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Abstract—Stability constants of zinc and cobalt(II) complexes with Taurine were determined at 25°C and ionic 
strengths of 0.5, 1.0, and 1.5 (KNO3). The thermodynamic stability constants were calculated. The processes in 
which zinc–cobalt alloys are electrodeposited onto 08kp steel from electrolytes with addition of Taurine and the 
physicochemical properties of the coatings were examined. It was shown that the ratio between the alloy com-
ponents aff ect the chemical composition and microstructure of the coatings. The most homogeneous and fi nely 
crystalline structure is observed for zinc–cobalt alloy coatings obtained at a cathode current density of 1 A dm–2 
from an electrolyte with zinc concentration twice that of cobalt. At these concentration conditions, zinc–cobalt 
alloy coatings with 15.1 at % Co were obtained. The kinetic patterns of deposition of zinc–cobalt alloys at tem-
peratures of 25 and 50°C were demonstrated. A relationship between the chemical composition, microstructure, 
and corrosion rate of the zinc–cobalt coatings obtained was determined.
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Ferrous metals are commonly protected from corrosion 
by galvanic coating of articles with zinc, cadmium, and 
tin. Introduction of iron-subgroup metals (iron, cobalt, 
nickel) into anticorrosion coatings can make substantially 
longer their protective effect. The corresponding 
binary alloys provide a better corrosion protection of 
construction metals as compared with coatings composed 
of individual metals [1, 2]. At the same time, despite 
the permanently improving deposition technology of 
alloys of this kind, this problem remains one of the most 
complex and labor-consuming in electroplating. The 
electrolyte compositions being used have a number of 
important shortcomings. The coatings obtained frequently 
have a thickness insuffi  cient for providing the necessary 
protective properties, poor adhesion to the base metal,and 
high internal stresses. Therefore, active studies are carried 
out all over the world, aimed to develop new eff ective 
electrolytes for obtaining galvanic alloys, revealing 
optimal electrodeposition modes and creating adequate 
physicochemical models describing the conditions of 

joint reduction of ions of metals being deposited [3, 4]. 
A promising area in the development of new solution 
compositions for electrodeposition of d-metals and alloys 
of these consists in using compounds that form soluble 
complexes with ions of metals being deposited, because 
electrolytes based on complex compounds can yield 
fi nely crystalline uniform-thickness coatings with high 
corrosion resistance [5–20]. One of the most eff ective 
ligands is taurine (2-amino ethane sulfonic acid, HL) 
[21, 22]:

H2N–CH2–CH2–SO3H.

Previously, the protolytic equilibria in aqueous solu-
tions of this compound have been studied and the standard 
thermodynamic characteristics of the corresponding reac-
tions have been determined [23]. The goal of our present 
study was to examine the complexation reactions with this 
amino acid with ions of zinc and cobalt(II) and the de-
position processes of the zinc–cobalt electroplated alloy.
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EXPERIMENTAL

The stability constants of taurine complexes with ions 
of zinc and cobalt(II) were determined by potentiometric 
titration at 25°C and ionic strengths of 0.5, 1.0, and 1.5 
(KNO3) inconformity with the procedure described in 
[24–26]. To determine the equilibrium concentration 
of hydrogen ion concentration, we measured the 
electromotive force of the circuit constituted by an 
ESL-43-07 glass electrode and EVL-1MZ saturated 
silver chloride electrode. The potential of the glass 
electrode was monitored with an R-363/3 potentiometer. 
A pH-340 pH meter–millivoltmeter served as the zero-
instrument. The accuracy of potential measurement was 
±0.1 mV. The titration was performed with standard 
potassium hydroxide solutions containing a “background” 
electrolyte to preclude a change in the ionic strength in 
the course of titration due to the dilution. A precisely 
measured volume of the taurine solution with a prescribed 
ionic strength was placed in a thermostated potentiometric 
cells. The initial concentration of the ligand was varied 
from 1.0 × 10–2 to 9.9 × 10–2 M at initial concentrations 
of metal ions of 7.2 × 10–3–1.8 × 10–2 M. The temperature 
of the potentiometric cell was maintained with accuracy 
of ± 0.05. Prior to recording each titration curve, the 
potentiometric installation was calibrated against the 
standard solutions of HNO3 and KOH, which contained 
potassium nitrate to create the necessary ionic strength.

