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Abstract: In order to establish the optimal conditions for the obtaining of Co, Ni
and Fe as monocomponent and mixed layers by the electrochemical method by the
voltammetric technique, the use of the gold disk electrode (EDAu) technique was
used. The influence of the pH, the nature and concentration of the electrolyte on
the reduction potential and on the quality of the layer for the electrochemical
systems containing ions of the three above metals was studied by SEM/EDX. The
operating conditions allowing the obtaining of monocomponent and alloy layers
were determined.
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Introduction
Among the three metals used in this study, the nickel has the highest
potential value,1 but is situated before hydrogen; due to its good passivation
capacity, is very resistant to the atmospheric air as well as to the action of
alkaline hydroxides and certain acids.
The electrodeposition of Co and Ni is performed in electrolytic baths
with similar composition and working regime for both metals, excepting the
current densities, which could be a lot higher for the cobalt.2 The most
commonly used electrolytes in Co, Ni and Fe deposition are the sulfates.
The electrochemical method for nanowires synthesis is more and more
used on the expense of the methods based on physical processes, since it
supposes lower infrastructure costs and better energetic efficiency (the
physical methods require high vacuum and/or temperatures). Beside the
milder conditions of the process, the product quality can be better controlled
by the composition of the solution and the parameters of the electrolysis applied potential, current density, charge, temperature and electrolysis mode
(potentiostatic or galvanostatic)3, etc. Synthesis techniques allowing the
obtaining of nanowires with high length/diameter ratios in anodized
aluminum oxide (AAO) were developed, based on the localized growth of
straight parallel nanowires, on flat surfaces that can be used to obtain
nanometric scale interconnections for magnetic and electronic devices.4
The magnetic properties of the Co nanowires deposited in polymeric
membranes with different size pores were studied5,6 and a pronounced
magnetocrystalline anisotropy was observed on the direction perpendicular
to nanowire axis3-6.
When the individual or mixed electrodeposition of the three metals is
performed in asymmetric alternative current, less porous deposits with
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lower internal tensions and better adherence are obtained. Cobalt nanowires
were also obtained on porous polycarbonate membranes, from cobalt
sulfate, boric acid and ammonium citrate. On one side of the membrane a
layer of Ag or Cu was deposited, as working electrode.7
The obtaining of nanowires of ternary alloy Ni-Fe-Co was performed
in AAO membranes as support, the nanowires being highly ordered.8 Since
Fe, Ni and Co are the main magnetic metals often used for different
magnetic products obtaining, in the latest time, laborious investigations
about the electrodepositing of the elements in the Fe group or their mixtures
with other elements as Au, Pt, Ag [9÷14] were performed.
In the present work we aimed to establish the optimal conditions for
the electrodeposition of Fe, Co and Ni as multilayer nanowires of these
three metals, from common electrolysis bath on gold disk electrode by
voltammetry. We used an electrolysis cell especially adapted for our
purpose, where the working electrode consists of a gold sheet which covers
one of the faces of a membrane of anodized aluminum oxide, in whose
pores the nanowires are deposited.
Experimental
The electrodeposition was performed in aqueous solutions of p.a.
sulfates of the three metals, as well as in cobalt acetate p.a., in order to
investigate the nature of the precursor salt in the electrochemical cell. The
working electrode was the gold disk electrode (EDAu) with a diameter of 2
mm. The salts of p.a. purity were dissolved in bidistilled water. Before
drawing the voltammograms, nitrogen was bubbled through the solution, for
the removal of dissolved oxygen. The depositions were performed on an
Electrochemical Combine VoltaLab 32 (Radiometer Copenhaga) and the
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Potentiostate Autolab PGSTAT 302N (Eco Chemie Olanda). The
reproducibility of the experimental data obtained on the two instruments
was very good. The reference electrode was the saturated calomel electrode.
As auxiliary electrode, Pt wire electrode was used with VoltaLab32, while a
plane Pt electrode of 1x2 cm was used with PGSTAT 302N, at 25oC. The
speed of potential scanning for the obtaining of cyclic (CV) and linear (LV)
voltammograms was of 50 mV/s.
The pH and electroconductivity measurements were performed with
