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Abstract

Anodic linear sweep voltammetry was used to characterise electrodeposits of Ni, Co and five Ni–Co alloys (5:1, 2:1,
1:1, 1:2 and 1:5 ratios) obtained in a potentiodynamic mode on a vitreous carbon electrode from dilute sulfate baths.
The voltammetric results showed a complex behaviour, with the deposits strongly dependent on the metal ion
concentrations and less dependent on the final deposition potential. Probably due to simultaneous hydrogen
evolution, the efficiency of the electrodeposition (in sulfate baths) and electrodissolution (in ammoniacal bath)
processes of pure Co and Ni–Co alloys decreased with increasing final potential in all solutions, while that of pure
Ni was enhanced with a shift to more negative potentials. Morphological information was acquired through
investigations by techniques such as SEM, EDX and dot mapping. The voltammetric results revealed solid solution
characteristics, with profiles varying from pure Ni to pure Co. The results of semi-quantitative EDX chemical
analyses suggest a regular deposition mechanism instead of an anomalous one as is often observed in such binary
systems.

1. Introduction

Electrodeposition techniques are widely used to produce
metallic alloy layers [1–10], mainly because they repre-
sent a less costly alternative to other deposition methods
such as physical and chemical vapor deposition (PVC
and CVD). For protective coatings, electrodeposition
methodologies present additional advantages involving
enhanced control of the alloy composition, as well as
coating thickness and shape. Moreover, unlike vapor
phase-produced coatings, which are often porous, elec-
trodeposits can be made more compact, which enhances
their corrosion resistance [11].

Unlike those obtained by metallurgical processes [12],
thin layers of electrodeposited alloys possess several
characteristic properties. These layers are known to
commonly consist of different phases, including com-
pounds of the main metallic components (e.g., oxides)
and impurities formed of the alloying elements [13].

Anodic linear sweep voltammetry (ALSV) is a well-
established technique to identify the different phases
commonly present in most alloy systems [14–27]. ALSV
characteristics, in particular, are highly sensitive to the
characteristics of electrodeposits. It has been demon-

strated that anodic dissolution can be considered a
‘fingerprint’ of thin alloy layers [23]. This method
appears to be a suitable alternative since the appropriate
technique to analyse crystal structures (i.e., X-ray
analysis), is restricted insofar as the identification of
thin films on amorphous substrates, such as vitreous
carbon, is concerned.

Although the literature contains extensive studies of
different types of alloy, few papers report on Ni–Co [28–
35]. An earlier paper from our laboratory [36] reported
on a study of the electrodeposition of Ni–Co alloys on a
glassy carbon substrate from dilute chloride baths. That
study revealed voltammetric results displaying a com-
plex behaviour, with the deposit strongly dependent on
the metal ion concentrations in the bath and on the final
deposition potential. The experimental results for five
alloy ratios showed electrochemical and physical beha-
viours varying from the kind associated with pure Ni
to that associated with pure Co. Quantitative chemical
analyses confirmed that, under our experimental condi-
tions, a regular rather than an anomalous deposition
mechanism occurred.

However, some authors suggest the possible influence
of anionic species in electrodeposition/electrodissolution
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processes [37–40]. In the present study, dilute sulfate
baths were used to obtain Ni–Co electrodeposits under
controlled conditions, followed by stripping experiments
to characterise the thin Ni–Co films. The electrochemi-
cal and physical results were also interpreted as a
function of the deposition potential and bath composi-
tion. Thus, in view of the complexities associated with
electrodeposited alloys, the results were correlated with
those previously reported in a chloride medium [36].

2. Experimental procedure

The chemical products (Merck PA reagents) used in this
study were 0.01 mol dm)3 NiSO4 + 0.1 mol dm)3

Na2SO4 or 0.01 mol dm)3 CoSO4 + 0.1 mol dm)3

Na2SO4 electrolytes, while the alloys were obtained
from baths containing Ni(II)/Co(II) ratios of 5:1 (i.e.,
0.05 mol dm)3 NiSO4 + 0.01 mol dm)3 CoSO4 + 0.1
mol dm)3 Na2SO4), 2:1, 1:1, 1:2 and 1:5, all in pH 6.4.
The stripping analyses were performed in 0.5 mol dm)3

NH4Cl. All the solutions were freshly prepared with
water treated in a Millipore Milli-Q system. In these
experiments, the electrolyte solution was bubbled with
purified nitrogen (White Martins SS) for at least 15 min
prior to the experiments and the atmosphere was kept
constant during the experiments in order to remove O2.
All the experiments were performed at room tempera-
ture.

