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Abstract This paper describes a process of electrolytic
deposition of nickel–cobalt (Ni–Co) binary alloy on Fe
powder. Electrochemical behavior of this binary alloy
was studied by cyclic voltammetry with a paraffin
impregnated graphite electrode as a working electrode.
Deposition of individual metals (Ni, Co), as well as the
simultaneous nickel–cobalt co-deposition, was per-
formed in aqueous solutions (Watts-type electrolyte)
both with and without Fe powder. Special attention was
paid to the influence of suspension density on the elec-
trode process. This density affects on the quality of iron
powder electroplating. Preferential deposition of the less
noble metal (Co) leading to its higher content in the
deposit was observed in contrast to the more noble one
(Ni) in spite of higher content of Ni in the plating
solution. This anomalous phenomenon–known already
for other metals (Zn, Cd, Sn)–has been confirmed and
investigated for iron-group metals (Fe, Co, Ni) in this
work. Electrolytic deposition of Ni–Co binary alloys,
including anomalous behavior is a complicated process.
Understanding the anomalous behavior would lead to
better control of the deposition process and to expla-
nation of the mechanism of Ni–Co co-deposition.
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Abbreviations �: Voidage factor Æ Vpowder: Volume of
iron powder Æ Velectrolyte: Volume of the electrolyte Æ

a: Charge transfer coefficient Æ CV: Cyclic
voltammetry Æ PIGE: Paraffin impregnated graphite
electrode

Introduction

The electrodeposition technique has been used as an
alternative method for preparing thin films of various
alloys. Serious interest is still devoted to the investiga-
tion of electrodeposition of iron group metals because of
their interesting mechanical and magnetic properties,
which offer possibilities of industrial applications, e.g. in
microsystem technology of sensors, actuators, in rocket
technology, astronautics, for anticorrosive coatings, and
for decorative purposes [1, 2, 3].

Electrodeposition of Ni–Co binary alloy has been
performed in baths containing chloride [4, 5], sulpha-
mate [6, 7], sulphate [8] and various additives, such as
pyrophosphate, citrates, saccharine and sodium lauryl
sulphate. Additives, pH, temperature, and current
density affect the morphology and composition of the
deposit and mechanism of co-deposition [4–9]. It is
known that addition to the bath of boric acid
increases current efficiency, improves deposit mor-
phology, and hinders excessive hydrogen evolution
[10, 11].

Temperature is the most important factor in Ni–Co
co-deposition [12]. The rate of diffusion for sulphate and
chloride baths increases with increasing temperature.
Two opposite tendencies were observed. While the
cobalt content increases with increasing temperature up
to 60 �C, the deposition of nickel increases above 70 �C.
Various baths with pH ranging from 2 to 5 have been
used and various effects of pH observed [12]. Alkaline
bath with pH ranging from 8.9 to 10.5 was used in
electrochemical dissolution of ternary Ni–Co-metalloid
alloys in carbonate–bicarbonate buffer [13]. These
authors investigated the influence of pH and bath
composition.
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Independently on the electrolyte composition, the pH
near the electrode surface increases during the co-
deposition process [14]. This effect was induced by
evolution of hydrogen followed by the precipitation of
metal hydroxides on the electrode surface, and their
occlusion into the growing deposit. The pH increases in
the vicinity of the electrode surface more rapidly than in
the bulk of electrolyte.

