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Abstract

Cobalt electrodeposited onto steel substrate was carried out from solutions containing cobalt sulfate, boric acid and
sodium gluconate. The study dealt with the influence of bath composition, current density, pH and temperature on
the potentiodynamic cathodic polarization curves, cathodic current efficiency, and throwing power, as well as the
throwing index of these baths. The microhardness of cobalt electrodeposited from gluconate baths is generally high
and higher than that of cobalt deposited under similar conditions from sulfate, chloride, bromide and acetate baths.
The surface morphology of the as-deposited cobalt was investigated using scanning electron microscopy (SEM)
while the structure was studied using X-ray diffraction analysis. Cyclic voltammetric, as well as current-transient,
techniques recorded on a glassy carbon electrode suggested that the deposition of cobalt from gluconate bath occurs
via a nucleation process under charge transfer control.

1. Introduction

Electrodeposited cobalt and cobalt alloys are widely
employed throughout the computer industry as the
recording media in both magnetic drum and magnetic
tape memory systems [1, 2]. In addition, the magnetic
properties of electrodeposited cobalt based alloys, has
attracted increasing attention [3–6]. Dennis et al. elec-
trodeposited cobalt [7] and Co alloys coatings from
cobalt Watts plating bath containing sodium heptonate
as a complexing agent [8]. However, compared to the
many technical applications in industry for cobalt
electrodeposits, few studies have been made on cobalt
electrodeposition.
Cobalt deposition has been carried out on different

substrates such as nickel, vitreous carbon and copper,
and from different baths containing chloride or sulfate
aqueous solutions [2, 9–11], citrate solution [12], trieth-
ylene diamine, cobalt(III) chloride in 30% KOH, solu-
tions of cobalt(II) thiocyanate in N,N-dimethyl
formamide [13, 14], Co(II) in ammonium chloride aque-
ous solutions [15, 16]. More recently the crystallographic
structure of electrodeposited Co film obtained from an
aqueous bath with five organic solvents (ethanol, forma-
mide, N-methyl formamide, N,N-dimethyl formamide
and dimethyl sulfoxide) bath were studied [17].
The present research aims to develop new baths for

producing good quality cobalt deposits, which have the
advantage of being more environmentally friendly than
traditional baths. In addition, the investigation aims to

throw more light on the mechanism of cobalt electro-
deposition from gluconate baths.

2. Experimental details

All the plating baths and reagents were made from
Analar chemicals without further purification and
doubly distilled water. For electrodeposition, a steel
cathode and platinum sheet anode, both of dimensions
2.5 cm · 3.0 cm, were used. The platinum sheet was
surrounded by an asbestos diaphragm to preclude oxi-
dation of Co2+ ions and errors in themeasured potentials
caused by oxygen evolved at the anode. The plating cell
used was a rectangular Perspex trough (10 cm · 3 cm)
provided with vertical grooves, on each of the side walls,
to fix the electrodes. Before each run, the steel cathode
was mechanically polished with different grade emery
papers (600, 800, 1000 and 1500) and then washed with
distilled water, rinsed with ethanol and weighed. Direct
current was supplied by a d.c. power supply unit (GPS-
3030D). The cathodic current efficiencies (f) were deter-
mined with the help of a Cu-coulometer (f = wexp/wth)
where wexp is the weight of the deposit obtained exper-
imentally and wth is the weight of the deposit calculated
theoretically according to Faraday’s law. Electrodeposi-
tion was carried out for 15 min in each case.
The percentage throwing power (Pthrow) of the solu-

tion was measured using a Haring–Blum rectangular
Perspex cell (3.0 cm wide, 13.0 cm long, with 2.5 cm
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solution depth) fitted with one anode between two
parallel steel cathodes where the ratio of the far to the
near distance was 5:1. This was calculated from Field’s
formula [18]:

