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bstract

The influence of cobalt on the electrodeposition of zinc onto AISI 1018 steel was studied in weakly alkaline glycine solutions. Thermodynamic
alculations were performed to construct predominance-zone diagrams to identify the stability of the zinc and cobalt glycine complexes, and
xperimental studies of electrochemical behavior and deposit properties were conducted. When zinc is present, cobalt deposition shifts to more
egative potentials, producing ZnCo alloys. Two main reduction steps were observed for electrodeposition from the ZnCo bath: the first at low
otentials was due to ZnCo electrodeposition. In the second, at more negative potentials, cobalt content in the deposit increased forming a range of
ntermediate phases, and the hydrogen-evolution reaction became significant. The presence of Co(II) in the bath modified the morphology of the

eposits as well as reducing the faradaic metal-deposition efficiency. ZnCo-deposit morphology was modified by the applied current density as well
s the metal composition of the coating. X-ray diffraction studies revealed that cobalt oxide or hydroxide is formed during ZnCo electrodeposition,
ndicating that an elevation of the interfacial pH plays a role in the alloy deposition process.

2007 Elsevier Ltd. All rights reserved.

ion

a
z
c
t
i
a
i
q
s
s

eywords: Zinc–cobalt alloys; Electrodeposition; Glycine; Anomalous deposit

. Introduction

Zinc coatings are used widely to protect iron and steel sub-
trates against corrosion [1]. Metals like iron, cobalt and nickel
ave been incorporated in zinc plating baths to obtain coatings
ith higher corrosion resistance [1,2]. During zinc codeposition
ith metals of the iron group, the less noble metal, zinc, is elec-

rodeposited preferentially; this phenomenon has been described
s anomalous codeposition by Brenner [3].

According to Dahms and Croll [4], in the anomalous code-

osition of Fe–Ni alloys a layer of iron hydroxide is formed,
hich adsorbs on the electrode and suppresses the nickel reduc-

ion. The metal hydroxide layer is formed as a consequence
f elevated interfacial pH caused by the hydrogen-evolution
eaction. Decroly and co-workers [5,6] proposed a similar mech-
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nism for Zn–Co codeposition, involving the formation of a
inc hydroxide layer on the electrode surface, which suppresses
obalt reduction. Higashi et al. [7] carried out a study of the elec-
rodeposition of Zn in the presence of Co; the variation of the
nterfacial pH was determined, and the transition from normal to
nomalous codeposition was associated with an increment of the
nterfacial pH. Stankeviciute et al. [8] applied electrochemical
uartz-crystal microbalance measurements to analyze the depo-
ition of Zn–Co alloys in terms of the mechanism of hydroxide
uppression. On the other hand, other authors have argued that
uring the anomalous codeposition of Ni–Fe, Ni–Zn and Fe–Zn
lloys, only soluble intermediate species are formed [9–14].

The concept of hydroxide oscillation [15] has also been used
o explain anomalous deposition. According to this model, the

hickness of the hydroxide layer changes periodically. When
he zinc hydroxide layer is depleted, the reduction of both H+

nd cobalt occurs preferentially to that of Zn. Then, as the
nterfacial pH increases due to the hydrogen-evolution reaction,

mailto:yunnymeas@cideteq.mx
dx.doi.org/10.1016/j.electacta.2007.01.010


ochim

t
c

d
O
m
n
a
t
d

a
s
i
c

e
p
a
u
[
c
a
a
�
a
t
d
t
c
t
b
c
z
m
d

p
a
z
t
a
t
z
e
s
[
a
p
e
a
r
d
t
t
b
i

a
c
o
z

2

(
0
g
z
t
a
w
Z
s
s
u

s
t
w
0
t
w
e
a
a
s
a
p
n
d
r
t
c
c
c
i
T
t
n
g
s
p

3

3

t

J.L. Ortiz-Aparicio et al. / Electr

he hydroxide layer forms again favoring Zn reduction, and the
odeposit becomes anomalous.

Inhibition of nickel reduction due to zinc underpotential
eposition (upd) has been proposed by Nicol and Philip [16].
htsuka and Komory found evidence for the formation of a zinc
onolayer deposit that inhibits the nucleation and growth of

ickel [17]. On this basis, Swathirajan has claimed that Ni–Zn
nomalous deposition depends on the electrode potential and
hat the inhibition of Ni deposition is due to the underpotential
eposition of Zn [18].