Anomalous behavior observed during binary alloy
deposition of iron-group metals is characterized by
preferential deposition of the less noble metal (Co) [12].
Many authors described as anomalous deposition the
fact that higher content of the less noble metal (Co in
comparison with Ni) was found in the deposit, even
though the concentration ratio of the metals in the bath
was reversed [12, 14, 15]. This behavior is, however,
independent on the anion composition of the bath [14],
and was observed for very thin coating layers and small
values of current density [16]. One explanation of this
phenomenon is the above mentioned precipitation of the
less noble metal hydroxide on the cathode surface, due
to hydrogen evolution and subsequent increase of pH in
the vicinity of electrode surface accompanying the bin-
ary alloy electrodeposition. Some studies showed that
this phenomenon was observed at lower pH at the
electrode surface than in previous cases. Hessami and
Tobias [17] and Grande and Talbot [18] assumed the
formation of monohydroxide ions NiOH+ and FeOH+,
acting as charge-transfer species for Ni–Fe co-deposi-
tion. Formation of these species indicates that the
anomalous Ni–Fe co-deposition occurs without an in-
creased pH and precipitation of metallic hydroxides.
Matlosz [19] concluded that anomalous Ni–Fe co-
deposition relates to the different kinetic constants for
the electrodeposition of individual metals. These models
characterize quite well the Ni–Fe co-deposition. The
anomalous features of Ni–Co co-deposition have been
described in details in several papers [20–22]. Hu and Bai
[20] suggested formation of M(OH+)ads or even M(OH)2
intermediates during cathodic deposition. The main
reason for their formation was the hydrogen evolution
followed by alkalization of solutions in the vicinity of an
electrode surface. On the basis of experimental results
[21], the authors proposed mathematical model [22]
describing anomalous co-deposition of iron group met-
als. The result described in this paper [21] indicated that
the less noble elements have a stronger influence on the
behavior of its partners resulting in their enhanced
deposition. The mechanism of co-deposition of Ni–Fe,
Ni–Co, Fe–Co, and individual metals was reported by
Zech et al. [22].

M1ðIIÞ þ e��!k1 M1ðIÞads ð1Þ

M1ðIÞads þ e��!k2 M1ðsÞ ð2Þ

In these equations, M1(II) is a dissolved metal ion,
hydrolyzed or not, M1(I)ads is a adsorbed intermediate

which may contain a hydroxyl group, M(OH)+, and
M1(s) is the deposit metal.

h ¼
k1CM1 IIð Þ

k2 þ k1CM1 IIð Þ
ð3Þ

On the basis of the fractional surface coverage of the
M(OH)+ (ads) intermediate h, authors [22] predicted two
limit conditions. They supposed that if k2 << k1, where
k1 and k2 are rate constant for first and second electron
transfer respectively, the reaction was controlled by
second electron transfer. Then the h�1 and the deposi-
tion rate were only slightly dependent on the interme-
diate and/or metal ion concentration. If k1 << k2, the
surface coverage was in the range 0<h<1 and the rate
determining step (rds) was the first electron transfer. The
deposition rate was significantly depending on the con-
centration of metals, therefore the authors supposed that
rds is the first electron transfer. For co-deposition of
iron-group metal, it was assumed that an adsorbed
intermediate [M2M1(III)]ads was formed in the first one-
electron step. In the case of Ni–Co co-deposition, the
adsorbed intermediate corresponds to [CoNi(III)]ads and
in the following reaction steps cobalt metal and nickel
ions are formed.

This paper describes the electrodeposition of binary
Ni–Co alloy on Fe powder in fluidized bed. The charge
transfer in fluidized bed was mathematically described
and experimentally verified in works [23–25]. Fleisch-
mann and Oldfield [23] assumed that the charge transfer
in a fluidized bed electrode was realized at the contact of
particle with the solid electrode or other charged parti-
cles. These authors introduced the collision time and the
collision frequencies. The collision was classified as
elastic one. Moreover, it was assumed that the charge
was distributed uniformly on the surface of iron particles
[24]. It was experimentally found that the particle size
and the particle density in the bath (suspension density)
most influenced on the charge distribution and on the
amount of metal coating. Using impedance measure-
ments [25], the following results were obtained: with
increasing suspension density, the charge-transfer resis-
tance decreased, and the ohmic resistance of the sus-
pension, indicating the presence of uncharged particles,
increased.

This work was mainly aimed at the study of the
influence of suspension density on the electroplating
process, and the anomalous behavior has been investi-
gated as well.

Materials and methods

Composition of electrolytes

Watts-type electrolytes (Table 1) were used for the
electrodeposition/dissolution of individual metals and
the binary alloy. The measurements for individual
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metals Ni and Co were performed in the baths marked
as nos. 1 and 2 in Table 1. Bath nos. 3 and 4 was used
for the deposition of the binary Ni–Co alloy in absence
and in the presence of iron powder, respectively. To
predict the mechanism of Ni-Co co-deposition, the pH
was measured before and after each experiment.