Pthrow ¼ l� m
lþ m� 2

� 100 ð1Þ

where l is the ratio of the cathode distance to the anode
distance (far to near, l ¼ 5) and m is the ratio of the
weight of the deposited metal on the near to the weight
of the metal deposited on the far cathode. The values of
m were measured as a function of l over a wide range of
linear ratios varying between 1:1 and 5:1. The throwing
index (Ithrow) of each bath was considered as the
reciprocal of the slope of the m against l plot [19, 20].
Potentiodynamic cathodic polarization curves were

recorded using steel substrates by sweeping the potential
from the rest potential in the negative direction at a scan
rate of 10 mV s�1. On the other hand, the cyclic
voltammetry measurements were recorded on a glassy
carbon working electrode (area 0.1963 cm2) starting
from the open circuit potential to the more negative
direction up to �1.2 V and then reversed at the same
scan rate in the positive direction up to the anodic
potential 0.5 V. The carbon electrode was polished
before each run with diamond paste (0.25 lm) until a
mirror surface was obtained, then washed several times
with doubly distilled water. A potentiostat/galvanostat
(EG&G model 273) controlled by a computer was used
for all the electrochemical measurements. All potentials
were measured relative to a saturated calomel electrode
(SCE). To avoid contamination, the reference electrode
was connected to the working cathode via a bridge

provided with a Luggin–Haber tip and filled with the
solution under test.
The surface morphology of the Co electrodeposited

on steel was examined using scanning electron micro-
scopy (Joel–JEM 1200 EX II electron microscope). The
crystalline structure of the Co thin film deposited on
steel from the optimum bath under different operating
conditions was examined by X-ray diffraction using a
Philips PW 1390 diffractometer (40 kV, 20 mA) with Ni
filter and CuKa radiation. The microhardness of these
deposits (thickness > 10 lm) was measured by means
of a microhardness tester. A 25 kg (250 N) load was
applied for 30 s. 10 replicated hardness measurements
were used for the estimation of microhardness values.
The average hardness values were expressed as Vickers
(Hv) in kg f mm�2 (note: 1 kg f mm�2 ” 10 MPa).

3. Results and discussion

Cobalt electrodeposition on steel was carried out from
solutions containing cobalt sulfate, boric acid and
sodium gluconate. The composition, conductivity and
pH of the gluconate baths are given in Table 1. Cobalt
sulfate is used as a source for Co2+ ions while sodium
gluconate is used as a complexing agent. Boric acid is
commonly added to nickel and cobalt plating baths as a
buffer to control the pH at the cathode–solution
interface [21].

3.1. Potentiodynamic cathodic polarization curves

In acidic solutions (pH < 7), and in the presence
of sodium gluconate, Co2+ is present mainly as

Table 1. Composition and pH of the investigated electroplating baths

Bath Concentration/g dm�3 C/W cm�1 pH

CoSO4 Æ 7H2O H3BO3 NaC6H11O7

Co1.a 20 30 50 14.1 3.95

Co1.b 40 30 50 18.0 3.70

Co1.c 60 30 50 21.3 3.60

Co1.d 80 30 50 24.1 3.55

Co1.e 100 30 50 26.9 3.50

Co1.f 120 30 50 29.6 3.45

Co1.g 140 30 50 32.2 3.35

Co2.a 100 30 0 23.3 3.95

Co2.b 100 30 10 24.4 3.50

Co2.c 100 30 20 25.1 3.40

Co2.d 100 30 30 26.2 3.45

Co2.e 100 30 40 26.3 3.48

Co2.f 100 30 50 26.7 3.50

Co2.g 100 30 60 26.8 3.60

Co2.h 100 30 100 25.8 3.55

Co3.a 100 0 50 27.2 5.35

Co3.b 100 10 50 27.0 3.60

Co3.c 100 20 50 26.9 3.50

*Co3.d 100 30 50 26.7 3.50

Co3.e 100 40 50 26.4 3.45

Co3.f 100 50 50 26.1 3.40

* Selected optimum bath composition.
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[Co(C6H11O7)]
+ complex. It has been suggested that the

gluconate ion is attached to Co2+ by coordination
through the carboxyl group and one of the adjacent
hydroxyl groups [22]. Therefore, cobalt may be obtained
by electroreduction of either the complexed or uncom-
plexed ions with simultaneous hydrogen evolution as a
side reaction.
Figure 1 shows that the potentiodynamic cathodic

