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Electrodeposition of Zn±Co alloys on iron substrate from chloride baths under galvanostatic and
potentiostatic conditions were carried out. Current density, temperature and cobalt percentage in the
bath were found to strongly in¯uence the composition of the deposits and their morphology.
Changes in potentials, current e�ciency and partial current densities were studied. The results show
that the shift in potential and in the cobalt percentage of the deposits, for a particular current density
during galvanostatic electrodeposition, does not always correspond to the transition from normal to
anomalous codeposition. This shift is attributed to zinc ion discharge, which passes from underpo-
tential to thermodynamic conditions. In the range of potentials for the underpotential deposition of
zinc, the electrodeposition of zinc±cobalt alloys is discussed, emphasizing the in¯uence of the elec-
trode potential on the composition and microstructure of the deposits.

1. Introduction

The electrodeposition of Zn alloys with group eight
metals (Ni, Co and Fe) has recently been attracting
interest because of the high corrosion resistance
compared to that of pure zinc. The electrodeposition
of these alloys is considered a codeposition of
anomalous type, according to the Brenner de®nition
[1]; that is, the less noble metal deposits preferably on
the cathode with respect to the more noble one. The
operating conditions such as current density, tem-
perature, pH, organic additives, bu�er capacity,
concentration of all solution components etc. lead to
changes in the kinetics of electrodeposition, compo-
sition and morphology of the coatings, as well as
changes in their physico-mechanical characteristics
[2±7]. Therefore, normal codeposition is possible,
even in particular electrodeposition conditions [8].

Several hypotheses have been advanced to explain
the anomalous codeposition of alloys. The ideas are
focused on phenomena occurring on the cathode
surface. Dahms and Croll [9], who studied the
anomalous electrodeposition of Fe±Ni alloy, con-
cluded that the discharge of nickel is hindered by the
formation of ferrous hydroxide on the electrode
surface. Higashi et al. and Decroly [2, 10, 11] pro-
posed the hydroxide suppression mechanism to ex-
plain the anomalous codeposition of Zn±Co alloy in
a sulfate bath. The discharge of the cobalt is inhibited
by the formation of a zinc hydroxide ®lm which o�ers
resistance to the transport of the Co2+ ions. On the
contrary Co(OH)2 is not formed because the pH does
not reach a critical value for precipitation.

However, not all researchers agree on this mech-
anism. Nicol and Philip [12] suggested that under-
potential deposition (UPD) of the less noble metal on
the cathode surface suppresses the deposition of the
more noble metal. The term `underpotential deposi-
tion' is used for the deposition of metal species on a
foreign substrate in a potential region which is more
positive than the equilibrium potential of the bulk
deposit. Swathirajan [13] found that the strong inhi-
bition of nickel deposition in the Zn±Ni alloy elec-
trodeposition is due to submonolayer amounts of
underpotential deposited zinc.

Previously [3, 8, 14], anomalous codeposition of
Zn±Ni and Zn±Co alloys has been treated, emphasiz-
ing the importance of the kinetic parameters of the
cathodic reactions: the iron group metals are gener-
ally characterized by very low exchange current
densities and re¯ect `electrochemical inertia' [15],
unlike zinc, which shows high exchange current
density. By studying the electrodeposition of Zn±Ni
alloys from baths containing NH4Cl, no increase in
the partial current of hydrogen reduction was ob-
served at the potential values from which anomalous
codeposition begins; this fact, plus the formation of
zinc ammonium complexes, seems to exclude the
precipitation of zinc hydroxide at the electrode sur-
face. These results are supported by Mathias et al.
[16, 17]. They found that, on using the Roehl bath
(pH 1.6), the electrodeposition of Zn±Ni alloys is
anomalous even though the hydrogen current is not
high enough to raise the interfacial pH much above
the bulk pH, as would be necessary for the formation
of Zn(OH)2. These authors calculated that the zinc

JOURNAL OF APPLIED ELECTROCHEMISTRY 27 (1997) 1088±1094

0021-891X Ó 1997 Chapman & Hall 1088



exchange current density is ®ve orders of magnitude
higher than that of nickel and attributed the anom-
alous codeposition to the intrinsically slow nickel
kinetics.