The structure of the coatings was analyzed by atomic-
force microscopy on a SOLVER 47 PRO instrument 
(tapping mode). The structure and composition of the 
alloys were examined with a tabletop scanning electron 
microscope with an integrated PHENOM PRO X system 
for energy-dispersive spectral analysis (EDS) and with 
a Tescan Vega 3 SBH scanning electron microscope 
with an attachment for elemental analysis. The coatings 
were deposited with an MPS-3005L-3 Matrix laboratory 
current source onto pretreated (degreased and activated) 
08kp steel samples. The deposition process was 
performed at a temperature of 25°C and cathode current 
density of 1 A dm–2. The coating thickness was 9 μm. 
The potentiodynamic cathodic polarization curves were 
recorded with a P30-J potentiostat at a temperature of 
25°C at a potential sweep rate of 5 mV s–1. The corrosion 
tests of the samples were performed in a 3% NaCl solution 
at a temperature of 25°C. The anodic dissolution curves 
of Zn–Co alloys and the cathodic curve of hydrogen 
reduction on 08kp steel were obtained at a potential sweep 
rate of 1 mV s–1.

The Rozenfeld method [27] was used to obtain 
corrosion diagrams for zinc–cobalt alloys produced from 
oxalate electrolytes. The Rozenfeld method includes 
plotting of a cathodic polarization curve on which the 
potential of the base–metallic coating system is marked 
and used to determine the corrosion-element current.

RESULTS  AND  DISCUSSION

The stability constants of taurine complexes with zinc 
and cobalt(II) ions were calculated by PHMETR software 
[28] based on the principle of searching for the minimum 
of the criterion function F by varying in each iteration 
the values of log K to be determined

F = Σ(log [H+]j, exp – log [H+]2j, calc → min,         (1)

where log [H+]j,exp and log [H+]j, calc are the logarithms 
of the equilibrium functions, measured experimentally 
and calculated at current values of log K.

To minimize the criterion function, we used the 
modifi ed Hook–Jives algorithm [29]. The equilibrium 
concentrations were calculated by the Brinkley method 
[30]. When the titration curves were processed the redox 
interaction reactions were taken into account together 
with the complexation processes. The dissociation 
constants of the amino acid under study have been 
determined previously [31]. The hydrolysis constants of 
metal ions were taken from [32]. The values found for 
the stability constants of zinc and cobalt(II) complexes 
with taurine at 25°C and ionic strengths I = 0.5, 1.0, and 
1.5 (KNO3) are listed in Table 1.

To determine the thermodynamic stability constants 
of the complexes with zinc and cobalt(II), we used the 
equation with a single individual parameter [33]:

        (2)

where log K and log K° are, respectively, the logarithms of 
the concentration and thermodynamic stability constants; 
Δz2, diff erence of squared ion charges; A, Debye–Hückel 
constant; I, ionic strength of the solution; and b, empirical 
constant characterizing the change in the dielectric 
constant of the medium near the ions.

The values obtained for log K° by extrapolation of the 
corresponding concentration values to zero ionic strength 
are presented in Table 1.
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The processes of electrodeposition of zinc–cobalt 
alloys were examined with the electrolytes whose 
compositions are presented in Table 2.

The polarization curves obtained in electrolytes with 
various contents of metal ions are presented in Fig. 1. 
Polarization curves 1 and 2 show the limiting currents 
in the deposition of Zn–Co alloys. The polarization 
curves obtained in the electrolytes at 50°C have maxima 
increasing as the cobalt concentration grows at potentials 
in the range 600–650 mV. The probable reason is that the 
deposition of cobalt from these electrolytes is facilitated 
at an elevated temperature. The polarization and 
polarizability in electrolyte no. 3, i.e., at a double excess 
of zinc concentration over that of cobalt in the electrolyte 
(Table 2), is noticeably higher than that in electrolyte 
no. 1 both 25°C and at 50°C, which favors obtaining a 
more homogeneous fi nely crystalline structure of Zn–

Co alloy coatings. The nearly 100% cathodic current 
effi  ciency favors a high deposition rate of the coatings 
and, consequently, a high effi  ciency in the output capacity 
of the electroplating processes.