polarization curve from solution containing only
50 g dm�3 sodium gluconate and 30 g dm�3 boric acid
at pH 3.5 and at 25 �C (curve (a)) exhibits a low limiting
current density which corresponds principally to hydro-
gen evolution. However, addition of Co2+ ions causes
drastic changes to the cathodic polarization. In this case,
there is a gradual increase in the current with increasing
potential up to a certain potential at which the current
rapidly increases. Therefore, the potential at which the
current rises rapidly is considered as the deposition
potential of cobalt. At potentials equal to, or higher
than, this deposition potential, both deposition of cobalt
and evolution of hydrogen occur simultaneously. Con-
sequently, the predicted percentage cathodic current
efficiency (f) for metal deposition is less than 100%.
Reduction of the cobalt gluconate complex is not as easy
as the reduction of free Co2+ ions. This is the reason for
the high polarization observed during Co electrodepo-
sition from the gluconate baths as shown in Figures 1–4.
The data in Figure 1 also show that increase in Co2+

concentration shifts the deposition potential of cobalt to
less negative values most probably as a result of an
increase in the relative concentration of Co2+, parti-
cularly in the cathode diffusion layer, and this is
reflected in a decrease in the concentration polarization
associated with cobalt deposition. The reverse was
observed by increasing the concentration of sodium
gluconate in the bath, as shown in Figure 2. In other
words, the cathodic polarization increases with increase

in gluconate concentration as a result of increasing the
stability of the cobalt gluconate complex formed.
The potentiodynamic cathodic polarization curves for

cobalt deposition at different boric acid concentrations
were studied and the results showed that, as the boric
acid concentration increases, there is a reduction in the
deposition potential of cobalt (data is not included
here). Boric acid facilitates the deposition of cobalt.
Figure 3 displays the influence of pH (pH 2.0–5.0) on

the cathodic polarization curves. The pH of each bath
was adjusted by adding concentrated H2SO4 or NaOH
solution. The potentiodynamic cathodic polarization
curve is shifted significantly negatively with increasing
pH. This trend may be related to an increase in
hydrogen overpotential. Moreover, in acidic solutions,
the Co2+ ions are bound into the complex via a ligand

Fig. 1. Potentiodynamic cathodic polarization curves during Co

electrodeposition; curves: (a) 50 g dm�3 sodium gluconate þ
30 g dm�3 boric acid, (b) bath Co1.a, (c) bath Co1.b, (d) bath

Co1.c, (e) bath Co1.d, and (f) bath Co1.e.

Fig. 2. Potentiodynamic cathodic polarization curves during Co

electrodeposition; curves: (a) bath Co2.a, (b) bath Co2.c, (c) bath

Co2.f, (d) bath Co2.g and (e) bath Co2.h.

Fig. 3. Potentiodynamic cathodic polarization curves during Co

electrodeposition from the optimum bath Co3.d at different pH;

curves: (a) 2.0, (b) 3.0, (c) 3.5, (d) 4.0 and (e) 5.0.
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carboxyl group, and of the adjacent hydroxyl group [23],
but on increasing pH, coordination on the secondary
alcoholic group is followed by liberation of a proton.
Formation of a chelate ring is also possible [23]. These
processes lead to an increase in cathodic polarization.
The effect of electrolyte temperature on the potentio-

dynamic cathodic polarization curves is shown in
Figure 4. An increase in temperature decreases the
cathodic polarization due to its influence on the activa-
tion overpotential for the reducible ions. Moreover, an
increase in temperature may change the relative abun-
dance of both complexed and uncomplexed Co2+ ion in
the solution. It seems that a rise in temperature
decreases the stability constant of the complex species
and thus enhances the existence of relatively higher
concentrations of the uncomplexed Co2+ ions.