In the present work, the codeposition of Zn±Co
alloys from a chloride bath has been studied. The
bath was free of additives such as levellers or bright-
eners since they can strongly in¯uence the composi-
tion and the morphology of the alloys deposited on
the cathode.

2. Experimental details

Zn±Co alloys were obtained at various temperatures
(25, 40 and 55 °C), under galvanostatic and potent-
iostatic conditions using baths of the following com-
position: ZnCl2 31.1±70.0 g dm)3; CoCl2 á 6H2O 90.7±
15.2 g dm)3 (Mtot 37.4 g dm)3); H3BO3 26 g dm)3;
KCl 220 g dm)3 (pH 4.3, 4.2 and 3.9 for baths with
Co 10, 30 and 60%, respectively). Boric acid is used
extensively in Zn±Co and Zn±Ni alloy electro-
depositions, as a bu�er to prevent the pH rise at the
electrode surface; however, the function of H3BO3 is
a controversial subject [18, 19]. Tests with only cobalt
or zinc, maintaining the total metal quantity and the
other components of the bath constant, were also
carried out. Solutions were prepared with doubly
distilled water and analytical grade reagents.

Electrodeposits were obtained on both sides of
mild steel discs, 1 mm thick (exposed area 15 cm2).
Before electrodeposition, the samples were smoothed
with emery paper and any grease was removed from
their surface by anodic and cathodic electrolysis for
2 min in an aqueous NaOH 60 g dm)3 solution at 4 V
against graphite anodes. The samples were then
neutralized in a 2% HCl solution and rinsed with
distilled water.

A PVC cell 1 dm3 in capacity was used. The steel
cathode was centrally positioned, whereas two zinc
anodes (total area 150 cm2) were symmetrically po-
sitioned with respect to the central cathode. Before
immersion in the bath, the zinc anodes were im-
mersed for 3 h without current ¯ow, in a solution of
similar composition at 40 °C. The zinc sheets were
coated with a dark cobalt layer, so avoiding the de-
pletion of cobalt in the bath due to its cementation on
the zinc anodes. Cathode potential measurements
were performed during electrodeposition using a Ag/
AgCl reference electrode. Polarization was applied
when the cathode was immersed in the bath and
electrolysis was continued until deposits at least 6 lm
thick were obtained. During the electrodeposition,
the cathodic solution was mechanically stirred. The
amount of electrical charge during potentiostatic tests
was registered by means of a coulometer AMEL
model 731. At the end of each deposition, the disc
cathodes were thoroughly washed with water and
then ethanol, hot air dried and weighed.

To determine the percentage composition of the
electrodeposited alloys, the deposits were stripped in
a minimum volume of 1:3 HCl solution and analysed

for cobalt and zinc by means of inductively coupled
plasma spectroscopy (ICPS). By means of Faraday's
law, the partial currents of zinc and cobalt were cal-
culated and their respective polarization curves were
plotted.

The morphology of the deposits was observed by
means of scanning electron microscopy (SEM). The
deposited phases were analysed by X-ray di�raction
with CuKa (k � 15.4 nm) and identi®ed by powder
di�raction ®le card (JCPDS).

All the tests were repeated three times with good
agreement of the results.

3. Results and discussion

The data shown in Fig. 1 were obtained by gal-
vanostatic electrodeposition at 25 °C. They show the
in¯uence of current density on the chemical compo-
sition of the deposits obtained from baths containing
di�erent percentages of cobalt ions. The percentage
of Co present in the baths and deposits, indicated by
Cob and Cod was calculated as follows:

Co=% � Co= g

�Co� Zn�=g
� 100

The trend of the curves is similar to that already
known for codepositions of anomalous type [2, 8]: the
percentage of cobalt deposited on the cathode de-
pends on the cobalt/zinc concentration ratio in the
bath and is quite constant for a large range of current
density, where the deposition of zinc and cobalt is of
anomalous type. At low current densities the per-
centage of cobalt in the deposits increases abruptly
reaching values of almost 100% and the codeposition
becomes normal. The value of current density corre-
sponding to the transition from normal to anomalous
codeposition is called the transition current density
(iT) and it depends, at constant temperature, on the
bath chemical composition. In Fig. 1 the letters (a),
(b) and (c) show the points of the respective curves
where the percentage of cobalt in the deposits is equal

Fig. 1. E�ect of current density on the percentage of cobalt in zinc±
cobalt alloys electrodeposited from bath containing the following
percentages of cobalt: (m) 10%, (d) 30%, (j) 60%. T � 25 °C.
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to that in the bath; the `imaginary' line interpolating
the three points represents the composition reference
line (CRL). With increase in cobalt/zinc concentration
ratio, a higher current density is necessary for anom-
alous deposition to occur.

