution. As the Co 2§ concentration 
increases, the deposition of cobalt is predominantly 
via interracial electron transfer control. Therefore, the 
inhibiting effect of the Co(OH)2 colloid layer is limited 
and a dense deposit is formed. As the deposition of 
cobalt is via diffusion control at low Co 2 § concentra- 
tion, a loose deposit is formed and the performance of 
the deposit as an electrode in the battery also de- 
creased. In the reactive deposition of cobalt powders, 
the same effect of Co 2 § concentration as in the react- 
ive deposition of cobalt electrode is also seen in Fig. 
10. In solutions containing dissolved oxygen at a given 
current density, it takes a longer transition time to 
reach the first potential plateau with the increase of 
Co 2 + concentration. 

In fact, the effect of the flow rate of bubbling oxygen 
on the kinetics of the cobalt deposition is similar to the 
effect of Co 2 § concentration. When the flow rate of 
bubbling oxygen increases, for the deposition of pow- 
dery cobalt from 0.05M CoC12 solution at a current 
density of 60 mA cm-  2, the potential time transients 
are as shown in Fig. 11. At a lower flow rate of 
bubbling oxygen than 60 ml min-  ~, the deposition of 
cobalt is greatly affected by hydrogen evolution and 
reaches a high potential plateau because of the forma- 
tion of Co(OH)2 on the deposit. When the flow rate is 
higher than 60 ml min-~, the second potential trans- 
ition does not occur in the transients. Because oxygen 
reduction is under limiting diffusion control, the same 
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Figure 10 Potential time transient curves obtained from (---)0.lM 
CoC12 solution and ( - - )  0.25M CoC12 solution in the presence 
of dissolved oxygen. 
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Figure i1 Potential-time transient curves obtained from 0.05M 
CoC12 solution in the presence of bubbling oxygen with different 
flow rates at a current density of 60 m A c m -  2. 

as the deposition of cobalt at high current densities, 
the sparging effect of bubbling oxygen is beneficial to 
the oxygen reduction reaction and the deposition of 
cobalt. Moreover, the effectiveness of the Co(OH)2 
colloid layer is maintained, and this inhibits the com- 
peting process from the hydrogen evolution reaction. 
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Therefore, the effect of the flow rate of bubbling 
oxygen on the deposition of powdery cobalt may be 
considered to be predominately due to its sparging 
effect on the solution. On the other hand, in Fig. 8 the 
increase of overpotential at a flow rate of over 100 ml 
rain-1 than at 60 ml rain-1 is probably due to the 
decrease of the conductivity of the solution, due to the 
increased number of oxygen bubbles in the solution. 

In the electrodeposition of powdery metals, the 
particle size of the metal powder increases with the 
concentration of metal ions, rate of stirring, and oper- 
ating temperature. In fact, the changes in particle size 
can be best interpreted in terms of mass transfer 
phenomena. Therefore, in reactive deposition, the ef- 
fects of the Co 2 + concentration and the flow rate of 
bubbling oxygen on the deposition of powdery cobalt 
are inter-related and predominantly due to their effect 
on the mass transfer process. Therefore, the reactive 
deposition of powdery cobalt has the same rule as the 
normal deposition of powdery metals, although the 
Co(OH)z colloid layer exists at the electrode surface. 
In practical applications, these factors can be adjusted 
to optimize the powdery deposition process. 

4. Conclusions 
In the reactive deposition of cobalt powders, the 
formation of a Co(OH)2 colloid layer at the electrode 
surface results in localized nucleation and a limited 
crystal growth process. Individual cobalt crystals are 
isolated by the Co(OH) 2 colloid at the grain bound- 
aries to inhibit their growth and to produce ultrafine 
crystal grains, as in the reactive deposition of the 
cobalt electrode. On the other hand, the existence of 
the Co(OH) 2 colloid layer at the electrode depresses 
the hydrogen evolution reaction during the deposition 
process and accelerates the increase in interfacial 
Co 2§ concentration. Compared to the normal elec- 
trolytic preparation of cobalt powders, reactive depos- 
ition for the deposition of cobalt powders has the 
following advantages: 

1. ultrafine cobalt powders (0.4-0.6 pm) can be 
manufactured; 

2. hydrogen evolution in the deposition is de- 
pressed so that the amount of Co(OH)/in the powders 
decreases; 

3. a wider range of current density for the forma- 
tion of the powder can be used. 
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