Differences in the values of exchange current densities have
lso been considered in the interpretation of anomalous codepo-
ition [19,20]. The magnitude of the exchange current density
s generally much greater for zinc compared to metals like iron,
obalt and nickel.

Tsuru et al. [21] showed that the nature of the solvent has an
ffect on Zn–Co codeposition. Normal codeposition occurs in
ure methanol, whereas in the presence of water they obtained
nomalous deposits. Similar results were obtained in ionic liq-
ids for Zn–Fe deposition [22]. Recently, Fratesi and co-workers
23] studied the electrodeposition of ZnCo alloy from an acidic
hloride bath. They investigated the effects of Zn2+/Co2+ ratio
nd the applied potential on the formation of ZnCo-alloy phases
nd obtained a transition from the Zn-rich �-phase of ZnCo to a
-phase and later to cobalt-rich deposits by increasing the cobalt
mount in the bath or by increasing the applied potential. Clearly
he composition of the coatings obtained during codeposition
epends on several factors, such as the current density, the solu-
ion composition, pH, temperature, and agitation. Anomalous
odeposition has been observed mostly at high current densi-
ies [24], whereas at low levels of current the codeposition may
e normal. On the other hand, some authors have reported that
obalt-rich deposits are obtained at high current densities and
inc-rich coatings at lower values [25]. The presence of other
etal ions and especially organic additives can also change the

eposit type from anomalous to normal [26,27].
Glycine has been used as a complexing agent in the electrode-

osition of Zn–Ni [28], Cu–Co [29] and Zn–Co [30] alloys. It is
n attractive medium due to its ability to form complexes with
inc and cobalt in weakly alkaline electrolytes. The characteriza-
ion of glycine-based electrolytes in alkaline solution represents
n interesting challenge because they offer a possible alterna-
ive to the use of toxic cyanide baths or zincate baths for zinc or
inc-alloy plating. No clear mechanistic model to describe the
lectrochemical behavior can yet be deduced from the previous
tudies devoted to Zn–Co alloy deposition in glycinate media
30]. The present work takes into account the solution chemistry
s it seeks to elucidate the influence of cobalt on zinc electrode-
osition in an alkaline glycine medium through electrochemical
xperimentation and microscopic deposit characterization. First,
n understanding of ZnCo alloy electrodeposition with glycine
equires a preliminary thermodynamic analysis to identify the
ifferent complexes that can be formed in solution depending on

he experimental pH and, as a consequence, can affect the rela-
ive availability of the metals to form the alloy deposit. With that
ackground information the study presents an electrochemical
nvestigation of the system and reports on the effects of oper-
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ting parameters on the electrodeposit properties, such as alloy
omposition, morphology, and current efficiency. The ultimate
bjective is to develop an efficient and environmentally benign
inc–cobalt plating bath.

. Experimental

Electrodeposits were formed from aqueous 0.2 M ZnSO4
Merck) with CoSO4 (Merck) at various concentrations from
.005 to 0.1 M. All tests were performed in a complexing 2.2 M
lycine (Aldrich) medium. The solution was made up first by
inc sulfate dissolution in a previously prepared glycine solu-
ion, cobalt sulfate being added later. The electrolyte pH was
djusted to 11 by adding sodium hydroxide. All the solutions
ere prepared with deionized water (18 M� cm). The Zn and
n–Co coatings were electrodeposited on an AISI 1018 steel
ubstrate. Stripping voltammograms were recorded using a slow
weep rate (v = 1 mV s−1) in 2.2 M glycine and pH 11 solution
nder a N2 atmosphere.

The experiments were performed with a PAR 273A potentio-
tat. Cyclic and linear voltammetry were carried out in a typical
hree-electrode cell. AISI 1018 steel embedded in a PTFE rod
as used as a disk working electrode with a geometrical area of
.032 cm2, a saturated calomel electrode was the reference elec-
rode, and the counter electrode was a graphite bar. The trials
ere carried out under an ultrapure nitrogen atmosphere. Before