Electrochemical experiments were carried out in a
conventional three-electrode cell using an EG&G PARC
model 273 potentiostat/galvanostat controlled by a PC
type microcomputer with a GPIB card containing M270
software. The working electrode (0.2 cm2 geometric
area) was a vitreous carbon rod (CTA, Brazil). This
electrode was hand-polished to a mirror finish before
each experiment using emery papers (up to grid 2000).
The auxiliary electrode was a Pt sheet with a 2 cm2

geometric area and the reference system was a saturated
calomel electrode (SCE).

The surface morphology of the electrodeposit was
examined with a DSM 960 (Carl Zeiss) scanning
electron microscope. The qualitative and semiquantita-
tive chemical analyses of the alloys were performed by
energy dispersive X-ray (EDX) in a model QX 2000
(Link Analytical) device using Ni and Co standards
(99.998%) from Micro-Analysis Consultants Ltd (Cam-
bridgeshire, UK).

Metal electrodepositions were carried out by potential
scanning from 1.0 V to a final potential varying between
)0.9 and )1.3 V, at 5 mV s)1, in the corresponding
electrolyte.

The stripping analysis was consistently made imme-
diately after deposition, also at 5 mV s)1, but in the
stripping solution given above. In this case, the initial
potential always coincided with the final potential of the
electrodeposition curve and the positive scan was
stopped at 1.0 V. Only one deposition or dissolution
cycle was run for each experiment.

3. Results and discussion

To gain a better understanding of the electrodeposition
and electrodissolution processes of Ni–Co alloys, a
preliminary study was made of the deposition of pure
metals in a simple sulfate bath. The voltammetric
responses were also used to interpret the more complex
Ni–Co profiles.

3.1. Cyclic voltammetry

Cyclic voltammograms for Ni (dashed line), Co (dotted
line) and Ni–Co 1:1 (full line) deposition/dissolution in
0.01 mol dm)3 NiSO4 + 0.1 mol dm)3 Na2SO4, 0.01
mol dm)3 CoSO4 + 0.1 mol dm)3 Na2SO4 and 0.005
mol dm)3 NiSO4 + 0.005 mol dm)3 CoSO4 + 0.1 mol
dm)3 Na2SO4 electrolytes, respectively, are shown in
Figure 1. The current scale was divided by an f factor,
taking into account the increased metal ion concentra-
tion in the electrolyte used for the alloy deposition
experiments. Thus, the f factor was set at 2 for Ni–Co
1:1 and at 1 for the individual metals. Two crossovers of
current were detected in the negative scan, which are
commonly associated with electrocrystallization pro-
cesses involving increases in surface area. In each
voltammetric profile, the respective reduction process
presented a single peak whose onset shared the same
potential value. After reaching a peak, the currents
decreased according to a diffusion-controlled process.
On the other hand, the cathodic peaks appeared at
somewhat different potentials, that is, )0.95 V, )0.85 V
and )0.90 V for Ni, Co and Ni–Co, respectively.
Moreover, the peak current for the Co deposition was
larger than those for Ni or Ni–Co, which was probably
due to the fact that the deposition rate for Co was faster
than for the other systems. Contrary to what was
observed in chloride medium [36], the alloy deposition in
sulfate electrolyte showed an intermediate behaviour in
relation to the peak potential and current values. On
positive scans, only Co deposits presented the corre-

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
-1.5

-1.0

-0.5

0.0

0.5

1.0

 Ni

 Co

 Ni-Co (1:1)

 i /
 m

A
 c

m
-2

E/V

Fig. 1. First-cycle voltammograms for vitreous carbon electrode in

0.01 mol dm)3 NiSO4 + 0.1 mol dm)3 Na2SO4 (- - - - -), 0.01 mol

dm)3 CoSO4 + 0.1 mol dm)3 Na2SO4 (� � � � � �) and 0.005 mol dm)3

NiSO4 + 0.005 mol dm)3 CoSO4 + 0.1 mol dm)3 Na2SO4 (––––)

solutions at 5 mV s)1.
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sponding dissolution process with three current maxima,
while Ni and Ni–Co alloys showed no evidence of a
dissolution process, in this potential region, maybe due
to the enhanced stability of Ni surfaces in non-acid
media.

