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Abstract Zinc-cobalt alloy electrodeposits offer enhan-
ced corrosion protection to steel, compared to zinc
deposits. A near neutral zinc-cobalt alloy sulfate bath
was developed. In the absence of f-naphthol and sodium
lauryl sulfate (SLS), only a light grey and non-uniform
deposit was obtained. Addition of boric acid yielded a
grey and uniform deposit. To obtain the grey uniform
alloy deposit, the optimum bath composition was: 0.5 M
ZnS0Oy4, 0.5 M CoSO,, 40 g/L H3BO;, 0.865 g/L SLS
and 0.345 g/l p-naphthol. The current efficiency for
alloy deposition was 50% in the current density range
0.5-2.5 A/dm?. X-ray fluorescence studies on the alloy
deposit formed on steel revealed 58-75% zinc on the
surface. Anodic stripping voltammetric studies were
carried out on zinc-cobalt alloy films formed on glassy
carbon to identify the phases formed in the alloy. Zn-Co
alloy film dissolution peaks suggested the existence of f3,
f1 and 7y phases of the alloy.

Keywords Zinc-cobalt alloy - Electrodeposition -
X-ray fluorescence spectroscopy

Introduction

It is a common belief that zinc offers protection to steel
by sacrificing itself. Verbene [1] found contradictory
results in terms of this corrosion protection. Zinc be-
comes passivated and the protective property is hin-
dered. Hence development of zinc alloy coatings formed
with noble metals was initiated and led to the develop-
ment of Zn-Ni, Zn-Co and Zn-Fe alloy plating baths.
Zinc-cobalt alloys have been electrodeposited from acid
chloride [2, 3, 4] and sulfate baths [5, 6]. There have been
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few attempts to develop alkaline sulfate baths [7, 8]. To
improve the deposit quality and bath stability, trietha-
nolamine and gelatin were added to alkaline baths [9].
To obtain fine-grained zinc-rich deposits, boric acid was
added [10]. X-ray diffraction studies on the deposit ob-
tained from an alkaline solution revealed a single 5
phase, a substitutional solid solution if the zinc content
was >88% [11]. Depending on the current density, the
deposition becomes anomalous [12].

Dahms and Croll [13] suggested that the formation of
metal hydroxide located in the vicinity of the electrode
hindered cobalt deposition. The hydroxides formed
“oscillated” under potentiostatic conditions and resulted
in nanolaminated structures [14]. On a highly oriented
pyrographite, potentiostatic deposition began through
the formation of randomly distributed zinc-rich nuclei
on the surface, showing an exclusion area around the
larger nuclei and preferential nucleation at the kink sites.
At long deposition times an incipient dendritic growth
related to the initiation of pure cobalt deposition was
seen [15]. Potentiodynamic stripping of zinc-cobalt alloy
deposits formed on vitreous carbon indicated the initial
formation of a cobalt sub-monolayer. Zinc adsorbed on
the initial cobalt layer and favoured zinc deposition [16].
In an anodic dissolution of a two-layer Zn-Co alloy
coating obtained from a single bath containing Zn>*
and Co>" ions, three anodic peaks were seen and were
due to the dissolution of pure zinc and of the Zn-Co
alloy phase [17].

Experimental

Cold rolled mild steel plates (10x7.5x0.05 cm) were degreased with
trichloroethylene and alkaline electrocleaned cathodically for 2 min
in a solution of 35 g/L NaOH and 20 g/L Na,COs; at 70 °C. They
were washed in running water and dipped in 5% H,SO4 solution
for 10 s. Finally, they were thoroughly washing with deionized
water and dried.

A Hull cell was used to assess and optimize the conditions for
the production of good quality deposits. A cell current of 0.5 A
was used for a duration of 10 min. A regulated power supply was
used as a direct current source and a calibrated ammeter along
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with the cell constituted the electrical circuit. Copper samples
were used for the Hull cell experiments. The temperature was kept
at 50+ 1 °C. Electrolytic Zn was used as the anode material. The
chemicals used in the preparation of the plating bath were of
analytical grade.