ach experiment, the steel electrode was polished with 0.05 �m
lumina (Buehler) to a mirror surface appearance. The temper-
ture was maintained at 25 ◦C. Deposit specimens for micro-
copic characterization were obtained on the steel electrodes by
pplying a constant current density without stirring. The mor-
hology and composition measurements were done with a scan-
ing electron microscope (JEOL DSM-5400 LV). The X-ray
iffraction patterns were obtained with Cu K� radiation in an X-
ay diffractometer (Brucker D8 Advance). The coating composi-
ion profile (GDS analysis) was determined by using a Glow Dis-
harge Spectrometer (Leco 850A). The current efficiency was
alculated by integrating the charge passed under the stripping
urves and comparing that value with the total charge passed dur-
ng the deposition process; these were performed in duplicate.
he experimental error of the GDS experiments was estimated

o be 1% for zinc, 4% for cobalt, and 11% for carbon; these mag-
itudes reflect the level of an element in the deposit. The primary
oal of the elemental analysis and of the current-efficiency mea-
urements was to show generally the qualitative effects of the
lating parameters during ZnCo alloy electrodeposition.

. Results and discussion

.1. Thermodynamic analysis

Glycine is a complexing amino acid (H2NCH2COOH = L′)
hat provides two functional groups able to form coordination

onds with metal cations. Glycine also presents two acidities,
he values of the acidity constants being 2.07 and 9.97 [31].
he pH used in this study (∼11) thus falls sufficiently above the
econd acidity value for the divalent anion to be the predomi-
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Table 1
Equilibrium constants for the overall formation of complexes in the zinc/glycine/OH− and cobalt/glycine/OH− systems and the hydroxide solubility products obtained
from the literature [31], βn = [MLn]/[M][L]n

Metal–glycine Metal-OH−

log β1 log β2 log β3 log β1 log β2 log β3 log β4 pKs

Z 4
C 3

n
E
a

u
i
t
c
H
f
f
h
(

Z
t
t
p

L
o
c
w
c
p
e
c
p

o
f
p
n

F
t
a

n 4.88 9.06 11.56 4.
o 4.69 8.46 10.81 4.

ant form. Compared to other common complexing agents like
DTA, glycine forms less strong complexes; this makes it more
menable to effective effluent treatment.

The thermodynamic description of the complexes formed
nder our experimental conditions was obtained by construct-
ng predominance-zone diagrams and Pourbaix diagrams for
he systems of Zn–glycine and Co–glycine. The diagrams were
omputed using the method described in the literature by Rojas-
ernández et al. [32–34]. Table 1 gives the values of the overall

ormation constants βn for the metal–glycine complexes, those
or the metal hydroxides, and the solubility products for the
ydroxides [31]. We assumed that there are no mixed complexes
i.e., hydroxy-glycine-metal species).

Fig. 1a and b shows the predominance-zone diagrams for the

n(II)′ and Co(II)′ species. The generalized notation M(II)′ for

he dominant species (with M = Zn or Co) may represent either
he free M2+ ions in the solution, the soluble metal–glycine com-
lexes, or the metal hydroxide in either soluble or insoluble form;

a
s
b
h

ig. 1. Predominance-zone diagrams for (a) Zn(II)′; (b) Co(II)′. Pourbaix diagrams
he computation of these diagrams were 0.20 M for zinc and for cobalt, 0.005 M (he
nd hydroxide concentration was determined by the pH.
11.3 13.7 16.6 16.92
8.4 9.7 10.2 14.8

′ is the glycine complexing agent whose form (acidity) depends
n the pH. In our experimental range of pH and analytical con-
entrations of metals and glycine, the free glycine concentration
ill be about 1.6 M, corresponding to pL′ = −0.204. Under these

onditions the thermodynamic calculations show that ML′
3 is the

redominant form for both the zinc and cobalt species. For the
xperimental zinc–cobalt mixed electrolytes, the glycine con-
entration was sufficiently elevated to keep these two species
redominant.