3.2. Electrodeposition experiments

With the aim of producing different Ni–Co alloy
compositions on the electrode surface, electrodeposi-
tions were made by potential scanning from 1.0 V to
different final potential values of )0.9 V, )1.0 V,
)1.1 V, )1.2 V and )1.3 V, at 5 mV s)1, in the several
different electrolytic solutions described earlier. Scan-
ning the potential up to )1.1 V in all the electrolytes
generated voltammetric profiles similar to those previ-
ously found in chloride medium [36]. The deposition
processes presented a single maximum whose peak
potential values varied arbitrarily between )0.88 (Ni–
Co 1:2) and )0.95 V (Ni–Co 5:1). Such behaviour may
be associated with variations in the experimental con-
ditions such as the total ionic concentration, ionic
strength of the solution, local pH, etc. Finally, excur-
sions for potential values more negative than )1.1 V
gave extensive hydrogen evolution, which was demon-
strated by the exponential growth of the current values
[9, 39–41]. The electrodeposits produced with this
procedure were further examined by electrochemical
and physical techniques in order to analyse their
compositions.

3.3. ALSV results

It has been shown that the ALSV technique is a suitable
electrochemical tool [14–27] for the characterization of
electrochemically obtained thin layers of metallic alloys.
Under anodic polarisation conditions, the distinct com-
ponents of an alloy tend to dissolve at different
potentials, and the distribution of voltammetric peaks
is characteristic for each alloy structure. The peak
currents depend on the film thickness, while their
number and potentials depend only on the alloy
structure.

The experimental procedure used was similar to that
described in [36]. Here, the dissolution experiments were
carried out in 0.5 mol dm)3 NH4Cl at 5 mV s)1. Fig-
ure 2 illustrates the ALSV responses for dissolution of
pure Ni and Co electrodeposited during potential
scanning up to )0.9 V (solid line), )1.1 V (dash dot
line) and )1.3 V (dotted line). In contrast to the
behaviour observed in sodium sulfate medium, both
Ni and Co dissolve in the highly complex ammonium
electrolyte. Figure 2 shows two dissolution peaks for Ni
stripping and one for Co. The peak potential for the
highest peak showed similar values in both cases, that is,
0.38 V for Ni and 0.42 V for Co. Because of the faster
deposition kinetics of Co, higher dissolution charges
were detected than for Ni at identical final potential
values. However, for depositions up to )0.9 V, Ni

deposits failed to show any dissolution current. On the
other hand, with a scan of up to )1.3 V, the Ni deposit
formed under intense hydrogen evolution showed a new
dissolution peak at approximately 0.85 V, which can be
associated to the formation of Ni phases with different
characteristics under such reducing conditions (which
can even induce hydrogen incorporation in Ni deposits).
Moreover, the Co dissolution charges seem to stabilize
around )1.1 V, probably due to hydrogen evolution at
more negative potentials.

Although it is well known that nickel and cobalt form
solid solutions at the atomic level over the entire
composition range [1, 42], a clear difference was found
in the corresponding stripping voltammograms for the
alloys and the pure metals, as shown in Figure 3, in
which the current scale was again corrected by the f
factor. For 5:1 Ni–Co alloy, a unique oxidation peak
was observed at )0.25 V, presenting characteristics
similar to those observed for Ni deposits, that is, an
absence of oxidation currents for deposits obtained up
to )0.9 V and a peak potential close to that of Ni.
However, there is evidence that these deposits differ
from pure Ni, that is, the absence of the peak at 0.8 V
and the higher values of dissolution charge than that
shown in Figure 2.