an electrochemical multimeter Consort 831 (Belgium). The potential values
presented below were measured using the saturate calomel electrode as
reference (SCE). The composition and structure of electrodepositions were
investigated by scanning electron microscopy (SEM) on a Jeol Jed-2300
Analysis Station, coupled with microanalyzer EDX.
Results and discussions
During the reduction in aqueous solution on EDAu, hydrogen
formation also occurs. The amount of hydrogen will be higher when the
solution is more diluted. In order to decrease the hydrogen amount, the
concentration of the solution in the cell must be as high as possible, near the
saturation one. In the meantime, the concentration must be low enough to
avoid the precipitation. The concentration values used in bathes
preparations in this work were chosen to avoid both these situations. In
order to study the influence of the pH upon the reduction potential, the
voltammograms in acid solution, then alkalinized solution up to a neutral
value and in buffer solution using boric acid, were obtained.
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Figure 1. Cyclic voltammogram for the mixture of aqueous solutions of
CoSO4, NiSO4 and FeSO4 on EDAu at pH = 0.9.
The voltammetric behavior of the mixture of the three cations from
aqueous solutions of sulfates, acidified with H2SO4 1M to pH = 0.9, is
displayed in Figure 1. The electrolyte composition was: 3.873.10-2 M
CoSO4, 5.913 10-2 M NiSO4 and 3.978 10-2 M FeSO4.
In the CV curve there is only a flat peak at -202mV/-46.2 μA, due to
the Fe3+ reduction. This ion appears while tracing the CV curve from Fe2+.
At tension values lower than -1000mV, the current increases fast, with an
abundant hydrogen release. In other words, the electrodeposition of the
three metals in high acidic solutions cannot be achieved, because of the
abundant formation and release of hydrogen that hinders the metal
deposition. The visualization of the EDAu electrode by SEM confirms that
there is no deposition of metals in these conditions.
A neutral pH solution (pH = 7.46), containing 1.67 10-2 M CoSO4 was
obtained by the pH adjustment using 0.1 M KOH solution. This pH value
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was chosen so as cobalt ions are still present in the solution in an important
amount, while the other two species are totally precipitated as hydroxides.
In other words, this is the maximum acceptable pH value that can be used
for the deposition bath.
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Figure 2. Cyclic voltammogram of the system containing CoSO4 on EDAu,
at pH=7.46.
The electroconductivity was initially κ = 2.70 mS/cm and after the
voltametric determinations, it raised to 3.76 mS/cm, while the pH remained
practically constant (7.45). In the CV curve (Figure 2), there is a peak at 1080mV/-122μA, corresponding to the cobalt deposition.
It is worth to mention that at this pH value the solution became turbid,
indicating the formation of Co(OH)2. The increase in electrical conductivity
can be ascribed to the HO- ions in the solution; their conductivity in the
solution is higher than that of metallic ions which are deposited, though the
pH remains constant.
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For the NiSO4 solution (1.6 10-2 M) alkalinized to pH = 7.46 and κ =
2.8 mS/cm, there are no cathodic peaks, proving that the nickel
electrodepositing does not occur in these conditions. A (Ni(OH)2)
precipitate is formed, much more abundant than in the case of cobalt
solution. The same behavior was noticed in the case of the alkalinized
FeSO4 solution, showing that the iron cannot be either deposited from
solutions with neutral or higher pH. The presence of the cathodic peak in
the case of Co2+ at pH = 7.46 indicates that at this pH only cobalt is
deposited from the mixed bath, the other two cations being totally
precipitated, issuing the possibility of deposition of multilayer by the pH
modification.
In the next section, the sulfate solutions of the three cations were
mixed with boric acid as a buffer in order to stabilize the pH at intermediate
values. The pH values used in this series of experiments were proved to be
optimal for metals deposition.
For the solution of H3BO3 0.5 M (pH = 3.94 and κ = 25.1 μS/cm) in
which 1.67 10-2 M NiSO4 was added, the cyclic voltammogram (Figure 3)
shows a cathodic peak at -1400mV/-206μA, corresponding to Ni deposition.
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Figure 3. Cyclic voltammogram of the system containing NiSO4 on EDAu
at pH = 4.53.
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Figure 4. Cyclic voltammogram of the system containing FeSO4 at
pH = 4.09.
The same procedure was used in the case of FeSO4 solution. The CV
obtained in this case (Figure 4) displays two cathodic peaks at