The Pourbaix diagrams, Fig. 1c and d, show the variation
f the equilibrium potentials for the redox couples M(II)/M(0)
or zinc and for cobalt with 2.2 M glycine at pH 11. The com-
lexing agent displaces the equilibrium potentials toward more
egative values. It is seen that cobalt deposition still should occur

t more positive potentials compared to zinc. It appears that a
mall pH interval is available for zinc-hydroxide precipitation
etween 12.6 and 13.2 before zincate forms. Insoluble cobalt-
ydroxide formation may occur at pH higher than 12.7. We

for (c) Zn(II)′; (d) Co(II)′. The total metal cation concentrations considered in
avy line) and 0.1 M (thin line). Free L′ was taken to be 1.6 M (pL′ = −0.204),
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herefore assume that, from a purely thermodynamic point of
iew and with the parameters found in the literature, under our
xperimental conditions both zinc and cobalt reduction should
nvolve primarily the single ML′

3 complexes, and the overall
eactions will be the following:

nL′
3 + 2e → Zn(0) + 3L′ (1)

oL′
3 + 2e → Co(0) + 3L′ (2)

Under our experimental conditions, the stability of insoluble
inc hydroxide, i.e. Zn(OH)2, is restricted to a narrow pH interval
bove 12.6. In addition, the thermodynamic study predicts that
he dominant cobalt species becomes insoluble Co(OH)2 above
H 12.7.

. Cyclic voltammetry

.1. Zinc and cobalt electrodeposition from the glycinate
lectrolyte

Fig. 2 presents cyclic voltammograms for the alkaline glycine
olutions of Zn(II)′ and of Co(II)′ individually and for the glyci-
ate solution in the absence of metals. It is seen that Zn presents
wo reduction steps; a small peak A appears around −1.26 V,
nd peak Ic is located at −1.53 V versus SCE. The former could
e associated with incipient hydrogen reduction, which is seen
ccurring with metal-free glycine solution in Fig. 2 (curve c)
ut then is presumably inhibited by underpotential deposition
UPD) of Zn. In the absence of metals, curve c indicates that the
eduction of hydrogen begins at−1.2 V and shows its subsequent
xidation at peak B. On the other hand, the charge calculated
y integration of peak A gives −364 mC cm−2, which is greater
han the theoretical amount required for the formation of a Zn

onolayer. It is well known that the HER is very sensitive to the

ature of the substrate; on Zn it proceeds very slowly, whereas
n Co, Ni and Fe it exhibits a larger exchange current density
35]. Previous studies report the inhibition of HER in the pres-
nce of zinc ions in both alkaline [35] as well as acidic [36] baths

ig. 2. Cyclic voltammograms for the electrodeposition on steel of zinc and of
obalt in 2.2 M glycine solution, pH 11, v = 10 mV s−1: (a) 0.20 M ZnSO4; (b)
.10 M CoSO4; (c) no metal, 2.2 M glycine, pH 11.

n
t

F
t
1

ica Acta 52 (2007) 4742–4751 4745

ue to the formation of even a sub-monolayer of Zn on ferrous
ubstrates. Those authors propose that zinc upd competes with
roton reduction [36]. On this basis, we suspect that a similar
ffect occurs in our system.

The second peak in curve a (Ic) is clearly associated with
he massive reduction of Zn(II)′ to Zn(0). When the sweep was
eversed, an oxidation peak (Ia) was observed at −1.26 V ver-
us SCE due to the oxidation of the deposit. As expected, peak
c shifted to more positive potentials when the zinc concentra-
ion was increased. When the zinc concentration was 0.4 M, the
xidation peak became wider, and the peak current decreased.
his could be attributed to changing structure of the deposit with

ncreased thickness, but it is also possible that under these con-
itions the electro-oxidation process is limited by slow chemical
eactions or diffusion.

The voltammetric behavior of the 0.1 M CoSO4 solution
curve b) presents an electroreduction peak current (IIc) located
t −1.426 V versus SCE. A subsequent increase in current is
bserved at more negative potentials due to the hydrogen evo-
ution reaction, which is not inhibited as in the case of the zinc
olutions, zinc having a higher overpotential for hydrogen evo-
ution. When the direction of the potential sweep is reversed,
crossover potential associated with nucleation is observed at
1.23 V versus SCE. When the potential scan is reversed in the

ising portion of peak IIc, the crossover potential varies, indicat-
ng additional processes during cobalt nucleation. An oxidation
eak for pure Co is observed at −0.756 V versus SCE (peak IIa).
ccording to the equilibrium potential of cobalt shown in Fig. 1d

Eeq Co(II)′/Co(0) = −0.912 V versus SCE) and the gap between
he oxidation and reduction peaks, the Co(II)′ reduction exhibits
reater overpotential on the AISI 1018 steel substrate than does
n (Eeq Zn(II)′/Zn(0) = −1.384 V versus SCE for 0.2 M ZnSO4).