Anomalous co-deposition of Ni–Co binary alloy was
studied in the electrolytes containing: (1) 0.70 mol/dm3

NiSO4 Æ7H2O + (0.04–0.10) mol/dm3 CoSO4 Æ7H2O +
0.26 mol/dm3 NaCl; (2) 0.13 mol/dm3 CoSO4 Æ7H2O +
(0.24–0.60) mol/dm3 NiSO4 Æ7H2O + 0.26 mol/dm3

NaCl. All measurements were performed using 50 ml of
electrolyte at 25 �C. The pH was adjusted by addition of
H2SO4 (1:1) or NaOH (approximately 20% solution)
before each experiment.

Fe powder

The grain size of Fe powder was 63–100 lm in diameter.
Before each experiment the surface of the powder was
activated in 10% solution of hydrazine dihydrochloride
for 5 min, after which the powder was rinsed with dis-
tilled water and acetone, and finally dried on filter paper.

Paraffin impregnated graphite electrode

The graphite cylinder was 152 mm long and 6 mm in
diameter. Its electric resistance was 1,000 lX cm�1,
porosity 30%. The graphite contained (in ppm) B: 0.01;
Ca: 0.1; Cu: 0.1; Fe: 0.2; Mg: 0.01; Si: 0.1; Al: 0.05; Ti:
0.01. It was impregnated with paraffin in vacuum at
about 150–200�C for 3 h [26].

Apparatus

The polarization curves were recorded using a poten-
tiostat EcaStat, Model 110 V (Istran, Bratislava, Slovak
Republic). The electrochemical cell with three electrodes
is shown in Fig. 1. Paraffin impregnated graphite

electrode (PIGE) with an area of 2.83·10�5 m2 was used
as a working electrode. The auxiliary electrode was a Pt
foil with an area of 87.9·10�5 m2, and the potential was
referred to the Ag/AgCl/KCl (3.0 mol/dm3) electrode.
The surface of PIGE was mechanically polished with
fine sand and filter paper before each measurement.
Platinum electrode was cleaned in nitric acid (1:1) and
rinsed with distilled water.

In order to eliminate the diffusion of ions (Ni2+,
Co2+) in the thin solid/liquid layer during measurements
the electrolyte was continuously stirred at 600 rpm and
200 rpm with and without Fe powder, respectively.

The polarization rate was 10 mV/s for all measure-
ments. The working electrode was polarized in the po-
tential range 0V��1:5V�þ2:0V� 0V (vs. Ag/AgCl/
3 M KCl).

Results and discussion

Cyclic polarization curves for individual metals
and binary alloy without Fe powder

The polarization curves for individual metals and binary
alloy deposited on PIGE without Fe powder in solution
are presented in Fig. 2. The cathodic part of the curves
reflects a reduction process of metallic ions on the
working PIGE. It is characterized by nearly linear in-
crease of the current after having reached an appropriate
deposition potential. Table 2 shows the experimental
deposition potentials of metals on PIGE versus Ag/
AgCl/3M KCl and SHE reference electrodes. It was
observed that the deposition potential for nickel was
more negative than that for cobalt (Table 2).
The experimentally found deposition potentials for

Table 1 Composition of electrolytes used for voltammetric mea-
surements (individual metals and binary alloy)

No. Composition of
electrolyte

Concentration
(mol/dm3)

pH

(1) NiSO4 Æ7 H2O 1.20 2.0 ± 0.2
NaCl 0.60
H3BO3 0.60

(2) CoSO4 Æ7 H2O 1.20 3.0 ± 0.2
NaCl 0.50
H3BO3 0.50

(3) NiSO4 Æ7 H2O 0.70 2.0 ± 0.2
CoSO4. 7 H2O 0.70
NaCl 0.26

(4) NiSO4 Æ7 H2O 0.70 2.0 ± 0.2
CoSO4 Æ7 H2O 0.13
NaCl 0.26

Fig. 1 Electrochemical cell for measurements of polarization
curves: 1 working electrode, 2 auxiliary electrode, 3 reference
electrode, 4 stirrer
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individual metals (Ni, Co) are not in accordance with the
corresponding theoretical standard potentials. The order
of measured deposition potentials in mixtures of Ni and
Co ions was opposite to what would be expected from
the standard potentials of individual metals. The depo-
sition potential of the binary alloy is situated very close
to the deposition potential of cobalt.

