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Abstract

The electrodeposition of cobalt from sulphate solutions containing boric acid was investigated using EQCM technique coupled with potentiostatic
measurements. The boric acid was added to electrolyte as a buffer to avoid the local pH rise caused by parallel hydrogen evolution reaction (HER).
The results showed that the buffer contribution of boric acid is effective in the cobalt electrodeposition at 25 °C; however, cobalt hydroxide is
formed simultaneously with cobalt deposition at 48 °C. The M/z values calculated using the Sauerbrey equation and the Faraday Law showed that
in the initial stages of deposition at 48 °C, only cobalt deposits were detected, but after 2 s, an important amount of Co(OH), started to be formed.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

While the recent advances in the nanomaterial science have
opened up new possibilities for the fabrication of new devices,
they have also raised new issues. As an example, a number of
these involve the problems that arise in dealing with the elec-
trodeposition of metals with magnetic properties over substrates
with specific pattern for the storage devices industry [1-3]. Fur-
thermore, the structure and morphology control is an essential
task in the electrodeposition of metals with magnetic property.
This property, as well others such as hardness, thermal stability
and corrosion resistance of cobalt electrodeposits has moti-
vated further investigations on cobalt electrodeposition [4-6].
Depending on the preparation conditions, i.e. electrolyte com-
position, pH of the solution, temperature, current density and
the presence of additives, different morphological and structure
properties can be obtained [6—10]. As these problems are not
addressed at all in this field, the study of the cobalt electrodepo-
sition mechanism is of particular interest.

During the metal electrodeposition in aqueous solution par-
allel processes can occur. An important secondary process is
the parallel hydrogen evolution reaction (HER), which may
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strongly affect the morphological and structural properties and
decrease the overall process efficiency [11-14]. According to
some authors [11,13], the pH near the electrode surface could
increase due to the water electrolysis leading to hydroxide ions
formation and hydrogen evolution reaction, as follows:

H,O + M-H + ¢~ — M + Hj(ads) + OH™ (a)

From reaction (a), one can observe that the adsorption mech-
anism is an important task to be considering in electrodeposits
carried out simultaneously with HER [8,11-14]. Hence, the
hydrogen electrodic desorption rate (V.q) must be considered for
the investigation of the overall mechanism during electrodeposi-
tion process and their parameters dependence (i.e., temperature,
the surface fraction covered with adsorbed hydrogen (8) and the
pH in the double layer region). In this subject, some authors
[9,15] suggested that the temperature may affect the HER rais-
ing its rate. Thus, for high temperatures, the electrodeposition
process efficiency could drop down to 60% and the hydrogen
adsorption process would become less favorable modifying the
hydrogen electrodic desorption rate (Veq).

On the other hand, to avoid the pH variation near the
electrode, it is also common to add boric acid (H3BO3) in
the electrolyte to inhibit the formation of hydroxide species
[10,16-20]. Unfortunately, the real function of this additive in
electrodeposition is yet a matter of controversy and a lot of
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propositions were done. Most authors proposed that the boric
acid acts mainly as a buffer agent [16—18]. This effect is thought
to be a dynamic process occurring during the HER. Conse-
quently, the dissociation kinetics of the buffer must be fast
enough to supply protons during molecules discharge occurring
at the electrode surface. Studying this behavior, Horkans [19]
concluded that the dissociation of HSO4~ as well as H3BO3
is so slow that the overall buffer contribution is ineffective
during HER in sulphate electrolyte. However, this author also
proposed that this additive may act as a homogeneous catalyst
which decreases the metal electrodeposition overpotential [19].
In addition, Yin and Lin [20] proposed that H3BO3; works as
a selective membrane inhibiting movement of the ions during
diffusion controlled process at the electrode.

Considering how these parameters (temperature, the surface
fraction covered with adsorbed hydrogen () and the pH in the
double layer region) could affect the electrodeposition process,
much effort has been given to elucidate the mechanism of cobalt
electrodeposition. The main idea lies on the assumption that the
pH in the vicinity of the cathode surface increases due to hydro-
gen evolution and cobalt hydroxide can be formed. From this
point of view, numerous authors proposed different and/or com-
plementary mechanism for cobalt electrodeposition. According
to Jiang and Tseung [21], Co deposition occurs through the
reduction of a cobalt complex, such as CoOOH*, and the limiting
step was the reduction of CoOH to metallic Co. In another paper,
Pradhan et al. [14] also suggested that the cobalt electrodeposi-
tion mechanism occurs via formation of CoOH* at more acidic
pH values. The propositions of these authors [14] consider that
there is a surface fraction covered by adsorbed hydrogen and the
reaction proceeds through CoOH* and H,gs reduction. However,
rising the pH (at pH 4 and 4.5) the mechanism involves Co(OH)»
formation. On the other hand, we described elsewhere [22] that
cobalt hydroxide is formed simultaneously with Co deposition
during the early stages of reduction at pH 4.10 under borate free
electrolytes. However, at pH 3.33 only the direct cobalt reduction
is observed without any hydroxide species formation.