The temperature strongly a�ects the composition
of the deposits, as shown in Fig. 2. On increasing the
temperature, the sharp decrease in cobalt percentage
in the coatings occurs at higher current densities and
this is associated with the abrupt shift of cathodic
potential toward more negative values. At tempera-
tures of 25 and 40 °C the transition from normal to
anomalous codeposition (points A and B in Fig. 2)
corresponds to the rapid shift in the cobalt percentage
of the deposits and in the cathodic potentials. In the
Zn±Co electrodeposition carried out at 55 °C, at
about 3.6 mA cm)2 the cobalt percentage of the de-
posits decreases abruptly, but it still remains higher
than the cobalt percentage in the bath. In spite of the
sharp shift in cathodic potential, normal/anomalous
transition does not take place. This behaviour is more
evident in the electrodeposition carried out at 55 °C,
but in a solution with a cobalt ion concentration of
60% (Fig. 3). In this case the characteristic shift in the
cathodic potential, as well as the reduction in cobalt
percentage of the deposits at about 35 mA cm)2, are
still less marked and the codeposition always remains
normal even at relatively high current densities
(50 mA cm)2). The alloy current e�ciency is almost
100% and therefore the current e�ciency of hydrogen
is very low throughout the whole current density
range studied. Figures 2 and 3 show that only for
some experimental conditions does the shift in po-
tential and in the cobalt percentage of deposits cor-
respond to the transition from normal to anomalous
electrodeposition. Only in these latter cases, the cur-
rent density corresponding to the sharp shift in
cathodic potential is the transition current.

Figure 4 shows the polarization curves obtained by
galvanostatic tests at 55 °C using baths containing
di�erent cobalt/zinc concentration ratios. The curves

obtained from the baths containing only zinc or co-
balt ions are also indicated. The cobalt deposition
from the solution containing only cobalt ions starts at
about )550 mV, while the zinc deposition from baths
containing only zinc ions starts at about )1000 mV.
The alloy polarization curves are close to the curve
for Co at low current densities, while they are very
close to the curve for Zn after the rapid shift in po-
tential. The sharp variations in cathodic potential are
due to the zinc ions discharge which passes from
underpotential to thermodynamic conditions. The
galvanostatic tests do not shed light on the phe-
nomena that occur on the electrode in the range in
which the potential rapidly changes.

Therefore, potentiostatic electrodeposition was
carried out in the current range where the cathodic
potential is unstable (Fig. 5). The curves related to
pure zinc or pure cobalt are similar to those obtained
by galvanostatic tests. The zinc and the cobalt ions
separately begin deposition only at their respective
equilibrium potential of the bulk deposit. The curves

Fig. 2. Polarization curves during alloy deposition (- - - -) and e�ect
of current density on the cobalt content of deposits (ÐÐ) at the
following temperatures: (d) 25 °C, (r) 40 °C, (j) 55 °C. Cob 30%.

Fig. 3. Polarization curve during alloy deposition (V) and e�ect of
current density on cobalt content of deposits (Cod), on current
e�ciency for alloy deposition (galloy) and current e�ciency for
hydrogen reduction (gH2). Cob 60%; T � 55 °C.

Fig. 4. Polarization curves for zinc, zinc±cobalt alloys and cobalt
galvanostatic electrodeposition from baths containing the follow-
ing percentages of cobalt: (r) 0%, (m) 10%, (d) 30%, (j) 60%, (S)
100%. T � 55 °C.
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due to the deposition of Zn±Co alloys, compared to
those of galvanostatic type, are more detailed. At
more positive potential values the curves are similar
to those of pure cobalt deposition, but around ±800
to ±850 mV the current signi®cantly drops and then,
at potential values more negative than ±950 mV it
again sharply increases.