As the content of cobalt in a coating increases, the 
deposition potential of the zinc–cobalt alloy is shifted to 
more positive values. The result is that the electromotive 
force of the corrosion element decreases and the corrosion 
current becomes lower (Fig. 2).

It was found that, at a cobalt content of 15.1 at % 
in the zinc–cobalt alloy, the corrosion rate of the zinc–
cobalt alloy in the taurine electrolyte is 9.5 mA cm–2 
(Table 3) and has the maximum value among the zinc–
cobalt alloys under consideration. At a cobalt content of 
46.1 at % in the alloy, the corrosion rate of a sample is 
at a minimum (0.5 mA cm–2). At equal concentrations of 
zinc and cobalt in the electrolyte, the zinc–cobalt alloy 

Table 1. Decimal logarithms of the stability constants of zinc and cobalt(II) complexes with taurine at 25°C

Process I = 0.0 I = 0.5 I = 1.0 I = 1.5

Zn2+ + L– = ZnL+ 3.05 ± 0.10 2.47 ± 0.10 2.45 ± 0.09 2.49 ± 0.11
ZnL+ + L– = ZnL2 2.51 ± 0.11 2.26 ± 0.11 2.33 ± 0.10 2.37 ± 0.12
Zn2+ + 2L– = ZnL2 5.56 ± 0.05 4.73 ± 0.05 4.78 ± 0.05 4.86 ± 0.05
Co2+ + L– = CoL+ 2.86 ± 0.12 2.32 ± 0.12 2.36 ± 0.08 2.43 ± 0.09
CoL+ + L– = CoL2 2.20 ± 0.14 1.93 ± 0.14 1.95 ± 0.11 1.99 ± 0.10
Co2+ + 2L– = CoL2 5.06 ± 0.08 4.25 ± 0.08 4.31 ± 0.07 4.42 ± 0.05

Fig. 1. Electrolyte: (1) no. 1, (2) no. 2, (3) no. 3, all at electrolyte 
temperature T = 25°C; (4) no. 1, (5) no. 2, (6) no. 3, all at 
electrolyte temperature T = 50°C.

Fig. 2. Corrosion diagrams of zinc–cobalt alloy samples. 
Solution with 3% NaCl, T = 25°C. (1–3) Anodic curves for 
alloys deposited from the corresponding electrolytes at a 
temperature of 500°C; (4) cathodic curve on a steel electrode.

–E, mV (s.h.e)

j, A dm–2

–E, mV (s.h.e)

jcorr, A dm–2
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Table 2. Compositions of electrolytes for deposition of zinc–cobalt alloys

Composition
Content, M

no. 1 no. 2 no. 3

Taurine, H2NC2H4SO3H 0.40 0.40 0.40
Cobalt sulfate, CoSO4∙7H2O 0.10 0.08 0.05
Zinc sulfate, ZnSO4∙7H2O 0.05 0.08 0.10
Potassium chloride, KCl 1.68 1.68 1.68
pH 4.68 4.61 4.62

Table 3. Corrosion currents of steel samples coated with Zn–
Co alloys from electrolyte nos. 1–3

Sample with a coating 
deposited from indicated 

electrolyte 
Corrosion current density, 

mA cm–2

No. 1 0.5

No. 2 0.7

No. 3 9.5

Table 4. Chemical composition of electroplated zinc–cobalt 
alloys

Electrolyte
Content, at %

Со Zn

No. 1 46.1 ± 0.4 53.0 ± 0.4

No. 2 33.2 ± 0.4 66.8 ± 0.4

No. 3 15.1 ± 0.4 84.9 ± 0.4

Table 5. Grain parameters of crystals of zinc–cobalt alloys

Electrolyte 
no. 