The anodic part of the polarization curves corre-
sponds to the dissolution of deposited metallic layer.
One oxidation peak for every polarization curve (Ni, Co
and Ni–Co) was observed. We assume that either dis-
solution of the binary alloy progresses simultaneously,
or the dissolution processes of Ni and Co in the binary
alloy proceed very close to each other.

All experiments were carried out in the presence of
oxygen dissolved in the electrolyte because high con-
centration of protons in the bath preferred the hydrogen
evolution. The generation of H2 could be realized from
reduction of protons and from water [20–22, 27, 28].
While the proton reduction was mass transport con-
trolled, the water decomposition was kinetically con-
trolled. It is well known that the diffusion controlled
oxygen reduction depends on pH value and predomi-
nates in weak acid and neutral solutions (pH>4.0) [27].
Therefore, we assumed that the oxygen reduction could
be neglected and that if has not influenced the deposition

process realized on the graphite electrode for experi-
mental conditions presented here.

The widely accepted model for electrodeposition of
all iron-group metals and alloys is a multistep reaction
pathway of Bockris [8]. The rds can be switched from
first to second electron transfer as the cathodic potential
becomes more negative. With respect to the Bockris
mechanism and our experimental conditions (intensive
stirring), it was assumed, that co-deposition of nickel
and cobalt was a charge transfer controlled process. In
this context, the charge transfer coefficients were deter-
mined to study of electrodeposition of Ni, Co and Ni–
Co. Tafel plots were made at low potentials in narrow
interval around the deposition potential of metals. The
values of charge transfer coefficient were 0.40, 0.43 and
0.32 for Ni, Co and Ni–Co, respectively. These values
indicated that the electrode processes on the PIGE were
not reversible, and can be classified as quasi-reversible or
irreversible ones.

The side reaction during the deposition of iron-group
metals and alloys is hydrogen evolution on the electrode.
In a higher pH solution, the diffusion controlled proton
reduction can proceeds in almost whole cathodic part of
metals (Ni, Co, Ni–Co) reduction. On the other hand,
the decomposition of water can occur at more negative
potentials.

The value of a for Ni–Co binary alloy reduction was
lower, therefore, we assumed that the common reaction
intermediate was formed and led to mutual inhibition of
both metals. Presented experimental results correlate
well with predicted co-deposition model [22] and it will
be discussed in next chapter.

Effect of suspension density

Suspension density influences the electrode process and
the composition of the deposited layer both on PIGE
and on Fe particles. The density of suspension (Fe
powder in plating solution) was calculated according to
equation:

1� eð Þ ¼ Vpowder

Velectrolyte þ Vpowder
ð4Þ

The calculated values are summarized in Table 3. The
essential condition for electroplating of iron powder

Table 2 Values of theoretical standard and deposition potentials
for individual metals (Ni, Co) and binary Ni–Co alloy

Theoretical
standard
potential
(vs. SHE) (V)

Experimental
deposition
potential
(vs. Ag/AgCl/
3M KCl) (V)

Experimental
deposition
potential
(vs. SHE) (V)

Ni �0.23 �1.12 �0.89
Co �0.27 �1.00 �0.78
Ni–Co – �1.00 �0.78

Fig. 2 Polarization curves for individual metals (Ni, Co) and
binary alloy (Ni–Co) electrodeposition on PIGE without Fe
powder performed in baths summarized in Table 1

Table 3 Values of suspension density (1� �) calculated using Eq.
(4), difference of pH before and after voltammetric measurements
and the charge transfer coefficient a for various amount of Fe
powder added

mFe (g) (1 � �) · 103 D pH (mean) a

1.7 4.3 0.45 0.81
3.3 8.3 1.10 0.52
5.0 12.5 1.20 0.41
6.7 16.7 1.35 0.42
8.3 20.6 1.85 0.23
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particles is fluidization of the powder material. This was
achieved by stirring of the suspension in circular motion
during voltammetric measurements. While in motion in
the cell powder particles collide with the solid PIGE
cathode, become electrically charged and act themselves
as electrodes. The particles of Fe powder repeat contact
with the working electrode and become coated with a
thin layer of the binary alloy. A few particles may be
trapped with the coating on the electrode surface.
For electroplating of powder material only those parti-
cles, which have not been immobilized on PIGE, are
important. The number of contacts increases with
increasing suspension density. Due to intense interaction
of iron powder with PIGE electrode surface, higher
stirring rate of more than 200 rpm was applied. In-
creased stirring rate from 200 rpm to 600 rpm did not
influence the deposition process.