3.2. Cathodic current efficiency

The percentage cathodic current efficiency f for cobalt
plating from all gluconate baths (Co.1a–Co.3f, see
Table 1) was determined. The efficiency determined
from these baths is less than 100% (81–94%) as a result
of simultaneous hydrogen evolution. However, f is
similarly high to that of sulfate baths [11] but higher
than that for citrate baths [12]. The efficiency f increases
from 62% to 91% with increasing cobalt salt concen-
tration from 20 to 60 g dm�3. Further increase in the
concentration of cobalt salt has no significant effect on f.
Similarly, f increases from 89% to 94% with increasing
sodium gluconate concentration from 10 to 50 g dm�3.
Moreover, f increases from 83% to 94% with increasing
boric acid concentration from 10 to 50 g dm�3. These
data show that the presence of boric acid in the bath
improves the efficiency of Co deposition. In this case,
boric acid plays a greater role than merely as a buffer. It
is now believed that boric acid complexes with Co2+

ions acting as a homogeneous catalyst or adsorbs on the
electrode surface [24–26] which lowers the overpotential
for cobalt deposition. Horkan [27] suggested that boric
acid is adsorbed on the cathode surface, and thus
decreases the active area for hydrogen evolution, thus
affecting the resulting morphology characteristics of the
deposits.
Smooth, compact and highly adherent cobalt deposits

were obtained from Co.3d bath. Therefore, this bath
was selected as the optimum bath for further investiga-
tion.
One of the most important operating conditions in an

electroplating process is the current density. Increasing
the current density to 2 A dm�2 greatly improves f,
thereafter the efficiency tends to level off (Figure 5(a)).
The whole current density range studied for cobalt
deposition includes a component due to hydrogen
evolution at cathode surface.
The effect of pH on percentage cathodic current

efficiency f of cobalt electroplating from the optimum
bath is given in Figure 5(b). The cathodic current
efficiency increases sharply and then tends to level off
with increasing pH. Clearly hydrogen evolution is
dominant at low pH. These results are consistent with
cathodic polarization data (Figure 3).
The effect of temperature on the percentage current

efficiency f of cobalt deposited from the optimum bath is
given in Figure 5(c). An increase in temperature from
20 �C to 70 �C decreases the cathodic current efficiency
from 95% to 80%. Further increase in temperature
has no remarkable influence on f but the deposits tend
to be black.
It is found that the efficiency of cobalt plating

increases slightly from 84% to 92% with increasing
plating time from 5 to 15 min. With further increase in
plating time there is no significant change. Increase in f
with plating time may be attributed to the fact that
hydrogen evolution takes place simultaneously with
cobalt deposition. Hydrogen evolution decreases with
increasing plating time as a result of increasing pH in the
vicinity of the cathode surface.
From the above results, it is found that the optimum

operating parameters for plating adherent and bright
cobalt deposits from the optimum bath (Co.3d) are: pH
3.5, current density 2.0 A dm�2 and 25 �C.

3.3. Cyclic voltammetry

In these experiments, Co was deposited on a glassy
carbon electrode instead of steel to avoid dissolution of
steel during the anodic scan. Typical cyclic voltammo-
grams recorded at glassy carbon using the optimum
(Co3.d) bath are shown in Figure 6. The voltammo-
grams were swept starting from the open circuit poten-
tial in the more negative direction up to �1.2 V and then
reversed at the same scan rate up to an anodic potential
of 0.5 V. In negative going scan, the cathodic current
increases suddenly at �900 mV (deposition potential of
Co) without any limitation indicating that the reduction

Fig. 4. Potentiodynamic cathodic polarization curves during Co

electrodeposition from the optimum bath Co3.d at different temper-

atures; curves: (a) 10 �C, (b) 20 �C, (c) 25 �C, (d) 40 �C and (e) 50 �C.
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of Co is under charge transfer control. This confirms
the suggestion that the deposition of cobalt from the