Although significant advances have been made in the under-
standing of how additives and temperature influence the cobalt
electrodeposition, very little attention appears to have been given
to the exact role of these parameters on the electrodeposition pro-
cess. Hence, the objective of the present study is to investigate
the cobalt electrodeposition using the electrochemical quartz
crystal microbalance (EQCM) in the presence of H3BOs3 at two
different temperatures (25 °C and 48 °C).

2. Materials and methods

The experiments were carried out in a glass cell. The work-
ing electrode (WE) was a 9 MHz AT-cut quartz crystal coated
with a Pt film in contact with the electrolyte (A =0.2 cm?). The
sensitivity of the EQCM used was 858.8 Hz g~ !. The counter
electrode (CE) was a Pt sheet and all potentials are referred to sat-
urated calomel electrode (SCE). The resonance frequency shift
was measured with a Seiko EG&G quartz crystal microbalance
(model QCA 917). The electrochemical measurements were
conducted using an EG&G PAR 263 A potentiostat/galvanostat.

All potentiodynamic and potentiostatic reactions were car-
ried out at two temperatures (25 °C and 48 °C) using 0.05 mol
L™ Co0S045H,0+0.01 molL™!  H3BO3+0.113mol L™!
Na;SO4 as supporting electrolyte (pH 5.0 at 7=25°C). The
electrochemical cell was maintained at a constant temperature
using a thermostatic bath. The working electrode was cleaned
using fast sweeping rate technique under 0.1 molL~! H,SOy4
solution between —0.25V and 1.20V (versus SCE) until a
satisfactory response of the Pt profile was obtained. All solu-
tions were prepared with deionized water and analytical grade
reagents. Before each experiment, the supporting electrolyte
solution was bubbled with N; flux during 25 min.

3. EQCM data processing

The EQCM technique combined with cyclic voltammetry is
a convenient tool to investigate electrochemical reactions by
measuring the current, charge and related mass changes at the
working electrode [23]. According to the Sauerbrey equation
[24] the frequency variation (Af) of the quartz crystal is corre-
lated with the mass change on the electrode (Am), as follows:

—2f2Am
A/1ipi
where fj is the resonant frequency of the quartz crystal, A the
piezoelectric active area, u; the shear modulus of the quartz, K
the experimental mass coefficient and p; is the density of quartz.
When Eq. (1) is combined with the Faraday Law, and the num-
ber of electrons involved in the reaction is known, the apparent

molar mass can be calculated [24-26]. Hence, M/z values can be
determined by fitting the slope of the mass versus charge curves:

<=l (&) @

where M is the molar mass of the deposit, F' the Faraday constant
and z is the number of electrons. The M/z values may also be
used to evaluate the number of reactions occurring during an
electrochemical process.

In the present paper, the M/z values were determined from
potentiodynamic and potentiostatic measurements in CoSOg4
solution containing boric acid as a buffer at two temperatures
(25°C and 48 °C).

Af = —KAm 6]

4. Results

A preliminary investigation to evaluate the main processes
during the cobalt electrodeposition was performed using triangu-
lar voltammetry. Fig. 1 shows the voltammograms for the cobalt
electrodeposition performed at two different temperatures and
the corresponding mass change observed during the process. In
the scan toward negative potentials there is no process until the
beginning of cobalt deposition at —0.76 V (25 °C). For poten-
tials more negative than this, an increase in the current and a
mass change on the working electrode were observed (Fig. 1C).
The cobalt reduction current peak is observed at —1.04 V (25 °C)
followed by a significant increase in the cathodic current which
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Fig. 1. (A) Cyclic voltammograms, (B) detailed range of cobalt deposition
overpotential and (C) mass change as a function of potential in solution con-
taining 0.05M CoSO4 +0.01 M H3BO3 +0.113 M NaySO4 at pH 5.0 for cobalt
electrodeposition at 25 °C and 48 °C. Scan rate =20 mV/s.

can be associated with proton reduction. In the reverse sweep
toward positive potentials, two crossing over potentials were
observed. Furthermore, from Fig. 1 A, one can observe an intense
anodic peak with a shoulder during the cobalt dissolution which
was previously reported by other authors [12,15,22,27,28]. This
shoulder could be related to the dissolution of hydrogen rich
cobalt phase [28]. The possibility of passivation should not
be disregarded as cobalt(IIT) species could be formed, such
as CoOOH, originated from the oxidation of Co(OH),qs or
Co(OH), previously adsorbed on the electrode. However, at
any rate, all deposited material was dissolved during the anodic
stripping (Fig. 1C).