Current efficiency studies

For current efficiency (CE) experiments the electrodeposition as-
sembly consisted of an electrolytically pure Zn anode and a steel
cathode of equal size (5x4x0.025 cm) immersed in an 800 mL
solution in a 1 L wide-mouthed glass vessel. For CE determina-
tion, each specimen was weighed before and after deposition and
the weight of the deposits was found by difference. The electro-
deposits were removed chemically by immersion in 1:1 HNO;
solution and the solution was analyzed for zinc and cobalt. The
amount of cobalt in the deposit was calculated from the difference
in the mass of the deposit and that of the zinc determined. The
zinc content was determined by atomic absorption spectroscopy
(GBC apparatus).

Cyclic voltammetry

Cyclic voltammetry was carried out using a proprietary system
(Bioanalytical, model 100A), a conventional three-electrode cell
assembly comprising glassy carbon (0.2 cm?) as the working elec-
trode, platinum as the counter electrode and saturated calomel as
the reference electrode. The solutions under study were deoxy-
genated for 1 h using purified hydrogen. The temperature of the
cell was kept at 30 °C; the pH values of the solutions were adjusted
using a digital pH meter &0.1 accuracy).

The surface of the alloy deposit was analysed for the percentage
composition of zinc and cobalt (with +£1% error) by X-ray fluo-
rescence (CMI, W target). The scanning electron microscope pictures
were obtained using a JOEL SEM under various magnifications.

Results

Table 1 presents the compositions and conditions of
various Zn-Co alloy plating baths.

Hull cell studies

With an increase in ZnSO, concentration, the semi-
bright deposits obtained in the low current density range
disappeared and became brighter. Blackish grey deposits
obtained at the higher current density range disap-
peared. Burnt powdery deposits were seen in 0.6 M
ZnSOy solution. Grey streaky deposits were obtained in
the current density range 0.5-1.7 A/dm? (Fig. 1).

Current efficiency of alloy deposition

The current efficiency is given by:

% Current efficiency
B Weight of the alloy deposited x 100
- Theoretical weight obtained from Faraday’s laws
M %100

B €alloy X Q

Table 1 Compositions of various Zn-Co alloy plating baths

Bath Ratio of Zn:Co Composition®

A 1:9 0.1 M ZnSOy, 0.9 M CoSOy4
B 1:3.6 0.25 M ZnSOy4, 0.9 M CoSO,4
C 1:2.25 0.4 M ZnSOy, 0.9 M CoSOy4
D 1:1.5 0.6 M ZnSOy, 0.9 M CoSOy4

4Other conditions: 45 g/L NH4Cl, 0.5 g/L Na,SOy, time of depo-
sition 10 min, pH 3-4, temperature 50 °C

where M is the mass of the alloy deposit, Q is the
quantity of electricity passed and e,y is the electro-
chemical equivalent:

€Co X €zn

Calloy = —————————
ecofzn +eznfco

(2)
where ec, and ez, are the electrochemical equivalents of
the constituent metals; fc, and f7, are their fractions in
the deposits. The density of the alloy was calculated by
taking into consideration the fraction of the constituent
metal. Figure 2 presents the variation of current effi-
ciencies with current densities. At all cathode current
densities, the CE of the alloy deposition was less than
40%:; the CE of zinc deposition was greater than that of
cobalt deposition.

Well-known brighteners and leveling agents were used
to improve the quality of the deposits. Boric acid (BA), f5-
naphthol (BN) and sodium lauryl sulfate (SLS) at vari-
ous concentrations were tried. In order to bring down the
cobalt content and retard the hydrogen evolution, vari-
ous amounts of NH4Cl were added. The optimum con-
centration was found to be 45 g/L. Table 2 summarizes
the nature of the deposits obtained in the presence of
various additives. Grey and uniform deposits were ob-
tained by the addition of BA, SLS and BN in the bath.