gluconate bath occurs via a nucleation process under
charge transfer control. On reversing the potential scan,
the cathodic current gradually decreases as the reverse
scan goes in the anodic direction and exhibits crossover
between the cathodic and anodic current at a crossover
potential Ec at about �0.57 V [28]. The deposition of
cobalt from aqueous chloride solutions gives similar
results [29]. Before the crossover potential, the return
sweep cathodic current is always higher than the
cathodic current on the forward scan. This trend is
mainly related to the change in pH at the electrode
surface. Progressive evolution of hydrogen ions leads to
an increase in pH at the electrode surface. The increas-
ing pH improves the current efficiency of cobalt depo-
sition (see Figure 5(b)). Theoretically, the crossover
potential, Ec, should correspond to the reversible
potential E� of cobalt deposition �0.277 V [30]. The
difference between the experimental value �0.57 V and
the theoretical value may be assigned to hydrogen
evolution.
However, the anodic excursion span exhibits one

anodic peak. This peak is related to the anodic stripping
of cobalt previously deposited on the glassy carbon. The

Fig. 5. Dependence of percentage cathodic current efficiency f on different operating conditions.

Fig. 6. Cyclic voltammetry recorded at glassy carbon electrode for

Co3.d bath at different temperatures (scan rate 50 mV s�1); curves:

(a) 10 �C, (b) 20 �C, (c) 30 �C, (d) 40 �C and (e) 50 �C.
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anodic stripping charge (the area under the peak) under
the prevailing conditions can be taken as a qualitative
measure of the amount of cobalt deposited [25]. More-
over, Figure 6 shows that the anodic stripping charge
increases greatly with increasing electrolyte temperature,
which indicates that the cathodic current efficiency for
cobalt deposition from gluconate bath on glassy carbon
increases with temperature. This trend is not consistent
with the data shown in Figure 5, where the cathodic
current efficiency decreases with temperature. This
contradiction may be related to the variation in the
cathodic material, since in Figure 5(c), the deposition
occurs on steel.

3.4. Current–time transient (chronoamperometric)
measurements

A series of current–time transient measurements for
cobalt deposition at a given deposition potential Es from
gluconate baths on glassy carbon electrode was con-
ducted. Figure 7 shows typical potentiostatic current–
time transients for cobalt deposition from the optimum
bath (Co.3d) at pH 3.5, 25 �C at various deposition
potentials. It is seen that the current increases rapidly to
a limiting or steady state current (is) at a time (ts). Such
transients are characteristic of the nucleation and phase
growth of a metal on glassy carbon. Moreover, the data
suggest that the nucleation growth is not a diffusion-
controlled process. The rising portion of the curve
reflects the rise in current as the electroactive area
increases either as each independent nucleus grows in
size (instantaneous growth) and/or the number of nuclei
increases (progressive growth). The current transients
level off when the exposed surface becomes completely
saturated [31]. The small variation of the steady state
current with time suggests that after overlapping of the
growth nuclei and formation of a continuous layer,

thickening takes place under partial diffusion control.
The steady state current, is, increases and the time scale
of the transient decrease as the deposition potential is
made more negative. Hydrogen evolution again occurs
but the current for this side reaction serves only to
amplify the response without changing its shape [32].
The rising parts of the transients, were analysed [33]

by plotting i1/2 against t, whereby straight lines were
obtained as shown in Figure 8. This indicates that the
cobalt deposit is formed by a mechanism where instan-
taneous nucleation is followed by 3D growth under
charge transfer control. This means that the formation
of fresh nuclei is arrested at a very early stage. The
slopes of these plots are proportional to the rate
constant for charge transfer [33].

3.5. Throwing power and throwing index of the bath

The values of the percentage throwing power Pthrow

of the bath computed by Field’s empirical formula
at a distance ratio 1:5 were determined. Moreover, the
throwing index Ithrow were determined by plotting the
metal distribution ratio m, and the linear ratio l (1:1–1:5)
as shown in Figure 9 as a representative example. The
reciprocal of the slopes of these lines are called the
throwing index Ithrow and represent a measure of bath
throwing power [19]. Pthrow decreases from 11.1%
(Co1.a bath) to 6.8% (Co1.c bath) as the cobalt salt in
the bath increases from 20 to 60 g dm�3. The corre-
sponding Ithrow values are 1.25 and 1.14, respectively.
The decrease in Pthrow is due to the observed decrease in
cathodic polarization with increasing Co2þ concentra-
tion (Figure 1). The data reveal also that Pthrow de-
creases from 5.9% (Co2.f bath) to �8.4% (Co2.h bath)
as the concentration of sodium gluconate increases from
50 to 100 g dm�3. The corresponding Ithrow values are
1.10 and 0.88, respectively. Also, the effect of boric acid

Fig. 7. Potentiostatic current–time transients from Co3.d bath at

various cathodic deposition potentials, curves: (a) �1000, (b) �1050,

(c) �1100, (d) �1150, (e) �1200 and (f) �1250 mV.