Although the general profile of these two voltammograms
(Fig. 1) has the same behavior for both temperatures, some
important issues can be pointed out: (i) the overpotential of the
cobalt deposition in the experiment carried out at 48 °C is smaller
than the one at 25°C (inset Fig. 1B), (ii) the mass—potential
curves showed an increase in the deposited mass over the work-
ing electrode for the measurement performed at 48 °C, (iii) the
total deposited mass on the electrode is dissolved (Fig. 1C) and
(iv) the dissolution current peak related to the rich hydrogen
phase is more evident in the electrodeposition carried out at
48 °C.

In our previous work [22], we showed that during the initial
stages of cobalt electrodeposition, small quantities of Co(OH);
are produced. In the present work, we introduced the boric acid

Table 1
Apparent M/z values calculated from Fig. 1A considering the total mass (Am)
and charge (AQ) during cobalt electrodeposition toward negative potentials

Temperature (°C) Potential range (V) Mz (gmol~1)

25 —0.80 > —1.20 31 £ 0.5
—0.86 > —1.01 38 £ 0.5

48 —1.01 - —1.17 32+05
—1.17— —1.20 28 + 0.5

and changed the electrolyte temperature. In order to evaluate
the species participating during the cobalt electrodeposition, the
apparent M/z values (Tables 1 and 2) were calculated using the
Faraday Law. Considering an ideal cobalt reduction involving
2 mol of electrons, the apparent M/z value must be 29.5 g mol !
(MW Co =58.9 gmol~!). Following:

Co’*(aq) + 2¢~ — Co(s) (b)

The Co(OH); formation requires an apparent M/z value of
46.5 gmol~! (MW Co(OH),/2e™) following the global reaction
from (c) and (d):

2H;0 + 2e™ — Ha(g) + 20H (aq) (©)
Co**(aq) + 20H (aq) — Co(OH);(ads) (d)

Table 1 illustrates the apparent M/z value for potentiodynamic
cobalt electrodeposition toward more negative potentials (from
—0.8 Vto —1.2V), calculated using the slope of mass x charge
curves and the Faraday Law (Fig. 2A). It was observed that
for the experiment performed at 25 °C, there is only one appar-
ent M/z in the whole potential window (31 0.5 gmol~!). This
result shows that the electrodeposition follows the reaction
(b), i.e. direct cobalt reduction. Different apparent M/z values
were calculated for the experiment performed at 48 °C, as it
can be observed in the slope variation during the potentiody-
namic deposition depicted in Fig. 2B. Just at the beginning of
cobalt reduction (from —0.86 V to —1.01 V) the M/z value was
38 £0.5 gmol~!, which has an important component related to
the global reaction originated from (c) and (d), where Co(OH)»
is formed. In the subsequent process, the calculated M/z val-
ues were 32+0.5gmol™! (from —1.01V to —1.17V) and
2840.5gmol~! (from —1.17V to —1.20V) indicating only
cobalt reduction. The Co(OH), could be reduced to Co at poten-
tial more negative than —0.97 V (Standard Potential [29,30]),
following the reaction below:

Co(OH);(ads) + 2e~ — Co(s) + 20H™ (aq) (e)

Table 2
Apparent M/z values calculated considering the total mass (Am) and charge
(AQ) from current—time transient experiment

Temperature (°C) M/z (gmol~1)

Time: 0-2s Time: 2-10s
25 27 £ 0.5 30 £ 0.5
48 30 + 0.5 4 £ 0.5
252 30 +£ 0.5 31 £ 0.5

2 After cooling procedure.
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Fig. 2. Mass variation as a function of charge for (A and B) potentiodynamic deposition and (C and D) potentiostatic deposition at —095 V.

Hence, the Co(OH), reduction requires an apparent M/z value
of 23.2¢g mol~! (Mco(on)y, /4€™) following reactions (c)—(e). If
this is correct, one needs to consider 4 mol of electrons during all
process. An apparent M/z value smaller than 29.5 g mol~! shows
that a mixed contribution from reactions (b) and (e) may also
occur for the deposition performed at potentials more negative
than —0.97 V (Standard Potential).