Table 3 presents the percentage composition of zinc
in the alloy surface and in the bulk of the deposit ob-
tained by XRF and AAS, respectively.

Surface morphology studies

When viewed at x1500 (Fig. 3a), uniform, spongy small
crystallites were seen. With an increase of current den-
sity to 1.0 A/dm?, at a magnification of x10,000, uni-
form, nearly spherical <1 pm crystallites were seen
(Fig. 3b). Crystals that became spherical by the ag-
glomeration of the small crystallites covering the surface
like a cauliffiower were seen at 1.5 A/dm® (Fig. 3c).
These grains contain packets of hexagonal laminae, each
with a pronounced layer structure.

BA and other additives helped in the spreading of al-
ready-grown grains (Fig. 3d), resulting in a layered
structure. This would not be obtained if BA had not
complexed with cobalt. BA seems to affect the nucleation
and growth rates. Hexagonal zinc crystals were seen at
1.0 A/dm? and, when viewed at higher magnifications,
the crystals grown were interconnected by needle-like
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Table 2 Influence of addition agents to the bath D on the nature of

the deposit

Addition agent®

Nature of deposit

None Light grey, non-uniform
coverage

40 g/L BA Grey and uniform

0.865 g/L SLS Light grey, smooth

0.345 g/L BN Grey, smooth

40 g/L BA +0.345 g/L BN
40 g/L BA +0.865 g/L SLS
40 g/L BA+0.865 g/L SLS+

Dark grey, patchy
Grey, uniform
Grey, smooth, sparse

CURRENT EFFICIENCY , °

| I 1 1 I
05 10 15 2:0 25

CURRENT DENSITY, A/dm™2

Fig. 2 Variation of current efficiencies with current densities:
H alloy; @ zinc; A cobalt

particles (Fig. 3e and f). At 1.5 A/dm?, nearly spherical
crystals were seen. Hexagonal crystals of Zn were also
seen (Fig. 3g and h). Larger nuclei formed in the sec-
ondary nucleation process were due to the growth of the
nuclei that were formed in the primary nucleation phase.
At these conditions, the growth rate of the nuclei greatly
exceeds that of nucleation, resulting in this morphology.
The largest nuclei seem to be composed of several large

0.345 g/L BN

#Other conditions: temperature 55-60 °C, time of electrodeposition
30 min, current density 0.5 A/dmz, 45 g/L NH4CI, 0.5 M Na,SOy;
BA, boric acid; BN, f-naphthol; SLS, sodium lauryl sulfate

nuclei. In Fig. 3h one may also see the deposits of ZnCl,
on the grown spherical crystallites.

Cyclic voltammetry

Figure 4 presents the cyclic voltammogram obtained in
0.5 M Na,SO, solutions containing ZnSO4. An excur-
sion of the potential from —1600 mV to —200 mV re-
vealed an anodic peak at —900 mV, while a distinct
cathodic peak was seen at —1200 mV in the reverse scan.
On repeated cycling the anodic peak potential remained
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Table 3 Variation in percentage Zn composition of the deposit
with current density

Current

Bulk analysis
density® (A/dm?)

by AAS (% Zn)

Surface analysis
by XRF (% Zn)

0.5 91.5 58
1.0 91.3 70
1.5 78.3 75
2.0 81.4 75
2.5 86.4 75

“Bath composition: 0.5 M ZnSO,4, 0.5 M CoSO,, 40 g/ BA,
0.865 g/L SLS, 0.345 g/L f-naphthol; other conditions: tempera-
ture 55-60 °C time of electrodeposition 30 min, current den
sity=0.5 A/dm? 45 g/L NH,CI, 0.5 M Na,SO,, pH 3-4

the same while the cathodic peak potentials became more
negative, suggesting that the reduction becomes more
difficult. The anodic peak potential became nobler with
sweep rate (v) and the cathodic peak potential varied with
120 mV/decade change of v. The cathodic peak currents
varied with v and [d logi, ./d logv]=0.33 was observed.
A decade change of ZnSO, concentration caused the
peak currents to vary and [d logi, ./d log(Zn>* Npu=0.9.