Fig. 8. Dependence of i1/2 on the time t for cobalt deposited from

Co3.d bath at various cathodic deposition potentials, curves: (a)�1000,

(b) �1050, (c) �1100, (d) �1150, (e) �1200 and (f) �1250 mV.
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on the throwing power was studied. Pthrow increases
from �9.2% (Ithrow = 0.85) to 5.9% with increasing
boric acid content from 10 to 30 g dm�3. Under the
chosen plating conditions of t = 15 min, i = 2.0
A dm�2 and at 25 �C, the Pthrow has a low value of
5.9%. The influence of pH on the throwing power was
also investigated. Increasing pH from 2.0 to pH 5.0,
leads to a remarkable increase in Pthrow from �50.1%
(Ithrow = 0.32) to 25% (Ithrow = 1.59). This improve-
ment may be attributed to the increase in cathodic
polarization with increasing pH.
However, increasing the current density from 0.66 to

2.0 A dm�2, decreases the throwing power of the bath
from 29.6% to 5.9%, as a result of increased cathodic
polarization. Similarly, the throwing index decreases
from 1.74 to 1.10 as current density changes from 0.66
to 2.0 A dm�2 (Figure 9).
Raising the bath temperature from 25 to 50 �C lowers

the throwing power of the bath from 5.9 to �6.9%
(Ithrow = 0.72). This is due to the decrease of cathodic
polarization with increasing temperature. It is obvious
that the values of the throwing power and throwing
index change in a parallel manner to those calculated for
Pthrow.

3.6. Microhardness

The Vickers microhardness Hv (kg f mm�2) for some as-
deposited cobalt coatings from gluconate baths on steel

were measured under different operating conditions.
The data reveal that the microhardness of cobalt
deposited from gluconate baths is higher than the
microhardness of cobalt deposited, under similar con-
ditions, from sulfate, chloride, bromide and acetate
baths [30]. Increasing the concentration of gluconate
content in the bath from 50 (Co2.f bath) to 100 g dm�3

(Co.2h bath) results in a decrease in the microhardness
of the deposit from 416 to 341 kg f mm�2 (·10 MPa).
The same effect was produced by introducing boric acid
in the bath. The microhardness of the as-deposited
cobalt, from the optimum Co3.d bath, is significantly
increased with increase in current density. Increasing the
current density promotes grain growth and impedes
grain nucleus generation (Table 2).
Changing the pH of the bath from pH 2.0 to pH 5.0

has no significant effect on the microhardness of the as-
deposited cobalt as shown in Table 2. However, the
microhardness increases with increase in bath tempera-
ture.

3.7. Crystal structure and surface morphology
of the deposits

Figure 10 shows X-ray diffraction patterns of the as-
deposited cobalt obtained from the optimum (Co.3d)
bath onto steel under different operating conditions. A
(110)-oriented h.c.p. (a-Co) and (111)-oriented f.c.c. (b-
Co) phases were observed in all films studied. It is
evident that Co film deposited from the optimum bath
at 2 A dm�2 and at pH 3.5 is composed of h.c.p. and
f.c.c. phases with h.c.p. as a major phase. However, the
Co deposited at higher current density (Figure 10(b)) is
composed of h.c.p. and f.c.c. phases but with f.c.c. as a
major phase. On the other hand, a mixture of f.c.c. and
h.c.p. were produced at high pH (pH 5.0) (Figure 10(c)).
The surface morphology of the as-deposited cobalt

onto steel was examined by scanning electron microsco-
py. Figure 11 shows the morphological details of some
cobalt deposits obtained from the optimum bath under
different operating variables. Compact and micro-
cracked deposits were obtained from the optimum
conditions. The deposits composed of fine (spherical)
grains covering the entire cathode surface (Figure 11(a)).
The size of the spherical grains increases with increasing
the applied current density from 2.0 (Figure 11(a)) to
3.0 A dm�2 (Figure 11(b)). It seems that at low current
densities, the nucleation rate exceeds the growth rate and
the deposits were more compact with a finer grain size
while at the high current densities the growth rate