To study the electrodeposition process in a more detailed way,
transient measurements coupled with EQCM were performed
and the results are presented in Fig. 3 and Table 2. In these exper-
iments, a step potential was applied between —0.1 V (where no

.....

l6 b LI i L]
time (s)

Fig. 3. Apparent M/z transients as a function of time.

faradaic reaction occurs on the electrode) and —0.95V for 10s.
The chosen potential is located near the water electrolysis poten-
tial, where the HER occurs, and remains more positive than
—0.97V, which is the Standard Potential for Co(OH); reduction
[29,30]. It is important to stress that in these experimental condi-
tion the major fraction of produced Co(OH), will not be reduced
to Co. After the potentiostatic deposition, anodic stripping was
performed to investigate the dissolution process and to evaluate
the current efficiency.

Table 2 illustrates the M/z values calculated by fitting the
slope of mass versus charge (Fig. 2C and D) for cobalt depo-
sition at —0.95 V. During the cobalt deposition carried out at
25 °C, the calculated M/z value was 27 £ 0.5 gmol ! (up to 2 s)
and 30 & 0.5 in the subsequent deposition (Fig. 2C). These val-
ues are very close to the theoretical value for cobalt reduction,
indicating that the major reaction occurring on the electrode is
described by reaction (b). In this case, it is not expected that the
Co(OH); reduction takes place since it was not produced at this
experimental condition.

On the other hand, for the electrodeposition performed
at 48°C, at the first 2s, the calculated M/z value was
30+ 0.5 gmol~! (Fig. 2D). Again, this suggests that in the initial
stages of cobalt reduction the process proceeds through reac-
tion (b). Within the interval between 2 s and 10 s, the calculated
Mz value was 444 0.5 gmol~!. This value is in accordance
with the global reaction originated from (c) and (d), which are
related to Co(OH), formation. The same result can be better
visualized in Fig. 3, where the calculated apparent M/z transient
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Fig. 4. Comparison of experimental and theoretical mass change of cobalt depo-
sition and anodic stripping obtained at —0.95 V from current—time transients.
T=25°C. Scan rate: 20mV/s.

showed a continuous variation of the M/z values as a function of
time. For the electrodeposition performed at 25 °C, the apparent
M/z transient remains constant during all experiment indicating
an electrodeposition mechanism where only cobalt is reduced.
In addition, for the experiment carried out at 48 °C, one can
observe a smooth increase of the apparent M/z transient, indicat-
ing a change in the cobalt electrodeposition mechanism starting
with cobalt deposition followed by Co(OH); formation occur-
ring simultaneously with cobalt deposition up to 10 s. Although
it was not expected, the sharp decrease of the M/z value at the
early stage of the deposition process (0-0.5 s) could be related to
reactions (c)—(e), which are related to the Co(OH); reduction.
However, the large experimental error due to the slow acqui-
sition rate of the EQCM data may also be responsible for this
sharp decrease in the beginning of the reduction process.

Figs. 4 and 5 illustrate the theoretical and experimental
mass change over the working electrode during potentiostatic
LML L L L I"{’ 1 v 1 v Ll
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Deposition
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Fig.5. Comparison of experimental and theoretical mass change of cobalt depo-
sition and anodic stripping obtained at —0.95 V from current—time transients.
T=48°C. Scan rate: 20mV/s.

deposition and anodic stripping process for 25 °C and 48 °C,
respectively. Fig. 4 depicts the theoretical mass variation for Co
and Co(OH); calculated considering the Faraday Law for reac-
tions (b) and (d), respectively. For the experiment performed
at 25°C, the experimental mass change and the Co theoret-
ical one overlapped during the potentiostatic deposition and
the anodic stripping, which indicates that the electrodeposition
occurs only via reaction (b). Hence, the current efficiency dur-
ing this process is almost 100%. On the other hand, from the
experiment performed at 48 °C (Fig. 5), one can observe that
the experimental and Co theoretical curves overlapped up to 2 s,
suggesting an electrodeposition mechanism via reaction (b). For
times longer than this, the experimental curve drifts apart from
the Co theoretical one and approaches the Co(OH),, indicat-
ing an electrodeposition process occurring via reaction (d), i.e.
Co(OH), formation. This behavior can also be observed during
the anodic stripping and can be related to a decrease in the current
efficiency. These data also confirmed the apparent calculated M/z
values (Table 2) found by electrodeposition (—0.95 V) and disso-
lution at 48 °C suggesting that the electrodeposition mechanism
is followed by a mixed contribution of different intermediary
reactions, i.e. following reactions (b)—(d). After that, from the
difference between the curves presented in Fig. 5, it was esti-
mated that, at 10 s, almost 80% of the deposited material could
be Co(OH);.