-

870mV/-83.3μA (possibly the transformation of Fe3+ to Fe2+) and at
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-1490mV/-1344 μA, due to the Fe electrodeposition. Another anodic peak at
-88mV/430 μA could be ascribed to the anodic dissolution of the deposited
metal.
The cyclic voltammograms presented in the Figures 2-4 correspond to
the individual deposition of the cations, which were performed on the same
electrode, successively. The deposited layer was not removed from the
electrode between the subsequent deposition in order to analyze it by
SEM/EDX (Figure 5); we aimed to investigate which metals are still present
in the layer in these conditions. This EDX analysis showed that the
deposited layer contains only nickel (neither Co nor Fe), proving that its
adherence on EDAu is the best (the back potential scanning of nickel does
not dissolve the nickel deposited in the cathodic process). The identification
of oxygen in the layer indicated that some of the nickel is in oxide form.

Figure 5. SEM image of EDAu electrode surface after the individual
voltammetric depositions of Co(II), Ni(II) and Fe(II) sulfates.
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The CV curves in the considered range show also anodic peaks for Fe
at -88mV/430μA and for Co at -379mV/17.3μA, respectively. It suggests
that for the individual deposition of the three metals, alternative current or
potential pulses should be used for the deposition of each of them. When the
deposition of nickel layer is desired, an anodic dissolution of Co and Fe
could be done at a potential pulse close to zero, while the deposition of
individual Co and Fe layers can be obtained by using very different
concentrations of thereof.
In Figure 6 are shown the linear voltammograms for the deposition of
the three cations from solutions, obtained by successive additions of buffer
solutions of H3BO3 (0.5 M).

Figure 6. Linear voltammograms for the sulfate solutions of Co(II),
Ni(II) and Fe(II) on EDAu (pH = 3.94, κ = 25,1μS/cm).
The concentrations of the three cations from the electrochemical cell
were identical, 1.67 10-2M. The cathodic peak obtained in LV when CoSO4
was added appeared at -1110mV/-26.7μA. When NiSO4 was added further,
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the current of the cathodic peak increased, but the modification of the
potential was insignificant, the peak being positioned now at -1120mV/39.5μA. The addition of FeSO4 in the solution with Co2+ and Ni2+ led to the
cathodic peak shift and current increase, its characteristics being now 1260mV/-146μA.

Figure 7. SEM image of the electrode surface obtained at successive
deposition of Co(II), Ni(II) and Fe(II) from sulfate solutions.
The SEM/EDX analysis of the electrode surface (Figure 7) shows that
when the electrodeposition from sulfate solutions of equal concentrations of
the three cations was performed, the atomic ratio Co : Ni is close to one
(1.06), while the atomic ratio Co : Fe = 2.32, indicating the iron deposited
amount was less than one half as regarded to Co and Ni. The presence of
oxygen in the layer is also shown, indicating that on the electrode surface a
significant amount of metals is in oxide form. It proves that the
electrodeposition from the mixture of the three cations from solutions of
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equal concentrations leads to the obtaining of an alloy, since we found a
single reduction peak, but the layer contains all three metals.
In order to investigate the influence of the nature of the dissolved
precursor salt on the cathodic peak (and on the reducing potential) from the
CV, a solution of cobalt acetate Co(CH3COO)2 (1.67 10-2 M) and 0.5 M
H3BO3 with pH = 5.44 and a conductivity of κ = 2.35mS/cm was prepared
and the CV curve was obtained (Figure 8, curve 2). The reducing peak is
situated at -1460mV/-338μA, shifted from the one at -1080mV/-122μA
obtained in the cobalt sulfate solution (Figure 8, curve 1).
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Figure 8. Cyclic voltamograms obtained for the solution of Co2+ sulfate and
acetate (curves 1 and 2) then adding nickel sulfate (curve 3) and iron sulfate
(curve 4)
The change of sulfate with acetate leads to a more negative reducing
potential, very close to the reducing peak from the CV obtained after the
addition of 1.67 10-2 M NiSO4, at -1470mV/-409μA (Figure 8, curve 3).
Finally, 1.67 10-2 M FeSO4 solution was added and the CV curve was
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obtained (Figure 8, curve 4), the cathodic peak being at -1500mV/-483μA.
This time all three metals were deposited, obtaining also an alloy.
In the next series of voltammetric determinations, in the
electrochemical cell one of the three cations were introduced in a
considerable higher concentration than the other two cations (11 times). The
overall composition of the solution was: 0.2143 M H3BO3, 0.1583 M excess
ion and 0.0143 M the other components. In Figure 9 are presented the three
LV curves for these series of determinations.
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Figure 9. Linear voltammograms obtained in sulfate solutions when one
component is in excess (mentioned on LV).
The characteristics of the three mixtures and the peak characteristics
obtained from the LV on EDAu are presented in Table 1.
Table 1. Parameters of the solutions and cathodic peak characteristics
obtained by linear voltammetry technique on EDAu.
Excess