This dissolution behaviour altered dramatically in the
Ni–Co 2:1 alloy, in which three peaks appeared in the
anodic scan, the first one around )0.4 V, the second
near 0.4 V and the last at approximately 0.6 V, as
shown in Figure 3. The dissolution charges were much
smaller than that observed in the 5:1 alloy. This change
in voltammetric profile may be associated with the
somewhat different alloy compositions obtained for the
5:1 and 2:1 Ni–Co electrodeposits.

The changes in voltammetric profiles were reduced by
increasing the alloy Co content. For 1:1 and 1:2 Ni–Co
alloys, the first peak at )0.4 V tended to diminish while
those around 0.4 V increased and shifted toward less
positive potentials.

Three dissolution peaks were again observed in the 1:5
Ni–Co alloy response. Here, the peak around )0.4 V
reappeared, as did the one at 0.0 V, both of which were
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Fig. 2. Anodic linear sweep voltammograms in 0.5 mol dm)3 NH4Cl

at 5 mV s)1 for Ni and Co electrodeposits obtained from the sulfate

baths gives in Figure 1 by potential sweep up to )0.9 V (solid line),

)1.1 V (dash-dot line) and )1.3 V (dotted line).
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attributed to an excess of Co when related to the Ni
content of the alloy, while a new peak around 1.0 V was

associated with the reduced Ni dissolution shown in
Figure 2.

All these variations, which appear to be only slightly
dependent on the final potential of the deposition scan
in the range )0.9 to )1.3 V, indicate that the assumption
of the formation of a simple solid solution does not, per
se, justify the response of Ni–Co alloys, since it should
give rise to only one dissolution peak, whose potential
should vary smoothly with parameters such as pH, ionic
strength and electrolyte composition. Hence, based in
the number and behaviour of the voltammetric peaks
observed, it must be assumed that there are several
intermetallic compositions.

The current efficiency (g) for each alloy was deter-
mined as the ratio between the charge obtained under
the ALSV peaks (in the ammoniacal bath) (Qanod) and
the charge passed during the deposition experiments (in
sulfate baths) (Qcat). Table 1 lists the dependences of g
on the final potential of the deposition scan ()0.9 to
)1.3 V). It can be observed that, for Co electrodeposi-
tion, the hydrogen evolution exerts an increasing influ-
ence with potential incursion towards negative values,
lowering the current efficiencies. On the other hand, Ni
electrodeposition behaves in an opposite way. The
current efficiency increases when the potential becomes
negative. This is probably associated with deposition, at
more negative potentials, of less organized films, which
are more susceptible to oxidation yielding higher oxi-
dation currents in the ALSV experiments. The dissolu-
tion currents for pure Ni deposits are up to )1.1 V,
smaller than those for pure Co films, as can be seen in
Figure 2. The potential scanning for )1.3 V generates
Ni films with dissolution currents closer to those for Co
at the same final potential.

3.4. Physical characterization

The morphological aspects of Ni, Co and Ni–Co alloys
deposited on vitreous carbon electrodes from sulfate
baths at a potential sweep of up to )1.1 V were
examined by SEM. Figure 4 shows that different mi-
crostructures and, hence, alloy compositions were ob-
tained for the different bath composition.

Figure 4 shows that Ni electrodeposits have a highly
irregular platelet structure, while Co presents a more
ordered fibrilar one. The same structures had been
observed in Ni and Co electrodeposits obtained from a
chloride bath [36]. By increasing the amount of cobalt in

Fig. 3. Anodic linear sweep voltammograms in 0.5 mol dm)3 NH4Cl

at 5 mV s)1 for electrodeposits of Ni–Co alloys (as indicated) obtained

from the five different sulfate baths (see text) by negative sweep up to

)0.9 V (solid line), )1.1 V (dash-dot line) and )1.3 V (dotted line).

Table 1. Values of current efficiency for the electrodeposition processes of pure Ni, Ni–Co alloys and pure Co

)Einv

/V

Qanode/Qcat

Ni 5:1 2:1 1:1 1:2 1:5 Co

0.9 0.16 0.79 0.71 0.73 0.79 0.85 0.43

1.0 0.27 0.87 0.74 0.45 0.69 0.75 0.66

1.1 0.29 0.83 0.69 0.48 0.67 0.73 0.65

1.2 0.30 0.70 0.61 0.61 0.62 0.64 0.56

1.3 0.34 0.59 0.45 0.48 0.52 0.58 0.43
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the electrolyte, the morphologies of the deposited thin
layer of Ni–Co alloys underwent a progressive change,
varying from a fibrilar Co-like structure, in the case of
the 1:5 alloy, to globular platelet-like deposits in 1:2, 1:1,
2:1 and 5:1 alloys. From these SEM images, it can be
concluded that the morphological appearance of Ni–Co
alloys changes, when the Co content of the bath is
increased, passing from that of pure Ni to the micro-
structure obtained for pure Co.