.2. Influence of cobalt on zinc electrodeposition
When both metal ions are present in the glycinate solution,
ew stripping peaks (IIIa, IVa and Va) appear in Fig. 3 between
he pure zinc and pure cobalt oxidation peaks, thus indicating

ig. 3. Influence of the cobalt concentration on the cyclic voltammograms for
he electrodeposition from zinc solution (0.2 M ZnSO4) in 2.2 M glycine, pH
1, v = 10 mV s−1.
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dominantly with low values of the inverting potential. When the
E� value was increased to more negative potentials, several other
oxidation processes were observed (peaks IIIa, IVa, Va and VIa).
The three first oxidation peaks represent phases with increasing
746 J.L. Ortiz-Aparicio et al. / Electr

he formation of several ZnCo alloys or, at least, intermediate
hases. As with pure zinc ZnCo electrodeposition in the presence
f 0.005 M cobalt presents two reduction peaks. Upon rever-
al of the potential-sweep direction, an electrooxidation peak
as observed at −1.17 V versus SCE (IIIa), associated with the

ormation of a Zn-rich ZnCo alloy phase. When the cobalt con-
entration was increased to 0.025 M, the electroreduction peak
Ic) was practically unaffected, but the electrooxidation of the
eposit showed a decrease of peak IIIa and the appearance of
shoulder at −1.09 V versus SCE (IVa), a peak at −0.92 V

ersus SCE (Va), and another shoulder at −0.86 V versus SCE
VIa). For this higher cobalt concentration, the broadening of
eak IIIa suggests that the deposit is composed of a mixture
f diverse ZnCo phases. When the cobalt concentration was
ncreased to 0.1 M, the reduction peak Ic shifted slightly toward

ore positive potentials, and the peak reduction current density
ecreased slightly. Increases were also observed in the currents
roduced at peak Va and shoulder VIa. Both cathodic and anodic
eak positions correspond to formation of nobler Zn–Co phases,
.e. with richer Co content. Moreover, a second cathodic peak
IIIc) appeared, and hysteresis was observed when the scan
as inverted, both effects attributed to the enhancement of the
ydrogen-evolution reaction due to the increase of cobalt content
n the deposit and to the formation of a new phase.

According to Swathirajan [37] and to Gómez and Vallés
38,39], the multiple oxidation peaks for the electrodeposits
f Zn–Co alloys are associated with the formation of several
hases with different cobalt contents. In our electrolyte condi-
ions, Peaks IIIa, IVa and Va may be associated with different
ntermediate ZnCo alloy phases, while the peak VIa is attributed
o pure cobalt (see Fig. 2). It is interesting to note that the pres-
nce of cobalt does not affect sharply the potential position
f cathodic peak Ic, although the current density diminished
lightly as higher cobalt concentrations were introduced.

It is also observed that the presence of zinc increases the
ydrogen-evolution overpotential relative to that of pure Co as
eported previously [35,36]. In alkaline conditions [35], this
nhibition is attributed to the formation of a Zn upd layer, which
lso inhibits the cobalt deposition. The latter exhibits a consider-
ble increase in its electrodeposition overpotential leading to an
nomalous Zn–Co codeposit. Such an effect may be involved
lso in this alkaline electrolyte. Furthermore, the hydroxide-
uppression mechanism [4–8] suggests that a zinc hydroxide
ayer may also adsorb on the electrode, further inhibiting cobalt
eduction. According to Fig. 1a and b, at pL′ = −0.204, zinc
ydroxide precipitation can occur when the pH reaches 12.6, and
obalt precipitation takes place at pH above 12.7. Thus, insolu-
le hydroxides could form on the electrode surface and impede
obalt reduction. Given that the theoretical pH values for the
recipitation of the two metals are so close, both cobalt and zinc
recipitates may be involved in the codeposition process.