The total electrolysis current together with the
partial currents related to cobalt, zinc and hydrogen
and also the zinc percentage in the alloy deposit ob-
tained in the potential range ±660 to ±1100 mV are
shown in Fig. 6. In the operating conditions related to
Fig. 6, the trend of the current density due to the alloy
is quite similar to the partial current density of cobalt
up to about ±800 mV, and the deposits contain more
than 90% of cobalt in the range ±600 to ±800 mV. The
zinc deposition starts around ±700 mV and its per-
centage in the deposits increases as the cathodic po-
tential change toward more negative values. The zinc

reduction in this ®eld of potential is assisted by the
presence of cobalt ions in the solution, indeed the
partial current density of zinc depends on the per-
centage of cobalt in the bath, when the other exper-
imental conditions are kept constant (Fig. 7); a
connection between iCo and iZn was found previously,
though for di�erent experimental conditions [20].
How the cobalt supports the underpotential elec-
trodeposition of zinc is not clear at the moment. At a
potential of ±800 mV vs Ag/AgCl, the percentage of
zinc in the deposits is about 14% and the partial
current density of cobalt reaches a maximum value;
at ±830 mV the percentage of zinc in the deposits
reaches 19% and the partial current densities of co-
balt and of zinc begin to decrease. The zinc percent-
age in the deposits remains quite constant until about
±900 mV (Znd ~ 23%), then it rapidly begins to in-
crease again together with the partial current of zinc
(iZn). The cathodic reduction of zinc prevails over
cobalt reduction only at potential values more nega-
tive than about ±970 mV, where it begins to discharge
in thermodynamic conditions. In these conditions,
however, the codeposition is not always of anoma-
lous type.

Using the same bath, but carrying out the tests at
25 °C (Fig. 8), the trend of the curves appears the
same as in Fig. 6. At this temperature value the in-
hibition of the cobalt ions discharge starts when the
zinc percentage in the deposits is about 15%. In this
case however, on the contrary to what happens in the
operating condition related to Fig. 6, the transition
from underpotential to thermodynamic electro-
deposition corresponds to the transition from normal
to anomalous codeposition. In the range of potentials
where the zinc reduces in underpotential conditions,
the deposition of Zn±Co alloys is always of normal
type. It must be emphasized that, in the range ±700 ~
±800 mV, in spite of the high percentage of zinc
(higher than 10%), the inhibition of cobalt ions dis-
charge does not occur.

Fig. 5. Polarization curves for zinc, zinc-cobalt alloys and cobalt
potentiostatic electrodeposition from baths containing the follow-
ing percentages of cobalt: (r) 0%, (d) 30%, (j) 60%, (S) 100%.
T � 55 °C.

Fig. 6. E�ect of the electrode potential on the partial current
densities for cobalt (j), zinc (d), H2 (m) and alloy (r) reduction,
together with the zinc percentage of deposits (S). Cob 30%,
T � 55 °C.

Fig. 7. E�ect of the cobalt content of the baths on the zinc partial
current density. T � 55°C.
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The increase in pH at the cathodic interface is
generally considered responsible for the inhibition of
cobalt discharge in the hydroxide suppression mech-
anism, as mentioned in the introduction [2, 5]. The
present work does not seem to con®rm this theory
since the partial current density of hydrogen remains
quite constant and very low (Figs 6 and 8). Therefore,
the inhibition of cobalt ion reduction in these oper-
ating conditions does not seem connected with an
increase in pH.

The observation carried out by SEM on the sur-
faces of the deposits obtained at the potential values
of Fig. 6, are shown in Figs 9±13. Deposits obtained
at ±700 mV (Fig. 9, Znd 0.5%) are formed of pure
cobalt and are not cracked, according to the solu-
bility of Zn in Co, which is less than 3% [18]. The
coatings obtained at ±750 mV are cracked (Fig. 10,
Znd 8%); in the range ±800 to ±830 mV the deposits
are cracked and do not adhere to the steel substrate
(Fig. 11, Znd 14%). At more negative potential val-
ues, in the range where the zinc percentage remains

quite constant and the partial current density of co-
balt decreases, the deposits are still cracked, but they
adhere again to the steel substrate (Fig. 12, Znd 23%).
The cracking of the cobalt deposits with inclusion of
zinc above 3% was found by other authors [10, 11];
the higher percentage of zinc in the alloy produces
more internal stresses in the deposits, until a change
in the crystalline structure occurs which reduces these
internal stresses. The maximum in the internal
stresses coincides with the maximum in the current
density of cobalt (iCo). These deposits show a brittle
behaviour with the surface fracture that looks like a
vitreous fracture (Fig. 13). At potentials where the
zinc can reduce in thermodynamic conditions and the
partial current density of zinc becomes higher than
the partial current density of cobalt, the deposition of
compact and well formed zinc-rich deposits occurs
(Fig. 14, Znd 60%).