Because the Ni, Co and Ni–Co alloys deposited during
the potential scan up to the same final potential on
vitreous carbon electrode showed morphological differ-
ences, the electrodeposits were subjected to a semiquan-
titative X-ray dispersion analysis to verify the correlation
between the bath composition and the amount of
codeposited nickel and cobalt. Figure 5 presents EDX
spectra for both 2:1 and 1:5 alloys obtained for a )1.1 V
final potential. A comparison of the height of the Ni–Co
signals and the metal ion concentration in the electrolytic

solutions reveals that Ni–Co codeposition follows a
regular mechanism, and not an anomalous one, under all
the experimental conditions used. The results for all the
Ni–Co alloys are compiled in Table 2, which shows the
same nickel and cobalt percentages in the electrolytic
bath and in the deposits. This finding disagrees with
some authors [28, 30, 31, 33], who postulated an

Fig. 4. SEM micrographs for electrodeposits obtained by linear sweep

voltammetry up to )1.1 V for the different Ni–Co alloys: (A)

Substrate, (B) Ni, (C) 5:1, (D) 2:1, (E) 1:1, (F) 1:2, (G) 1:5 and (H) Co.

Fig. 5. EDX spectra for two compositions of Ni–Co alloys electrode-

posited by linear sweep voltammetry up to )1.1 V. Ni–Co composi-

tions: 2:1 (upper) and 1:5 (lower).

Table 2. Comparison between theoretical and experimental values for

the pure Ni, Ni–Co alloys and pure Co in the electrolytic solutions

with the metallic percentage in the electrodeposits found by EDX.

Linear sweep up to )1.1 V

System Theoretical Experimental

% Ni % Co % Ni % Co

Pure Ni 100.0 0 100.0 0

Ni–Co 5:1 83.3 16.7 80.0 20.0

Ni–Co 2:1 66.7 33.3 69.0 31.0

Ni–Co 1:1 50.0 50.0 54.0 46.0

Ni–Co 1:2 33.3 66.7 37.0 63.0

Ni–Co 1:5 16.7 83.3 20.0 80.0

Pure Co 0 100.0 0 100.0
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anomalous Ni–Co deposition mechanism under several
experimental conditions.

Finally, EDX dot-mapping experiments were per-
formed to visualize the distribution of alloy components
in the Ni–Co layer. It was noted that the deposition is
highly homogeneous, with no preferential surface region
for nickel or cobalt deposition for all Ni–Co composi-
tions.

4. Conclusions

Electrochemical dissolution experiments on Ni–Co al-
loys and SEM analyses revealed a strong dependence of
alloy compositions on the concentration of metallic ions
in the deposition bath. The electrodeposits obtained
from bath with different percentage of Ni2+ and Co2+

ions yielded varying number of peaks in different
potentials in the ALSV experiments in NH4Cl medium.
Since in such experiments multiple peaks are usually
associated to the dissolution of distinct alloy phases,
these variations evidenced the formation of several Ni–
Co species, which is also supported by the SEM analysis
which shows different Ni and Co content in each
deposit. The nature of such alloys was found to be only
slightly dependent on the final potential during deposi-
tion scanning. On the other hand, an almost homo-
geneous change in voltammetric and morphologic
aspects was observed to occur from low to high Co
content alloy, produced by increasing amounts of Co(II)
in the electrolyte. These observations points to the
formation of different intermetallic alloys with interme-
diate compositions of Ni and Co. Finally, the chemical
analysis with EDX showed a regular deposition mech-
anism, with the alloy composition directly dependent on
bath composition. This is contrary to some published
results, which suggest that Ni–Co codeposition has an
anomalous mechanism, in which Co (the less noble
component) deposits preferentially.
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