The cyclic voltammogram obtained in 0.5M
Na,SO4+ 0.5 M CoSOy solution (Fig. 5) revealed, in the
forward scan, a broad anodic peak at —300 mV which
became nobler with v. The [d logi, ./d logv],u=0.5 and
[d logE, ,/d logv]=120 mV/decade values were ob-
tained.

Figure 6 presents the cyclic voltammogram obtained
in 0.5 M Na,SO;+0.5M ZnSO,4+0.5 M CoSO, solu-
tions. An excursion of the potential from —1300 mV to
+400 mV revealed interesting features. Three well-de-
fined anodic peaks appeared at —-650 mV (I), 400 mV
(II) and —140 mV (I1I), while the reverse scan exhibited
no cathodic peaks. The second cycling caused the anodic
peaks to merge after —400 mV. The anodic peak poten-
tials varied as 125, 138 and 62 mV/decade change of v,
respectively.

Discussion

In ZnSO, solutions, the deposition of zinc under tran-
sient polarization conditions (5-100 mV/s) may involve

the formation of Zn?" and:

2020 — Z0%, G
ands +e — Znalds 4)
Zn/, +e¢ — Zn (5)

If the second step is slow:
ic = ko ki (Zn**) exp(~o.FAG, /RT) (6)

where o is the cathodic transfer coefficient, A, is the
interfacial potential difference and kyk; are the rate
constants. If the discharge step is irreversible [18, 19]:

Fig. 3 a Scanning electron micrograph obtained for the dep0s1t
from the baths without additives at a current density of 0.5 A/dm?>

(x1500). b Scanning electron micrograph obtained for the dep0s1t
from the baths without additives at a current density of 1.0 A/dm?>

(x10000). ¢ Scanning electron micrograph obtained for the dep051t
from the baths without additives at a current density of 1.5 A/dm?

(x1500). d Scanmng electron micrograph obtained for the deposit
from the baths in the presence of additives at a current density of
0.5 A/dm? (x1500). e Scanning electron micrograph obtained for the
deposit from the baths in the presence of additives at a current density
of 1.0 A/dm? (x1500). f Scanning electron micrograph obtained for
the deposit from the baths in the presence of additives at a current
density of 1.0 A/dm? (x10,000). g Scanning electron micrograph
obtained for the deposit from the baths in the presence of additives at
a current density of 1.5 A/dm? (x1500). h Scanning electron
micrograph obtained for the deposit from the baths in the presence
of additives at a current density of 0.5 A/dm? (x1500) at a distant site

Epe = E° +RT/nF{Ink°/\/D—0.5 In(«Fv/RT) — 0.78}
(7)

where E,, . is the cathodic peak potential, v 1s the sweep
rate, D is the diffusion coefficient of the 7Zn>" ions and
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Fig. 4 Typical cyclic
voltammogram in 0.5 M
Na,SO4+0.5 M ZnSO,
solutions; v=10 mV/s;
E; .=-1600 mV;
E;.=-200 mV
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Fig. 5 Typical cyclic voltammogram in 0.5 M Na,SO4+0.5 M
CoSOy solutions; v=10 mV/s; E, .=-1200 mV; E; ,=0 mV

E? is the formal potential. A plot of E, . vs. logv would
give a straight line and the slope would give the cathodic
Tafel slope. The observed cathodic Tafel slope of
110+ 10 mV suggests that the first electron transfer is
slow. The dissolution may take place as:

+
Zn — Znads

(®)

In cobalt sulfate solutions the electrodeposition of co-
balt is accompanied by the generation of OH ions. The
reverse scan causes the dissolution of deposited cobalt
with the formation of monovalent cobalt species:

+e  (slow)

Co+20H™ — CoOH,4s+OH™ +¢~ 9)
CoOH,4, = CoOHf, + ¢~ (10)
CoOH,y, = Co*" + OH"~ (11)