Area S, 
μm2

Maximum 
height MaxZ, 

μm

Average 
height Zav, 

μm
Parameter P, 

μm
Diameter D, 

μm
Length L, 

μm Width b, μm

1 0.412 0.173 0.996 4.686 0.725 1.333 0.314

2 0.235 1.536 1.483 1.882 0.588 1.176 0.235

3 0.149 0.418 0.378 1.725 0.431 0.667 0.235

 

contains 33.2 at % and the corrosion rate of the sample 
is 0.7 mA cm–2.

The results obtained demonstrate that the lower 
corrosion rate is observed for zinc–cobalt coatings 
deposited from electrolyte nos. 1 and 2.

The atomic-force microscopy was used to examine the 
microstructure of Zn–Co coatings. The results obtained 
in examining the structure of the coatings and calculating 
the grain parameters of crystals of the zinc–cobalt alloys 
are presented in Tables 4 and 5.

Structural analysis of the coatings obtained at an an-
ode current density of 1 A dm–2 (Fig. 3) and the results 
of crystallographic calculations suggest the zinc–cobalt 
alloy coating deposited from electrolyte no. 3 has the most 
homogeneous and fi nely crystalline structure. As expected, 
the content of cobalt in alloy grows with increasing con-
centration of its ions in solution. However, the structure 
of the alloys becomes more uniform and fi nely crystalline 
at lower cobalt concentrations (Fig. 4, electrolyte no. 3).

The Zn–Co alloy coating deposited from electrolyte 
no. 1 has an inhomogeneous structure, with regular 
rounded crystals with diameter of 1–2.5 μm and less 
present in the coating. The content of cobalt is 46.06 at % 
for alloys deposited from electrolyte no. 1, 33.23 at % for 
those deposited from electrolyte no. 2, and 15.08 at % for 
those formed from electrolyte no. 3, with zinc the rest.

Despite the substantial decrease in the corrosion rate 
for the fi rst and second electrolytes, the zinc alloys that 
preserve the anodic nature of steel protection, i.e., those 
deposited from electrolyte nos. 3 and 2 will be considered 
the best acceptable.
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Fig. 3. Microstructure of Zn–Co coatings. Cathode current density 1 A dm–2, temperature 25°C.

Fig. 4. Micrographs of Zn–Co alloys deposited from electrolyte nos. 1–3. Cathode current density 1 A dm–2, temperature 25°C.

μm μm

μmμmμm μm

Electrolyte no. 1 Electrolyte no. 2 Electrolyte no. 3
10 μm 10 μm 10 μm

Electrolyte no. 1 Electrolyte no. 2

μmμm

CONCLUSIONS

(1) The potentiometric method was used to determine 
the stability constants of zinc and cobalt(II) complexes with 

taurine at 25°C and ionic strengths of 0.5, 1.0, 1.5 (KNO3). 
The thermodynamic stability constants were calculated.

(2) The polarization study demonstrated that, as the 
content of cobalt in a coating increases, its potential shifts 

nm nm
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to more positive values. As a result, the electromotive 
force of the corrosion element and the corrosion current 
become lower.

(3) A low corrosion rate is observed for zinc-
cobalt coatings deposited from electrolytes with equal 
concentrations of zinc and cobalt and also for zinc–
cobalt alloys with high content of cobalt (46.1 at % 
Co). However, zinc alloys heavily alloyed with cobalt 
are characterized by a more positive potential than that 
of steel, which will lead to the loss of the anodic type 
of steel protection by zinc alloys. Therefore, the most 
promising in the authors’ opinion are Zn–Co alloys with 
cobalt content of 15 to 33%.

(4) The content of cobalt in a coating grows with 
increasing concentration of cobalt ions in solution. 
However, more fi nely crystalline and structurally uniform 
coatings are formed at a relatively lower concentration 
of cobalt and also at the same concentrations of zinc and 
cobalt in the electrolyte. The most homogeneous and 
fi nely crystalline structure is observed for the zinc-cobalt 
alloy coating deposited from an electrolyte with zinc 
concentration twice the concentration of cobalt.
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