The in¯uence of the electrode potential on the
deposition of various phases of di�erent zinc com-
position from the same electrolyte was also found by

Fig. 8. E�ect of the electrode potential on the partial current
densities for cobalt (j), zinc (d), H2 (m) and alloy (r) reduction,
together with the zinc percentage of deposits (S). Cob 30%,
T � 25 °C.

Fig. 9. Microstructure of zinc±cobalt alloy obtained by potentio-
static electrodeposition at ±700 mV vs Ag/AgCl. Cob 30%;
T � 55 °C; Znd 0.5%.

Fig. 10. Microstructure of zinc±cobalt alloy obtained by potent-
iostatic electrodeposition at ±750 mV vs Ag/AgCl. Cob 30%;
T = 55 °C; Znd 8%.

Fig. 11. Microstructure of zinc±cobalt alloy obtained by potent-
iostatic electrodeposition at ±800 mV vs Ag/AgCl. Cob 30%;
T � 55 °C; Znd 14%.
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other authors for Zn±Ni and Zn±Co alloys elec-
trodeposition [13, 21].

The X-ray analysis do not always permit to iden-
tify the phases present in the coatings (Fig. 15). De-
posits of only cobalt are not crystalline, the peaks
have very low intensity and can be attributed to low
content of crystalline aCo in the quite completely
amorphous deposit (Fig. 15, line a).The presence of
zinc in the range 0.5 ~ 23% makes the deposits more
and more amorphous (Fig. 15 lines b, c, d, e). When
the zinc reaches 60%, the deposits become crystalline
and the zinc peaks clearly appear (Fig. 15, line f ).

4. Conclusions

The deposition of Zn±Co alloys is generally a code-
position of anomalous type, but, in particular elec-
trodeposition conditions, it is possible to obtain
normal codeposition.

The shift in potential and in cobalt percentage in
the deposits, which occur at a particular current
density during galvanostatic electrodeposition, does

not always correspond to the transition from normal
to anomalous codeposition. The sharp variations in
cathodic potential are due to the zinc ions discharge
which passes from underpotential to thermodynamic
conditions.

In the underpotential deposition, the electrode
potential determines the deposition of various phases
of di�erent composition. The inclusion of zinc above
3% causes cracking of the cobalt deposits and the
further increase in the percentage of zinc in the alloy
produces more internal stresses in the deposits. The

Fig. 12. Microstructure of zinc±cobalt alloy obtained by potent-
iostatic electrodeposition at ±870 mV vs Ag/AgCl. Cob 30%;
T � 55 °C; Znd 23%.

Fig. 13. Fracture of Zn±Co alloy (Znd 23%) obtained by bending of
the coating layer.

Fig. 14. Microstructure of zinc±cobalt alloy obtained by potent-
iostatic electrodeposition at ±1000 mV vs Ag/AgCl. Cob 30%;
T � 55 °C; Znd 23%.

Fig. 15. X-ray di�raction pro®les of electrodeposits obtained by
potentiostatic electrodepositions: (a) ±700 mV, bath without zinc;
(b) ±700 mV, Cob 30%, Znd 0.5%; (c) ±750 mV, Cob 30%, Znd 8%;
(d) ±800 mV, Cob 30%, Znd 14%; (e) ±870 mV, Cob 30%, Znd 23%;
(f) ±1000 mV, Cob 30%, Znd 23%. T � 55 °C.
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inhibition of the cobalt ions discharge starts only
when the zinc percentage in the deposits reaches
about 15%. The maximum in the internal stresses
coincides with the maximum in the current density of
cobalt (iCo).

At potentials where the zinc can reduce in ther-
modynamic conditions, deposits containing more
than 60% zinc become compact and well formed,
even when the codeposition is still of normal type.
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