The observed anodic Tafel slope of 120 mV/decade
confirms Eq. 9 as a slow step.
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Fig. 6 Typical cyclic voltammogram in 0.5 M Na,SO4,+0.5 M
ZnSO4+0.5 M CoSOy4 solutions; v=10 mV/s; E, .=-1300 mV;
E,; .=400 mV

Zinc-cobalt alloy deposition

Brenner [12] classified this co-deposition as anomalous
because there is a prevailing deposition of the less-noble
metal. Fe-Ni, Co-Ni and Zn-Ni alloys are a few other
examples of alloy systems which exhibit anomalous be-
haviour. The deposition of the more-noble metal was
suppressed by the preferential deposition of hydroxides
of the less-noble metal but not of the more-noble metal.
An idea based on the work function was suggested. If
the work function of the alloy lies between that of the
parent metals, then continuous underpotential of the
noble metal is possible. As the electrodeposition is car-
ried out over a prolonged period, it may cause the pH to
change near the interface. This would result in the pre-
cipitation of the metal hydroxides.
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Table 4 Parameters derived from the cyclic voltammogram for
zinc dissolution from Zn-Co alloy film at 30 °C, v=20 mV/s

Zn:Co ratio E,. (mV) Peak intersection  AG (kJ mol )
in the solution potential
(mV vs. SCE)

1:0 -900 -1100 -
0:1 -300 —600 -
1:1 —650 -820 5.4

—400 —700 -1.2

—-140 —540 -10.8

Anomalous co-deposition of zinc alloys may be due
to:

1. An increase of the surface pH, causing the formation
of Zn(OH), which may suppress noble metal dis-
charge.

2. Zinc deposition may be controlled by mass transport
and noble metal deposition by kinetics.

3. The rate of charge transfer of ZnOH" or CoOH ™"
species may be responsible.

4. The monolayer coverage of cobalt may be followed
by water molecule chemisorption with the creation of
CoOH

ads*

As a result of the competition of zinc and cobalt ions
to occupy active sites, the preferential deposition of Zn
and suppression of Co discharge takes place. In the
present case the difference in the exchange current den-
sities of these metal depositions was found to be the
cause of the anomalous deposition [20, 21, 22].

Formation of intermediate species

SEM photographs (Fig. 3g) suggest that large Zn atoms
may become trapped on the growing phase, creating
distortions and other types of faults in the crystal lattice
(which otherwise has no affinity to accommodate them).
This phase becomes a supersaturated solid solution or
an intermediate phase diagram for the particular com-
position. The formation of an intermediate or an inter-
metallic compound can be visualized from the reversible
potential of Zn/Zn>" ions in solution. The reversible
potential of zinc in a solution of Zn*" ions is:
E/™ = EZ§ + 2.303RT/2F log(azy+ /aznaioy) (12)

The difference AE = 2.303RT /2F loga,»+ and the free
energy of alloy formation AG=-2FAE.

Table 4 summarizes the results derived from cyclic
voltammetric curves for the dissolution of zinc from
Zn-Co alloy film. The anodic peaks observed may be
due to the presence of different intermetallic compounds
or the existence of different crystal structures of zinc in
the film. However, considering that the number of peaks
depends on the current ratio of the deposition and that
the most positive peak (IIT) of the alloy dissolution is
positive by some 600 mV with respect to the reversible
potential of zinc, it is unlikely that the three peaks rep-
resent the dissolution of three different crystal structures
of zinc.

Earlier studies carried out on the dissolution char-
acteristics of Zn-Co alloy deposit of 0.3 um thickness
[22] revealed three anodic peaks at —1300, —1120 and —
900 mV and this suggested the existence of not only zinc
but also Zn-Co alloys of different content and struc-
tures. In the present study the observed large variation
in AG suggests the existence of three distinct phases rich
in zinc or probably corresponding to those of the f3, f§;
and vy phases of the Zn-Co alloy [23].
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