Figure 3 shows the polarization curves for deposition
of binary Ni–Co coating on iron powder particles in
fluidized bed for various densities of suspension, as ad-
justed by using varying mass of Fe powder particles
added to the plating bath. Of course the deposition oc-
curs also on PIGE. The anodic part of polarization
curve represents the dissolution of the deposited metallic
layer from PIGE. Three anodic peaks were observed for
the dissolution of binary Ni–Co alloy in the presence of
iron powder (Fig. 3). The first oxidation peak (I) in-
creases with increasing amount of iron powder particles
in fluidized bed, i.e. with suspension density. It may be
assumed that the first anodic peak corresponds most
likely to oxidation of Fe trapped in the deposited layer
on PIGE. The content of Fe in the Ni-Co deposit may
has its origin in: (1) Fe particles trapped in the deposit,
(2) the low content of Fe in the Ni–Co alloy, which had
been reduced from electrolyte in the cathodic part of
polarization curve. The added iron particles partially

dissolve in acidic electrolyte to ferrous ions, which are
reduced together with cobalt and nickel ions.

We assume that the second (II) and third (III) anodic
peaks in Fig. 3 correspond to the dissolution process of
the Ni–Co binary alloy at PIGE. The height of peaks II
and III decreases with increasing suspension density.
Increasing amount of added Fe powder particles in-
creases significantly the surface area available for the
electrodeposition of the metallic layer. The amount of
coating deposited on powder particles increases while
the amount of coating deposited on the solid cathode
decreases with increasing suspension density.

An important factor, which must be taken into ac-
count simultaneously with the electrodeposition of
metals, is the hydrogen evolution connected with the
increase in pH. With increasing amount of the powder
particles in fluidized bed, the difference between pH
value before and after voltammetric experiment in-
creases (Table 3). As the pH change is proportional to
the amount of hydrogen evolved from electrolyte during
cathodic process one can conclude that the electrode
surface extends due to contacts with powder particles.

The charge transfer coefficient for the deposition of
binary Ni–Co coating on powder particles was deter-
mined for different densities of suspension. Applied
polarization rate was the highest limit value of usual
range used for Tafel plots [29], but this choice was
acceptable to characterize the tendency of charge
transfer coefficient values with increase of suspension
density and/or metal concentrations. It was found that
with increasing amount of powder particles the value of
a decreases (Table 3). The mentioned increase of elec-
trode surface, as a consequence of higher number of
particle contacts, reduces the current density and the
rate of the electrodeposition process. This effect is in
accordance with the decrease of peaks II and III on
polarization curves in Fig. 3.

The mechanism of the electrolytic deposition process
in the fluidized bed is a very complex problem. The
charge can be transported between electrode/particles
and/or particle/particle interface. We assume that: (1)
the powder particles have a spherical shape, (2) the
charge transfer occurs during collision with the electrode
and/or particle, and (3) the charge is uniformly distrib-
uted on the whole surface of powder. The value of
charge transfer coefficient, characterizing the distribu-
tion of potential on the interface, was determined for the
heterogeneous system described above. On one hand,
the authors [25] found that the charge-transfer resistance
decreased with increasing number of particles, but on
the other hand the ohmic resistance of the suspension
and the number of uncharged particles increased with
the increasing suspension density. Taking into consid-
eration these facts, our results indicated that the number
of active iron particles increased with increasing
suspension density, and the deposition of Ni–Co
metallic layer took place especially on the surface of
these particles. Therefore, we assumed that the value of
transfer coefficient reflected the distribution of potential

Fig. 3 Polarization curves for electrodeposition of the binary
Ni–Co coating on iron powder particles in fluidized bed for
various densities of suspension (from plating bath no. 4 according
to Table 1)

427



on the iron particle/liquid interface at higher suspension
density.