Fig. 9. Metal distribution ratio (m) against linear ratio (l), for Co3.d

bath at different current density; curves: (a) 0.66, (b) 1.33 and (c)

2.0 A dm�2.

Table 2. Microhardness of cobalt deposited (thickness > 10 lm) from the optimum (Co3.d) bath under different operating conditions

i/A dm�2 Hv/kg pH Hv/kg Temp/�C Hv/kg

(t = 60 min, pH

3.5, 25 �C)
f mm�2

(·10 MPa)

(i = 2 A dm)2,

t = 60 min, 25 �C)
f mm�2

(·10 MPa)

(i = 2 A dm�2,

t = 60 min, pH 3.5)

f mm�2

(·10 MPa)

1.0 257 2.0 412 25 416

2.0 416 3.0 416 50 549

3.0 593 5.0 412 – –
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exceeds that nucleation which results in coarse grain
deposits. Decreasing the bath pH from 3.5 to 2.0
enhances the growth over the nucleation and coarse
grain deposits were obtained as shown in Figure 11(c).
Electrodeposition of cobalt from this bath is associated
with the codeposition of hydrogen. Therefore, it can be
concluded that the adsorbed hydrogen may inhibit the
nucleation rate, consequently enhancing the growth rate.

On the other hand, there is a transition from spherical
grain structure to dihedral fine grains of elongated shape
with increasing temperature, as shown in Figure 11(d).
The presence of microcracks in the deposit indicates that
the deposits are highly stressed. The stress could be due
to adsorption of hydrogen during cobalt deposition [25].
The density of the microcracks increases with increasing
applied current density and with decreasing bath pH,
but decreases with increasing bath temperature.

4. Conclusion

Electrodeposition of highly adherent and smooth de-
posits on a steel substrate from gluconate electrolytes
was successfully achieved by using the optimum bath
composition: cobalt sulfate 100, sodium gluconate 50
and boric acid 30 g dm�3 at pH 3.5, i = 2 A dm�2,
t = 15 min at 25 �C. The cathodic current efficiency is
high (�95%); however, it depends on the operating
conditions. The cobalt deposit obtained from this bath
consists of a mixture of a- and b-cobalt. The surface
morphology of the as-deposited cobalt was investigated.
The cobalt deposit under the optimum conditions is
composed of compact, microcracked, fine grains cover-
ing the whole substrate surface. The microhardness of
the as-deposited cobalt from the present bath is gener-
ally high. The throwing power of the present bath is low
(Pthrow » 5.9%). The data show that the electrodeposi-
tion of cobalt on glassy carbon from gluconate electro-

Fig. 10. X-ray diffraction patterns for the as-deposited cobalt from

Co3.d bath at different operating conditions: (a) i = 2 A dm�2,

t = 15 min, pH 3.5 at 25 �C; (b) i = 3 A dm�2, t = 15 min, pH 3.5

at 25 �C; and (c) i = 2 A dm�2, t = 15 min, pH 5.0 at 25 �C.

Fig. 11. Photomicrograph of cobalt deposited from Co3.d bath at: (a) i = 2 A dm�2, t = 15 min, pH 3.5 at 25 �C; (b) i = 3 A dm�2,

t = 15 min, pH 3.5 at 25 �C; (c) i = 2 A dm�2, t = 15 min, pH 2.0 at 25 �C; and (d) i = 2 A dm�2, t = 15 min, pH 3.5 at 45 �C.
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lyte occurs via a nucleation process under charge
transfer control as indicated by the cyclic voltammetry
and potentiostatic current–time techniques.
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