5. Discussion

The apparent M/z values related to hydroxide species were
not expected in our experiments as H3BO3 was used to prevent
any important pH variation near electrode surface. However, the
real function of the boric acid during electrodeposition process
is yet a matter of controversy, as initially stated in the intro-
ductory section. Despite all mechanism propositions, the data
showed that the boric acid was ineffective for the experiment
performed at 48 °C. Several propositions can be pointed out in
order to explain our experimental data. First of all, an impor-
tant experiment was performed to ensure that the boric acid did
not lose its effectiveness during the experiments at high tem-
peratures. For this purpose, subsequent electrodeposition was
performed immediately after the experiment at 48 °C, cooling
the solution until 25 °C. In this last measurement, at 25 °C, the
cobalt was deposited at —0.95V for 10s and the apparent M/z
value was calculated. Table 2 shows that the apparent M/z val-
ues after the cooling procedure was close to 30 g mol~! (cobalt
reduction via reaction (b)). These data revealed that the boric
acid remains effective after the experiment performed at 48 °C,
in which the additive was ineffective. Hence, any proposition
about the deactivation of H3BOj3 could be disregarded.

Jeffrey et al. [9] and Elsherief [15] proposed in their work
that the HER contribution is intense in experiments carried out
at high temperatures. If we consider that the hydrogen evolution
reaction is more effective at 48 °C, the formation rate of OH™
ions must be larger than in the case of the experiment carried
out at 25 °C. This explains the observed M/z values for hydrox-
ilate species (Tables 1 and 2). Another effect of the temperature
that is observed is a drift toward more positive overpotential for
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the cobalt and proton reduction (Fig. 1B). However, the most
suitable explanation for the inefficiency of boric acid may arise
from the propositions described in the literature [10,17-19].

One possible mechanism involving complex ions formation
can also be evoked, as the one proposed by Hoare [17]. This
author proposed that H3BOs3 can form a stable complex with
the Ni ions making easier the discharge of this metal over the
electrode. This author also suggests that the boric acid behaves
like a homogeneous catalyst decreasing the overpotential for Ni
deposition. Unfortunately, the mechanism for this proposition
cannot be determined from our experimental results and more
effort must be taken in order to consider this mechanism.

However, within the scope of our experimental result, we
proposed that there is a mixed contribution of the slow disso-
ciation kinetics of the boric acid and a mechanism involving
adsorption of neutral boric acid molecules over the electrode, as
proposed by Horkans [19]. This author proposed that in Ni depo-
sition under SO42~ solution, little competition between H3BO3
and sulphates ions exists, and consequently, boric acid adsorp-
tion may decrease the active surface area. A local increase of
the temperature in the electrode surface may strongly affect the
adsorption rate of this species and change the cobalt deposition
efficiency. As a result, the proton reduction rate will increase
favoring the formation of hydroxilate species due to OH™ for-
mation. On the other hand, if we consider the kinetics of the
boric acid dissociation [19], it can be proposed that this disso-
ciation is the rate-determining step during HER. In this case,
the dissociation rate is not fast enough to provide the increase
of concentration of OH™ at the surface of the electrode for
the experiments performed at 48 °C. Although both hypotheses
corroborate our experimental results, we propose that the con-
tribution of the first proposition is more important to explain our
experimental results than the one about the dissociation kinetics
of boric acid, since it was observed that at 48 °C, the hydrogen
evolution is intense. Besides, in the present case, the concentra-
tion of boric acid is lower (compared to the cobalt sulphate) than
those investigations described in the literature for Ni deposition
[17,19,31].

6. Conclusions

The analysis of the EQCM data and the current—time transient
measurements indicated that the mechanism of cobalt elec-
trodeposition changed when the temperature was increased in
sulphate solution containing boric acid. At 25°C, only direct
cobalt reduction is observed, while in electrodeposition at 48 °C,
Co(OH), can be observed from the calculated apparent M/z
values. These results suggest that Co(OH); can be formed simul-
taneously with Co deposits and the buffer contribution of boric
acid was ineffective at 48 °C. Furthermore, some propositions
were considered to explain the inefficiency of the boric acid. The

most suitable alternative is the one concerning the effect of tem-
perature rise on the adsorption mechanism of H3BOs3 over the
electrode. For high temperatures, the desorption mechanism is
greater, leading to an increase of the active surface area available
for HER and, as a result, Co(OH); can be formed.
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