Anomalous co-deposition

Measurements with changing individual metal concen-
trations in the bath were carried out without powder
particles with the aim to reveal the anomalous co-
deposition of the binary Ni–Co alloy. Figure 4a shows
the polarization curves for various concentrations of
cobalt ions and constant concentration of nickel ions
(0.70 mol/dm3) in the bath. It can be seen that both the
current at the switching potential (�1.5 V), and current
of the anodic peak increase with concentration of cobalt
ions. In the cathodic part of cyclic voltammogram one
peak was observed in all experiments with the only
exception of 0.1 mol/dm3 concentration of Co2+

(Fig. 4b), which was outside studied potential range.
The cathodic peak potential shifted to more negative
values at reverse sweep with increased concentration of
Co2+ in the bath.

Similar experiments were performed for various
concentrations of Ni2+ ions and constant concentration
of Co2+ ions (0.13 mol/l) in the bath (Fig. 5). The in-
crease of current at the cathodic reversal potential and at
the anodic peak potential was smaller in comparison
with the previously mentioned experiments for different
concentrations of cobalt ions (Fig. 4a), in spite of more
significant changes in nickel concentration. With the aim
to achieve the usual concentrations of cobalt (0.13 mol/
l) and nickel (0.70 mol/l) ions in binary plating bath the
increase of nickel concentration was greater then that of
cobalt concentration.

For both series of experiments presented in Fig. 4a
and Fig. 5, the charge transfer coefficients for binary
coating deposition on PIGE were determined. The dis-
tinct course of concentration dependencies of a for

nickel and cobalt can be seen from Fig. 6a, b. The a
value increases with cobalt concentration in the bath
(Fig. 6a) but slightly decreases with increase of nickel
concentration (Fig. 6b). Consequently, it can be con-
cluded that the rate of the Ni–Co binary alloy electro-
deposition increases with cobalt concentration, while
increasing nickel concentration moderately inhibits the
deposition process.

Our results indicate that the mechanism of co-depo-
sition of Ni–Co binary alloy is consistent with the pre-
dicted model [22] (see Introduction). In this model the
adsorbed intermediate containing both metal ions is
responsible for both the inhibition of the more noble
species and the enhancement of the less noble species.

Fig. 4 a Polarization curves for the binary Ni–Co alloy electro-
deposition on PIGE for different concentrations of Co2+ ions
(0.04–0.10 mol/dm3) and constant concentration of Ni2+ ions
(0.70 mol/dm3) in the bath b Zoom in cathodic part of

polarization curves for the binary Ni–Co alloy electrodeposition
on PIGE for different concentrations of Co2+ ions (0.04–
0.10 mol/dm3) and constant concentration of Ni2+ ions
(0.70 mol/dm3) in the bath

Fig. 5 Polarization curves for the binary Ni–Co alloy electrode-
position on PIGE for different concentrations of Ni2+ ions (0.24–
0.60 mol/dm3) and constant concentration of Co2+ ions (0.13 mol/
dm3) in the bath
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Conclusions

The aim of this work was to study the electrodeposition
process of Ni–Co binary alloy on iron powder particles
in fluidized bed using voltammetric measurements.

Electrodeposition of individual metals (Ni, Co) and
binary alloy (Ni–Co) without powder material was
compared. The deposition potentials were found to be
�1.000 V, �1.000 V, and �1.120 V for Co, Ni–Co, and
Ni, respectively. One anodic peak was observed for the
dissolution of each metallic layer (Ni, Co, Ni–Co). Three
oxidation peaks were recorded for the dissolution of the
binary Ni–Co film with powder particles presented in the
cell.

Tafel plot was used for the calculation of the charge-
transfer coefficient in close proximity to the deposition
potential of metals. It was found that with the increase
of the number of powder particles in the bed the charge-
transfer coefficient a decreases, i.e. electrodeposition of
the binary Ni–Co layer slows down. Preferential depo-
sition of the less noble metal (Co) from Ni+Co mixture
baths was observed. The values of charge transfer
coefficient a for the Ni–Co co-deposition were lower
than that for individual metals. It was found that the
rate of binary alloy deposition increases with increasing
cobalt ions concentration but it decreases with increas-
ing nickel ions concentration. We concluded that the co-
deposition of Ni–Co was enhanced by less noble metal
(Co) and inhibited by more noble metal (Ni). The model
proposed by Zech, Podlaha and Landolt [22] for Ni–Co
co-deposition was confirmed by the results of our
experiments.
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c(Co2+)=0.13 mol/dm3, c(NaCl)=0.26 mol/dm3
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