pH

κ (mS/cm)

-Epc (mV)

-Ipc (μA)
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component
Ni2+

2,33

15,86

1430

1310

Co2+

2,52

15,35

1230

430

2+

2,10

12,15

1760

1190

Fe

The pH values presented in Table 2 were the actual ones in the mixtures
containing boric acid and an excess of one of the components. The pH and κ
values did not change in a significant extent after performing the
voltammetric determinations. An excess of one of the components allows
the determination of the characteristic cathodic peak of the excess
component, thus the value of cathodic peak potential varies in the order Co
> Ni > Fe, the same as in the case of individual deposition, but inverse as
concerns the standard redox potentials ( E 0Ni 2+ / Ni > E 0Co 2+ / Co ).

a)
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b)

c)
Figure 10. SEM images of the electrode surface at deposition from sulfates

solutions when one component is in excess: a) Co(II), b) Ni (II) and c)
Fe(II).
The SEM images of the samples deposited from each solution when
one component is in excess are presented in Figure 10. The composition of
each layer, determined by EDX, is indicated in Table 2.
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Table 2. Composition (% atoms) of the electrodepositing layers when one

component is in excess, determined by SEM/EDX.
Element

Co excess

Ni excess

Fe excess

O

29.49

10.60

39.02

S

3.52

-

-

Fe

4.29

6.49

51.00

Co

58.94

8.04

-

Ni

3.75

74.88

9.98

In this case the presence of oxygen indicates the formation of oxides,
in smaller amount in the case of Ni(II) excess, while in the case of Fe(II)
excess the oxide is in high amount and the Co electrodeposition do not
occur at all.
Conclusions

The voltametric studies concerning the electrodeposition of Fe, Co
and Ni from aqueous solutions on EDAu, lead to the following conclusions
about the deposition of the three metals:
- At strong acid pH values (pH≤1), there is no deposition of Fe, Co or Ni
from sulfate solutions. In turn, there is an intense hydrogen release.
- At neutral or almost neutral pH value (7.46), cobalt is deposited and
Co(OH)2 is formed in the bath. Iron and nickel precipitate in an important
extent, but the deposition does not occur.
- The optimal range of pH values in the case of these three metals
deposition can be defined within 2.00 ÷ 5.50 range, lower values leading to
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important hydrogen release while higher values allow the formation of
appreciable amounts of metals hydroxides.
- The electrodeposition of a mixture of Co2+, Ni2+ and Fe2+ from the sulfate
solutions of equal concentrations leads to an alloy, since the standard
potentials of the three metals have close values.
- The use of cobalt acetate beside the sulfates of the other two metals
changed the reduction potential of cobalt at more negative values, quite
close to the reduction potentials of the other two cations.
- The use of an excess of one of the three cations modifies the deposition
potential, but the cathodic deposition potential peaks of the three are not
separated. The voltammetry clearly indicates the alloy formation.
- The SEM/EDX analysis of the electrodeposited layers performed after the
voltammetric depositions indicated the presence of oxygen, meaning that
the layers are partly made of oxides. The excess of iron (II) sulfate (11 times
higher than the Co (II) and Ni (II) in the sulfate bath) hinder the Co
deposition.
This paper investigated the operating conditions (electrolysis bath
composition, potential applied to the working electrode, pH of the
electrolite) useful as a starting point on further studies of voltammetry on
EDAu.
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