.3. Influence of the switching potential, Eλ
The anodic voltammetric profile observed with Zn–Co alloy
eposition depends strongly on the switching potential E�, the
otential at which sweep direction is inverted. The switching

F
d
1
E

ica Acta 52 (2007) 4742–4751

otential evidently influences the elemental composition of the
eposit. Gómez and Vallés [38,39] observed on vitreous car-
on in an acidic chloride ZnCo solution that oxidation peaks
ssociated only with the formation of high-zinc-content phases
ppeared when E� was only moderately negative, but when
he applied potential was taken to more negative values, there
ppeared several oxidation peaks associated with phases richer
n cobalt content. Similar results were obtained in the ZnCo
lectrodeposition on AISI 1018 steel electrode [27]; Zn-rich
eposits were obtained when the cathodic potential was inverted
t low values, whereas at more negative values higher cobalt
ontent was obtained in the deposit. On the other hand, Fratesi
nd co-workers [23] observed three reduction processes on Pt
n the Zn upd potential region, where cobalt-rich deposits were
btained. The Zn content increased at more negative potentials.
lthough they report similar behavior on steel, these reduction
eaks were not observed by Gómez and Vallés [38,39] nor by
rejo et al. [27], who found that cobalt reduction was strongly

nhibited. The electrochemical behavior of ZnCo electrodepo-
ition observed in our conditions, i.e. in alkaline electrolyte,
hows an increase of the cobalt deposition overpotential with
n presence similar to that observed in acidic conditions

27,36,37].
Fig. 4 shows the influence of E� on the CV for the Zn–Co

lycinate system with 0.025 M CoSO4. When the E� value was
ow, E�1 = −1.45 V, peak Ia was the major anodic signal and
epresented Zn oxidation. With E�4 = −1.70 V, two reduction
rocesses (peak Ic and signal IIc) were observed: the first one
Ic) was due to the electroreduction of Zn, and the second (IIc)
ppeared at a more negative potential and was associated with
he hydrogen evolution reaction combined with cobalt deposi-
ion. When the scan direction was reversed, several oxidation
eaks appeared. In agreement with the observations of Gomez
nd Vallés in acidic conditions [38,39], signal Ia appeared pre-
ig. 4. Influence of the switching potential on the anodic behavior of the
eposits from 0.20 M ZnSO4 + 0.025 M CoSO4 in 2.2 M glycine, pH 11, v =
0 mV s−1: E�1 = −1.50 V vs. SCE (curve 1); E�2 = −1.55 V vs. SCE (curve 2);

�3 = −1.60 V vs. SCE (curve 3); E�4 = −1.70 V vs. SCE (curve 4).
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obalt content, while signal VIa may be associated with a pure
obalt phase.

The mechanism of anomalous electrodeposition of the ZnCo
lloy is still not clear; the hydroxide suppression model [4–8]
redicts the formation of anomalous ZnCo alloys when hydro-
en evolution occurs. Accordingly, as the applied potential is
ade more cathodic, the hydrogen reaction is favored, and

he appearance of the oxidation peaks associated with ZnCo
lloy phases are observed. However, at low switching poten-
ials, the anodic peak Ia appears, indicating that the deposit is
ore anomalous when less hydrogen evolution occurs. It is pos-

ible that a combination of Zn upd with Zn and Co hydroxide
recipitation inhibits Co reduction during the ZnCo electrode-
osition. It is noted that the faint reduction peak (A) presents
tself again around −1.2 V in Fig. 4. This small current is char-
cteristic of cyclic voltammetry on ferrous substrates [36,40]
nd is attributed to the underpotential deposition of Zn and its
ubsequent inhibition of hydrogen reduction.

. Characterization of the deposits

.1. Composition of the coating

Thin deposits were formed on the steel disks under non-
tirring conditions from a solution containing 0.2 M ZnSO4
nd various levels of Co by applying a constant current for
00 s. Fig. 5 presents the stripping voltammograms of the ZnCo
eposits obtained under galvanostatic conditions at different cur-
ent densities. The profile observed is similar to that observed
n Fig. 3, i.e. several oxidation peaks appear corresponding to
ifferent phases of the ZnCo alloy. Curve f corresponds to the
tripping of a pure cobalt deposit.

The faradaic current efficiency for metal deposition was
etermined by doing anodic stripping of the deposit and inte-

rating the anodic current in order to calculate the ratio of the
nodic to cathodic charges. The results are shown in Fig. 6 as a
unction of the relative level of cobalt in the bath. The elemental
omposition of the alloy deposits was also determined using an

ig. 5. Stripping voltammograms for ZnCo alloy deposits formed from 0.20 M
nSO4 + 0.025 M CoSO4 in 2.2 M glycine under constant current conditions:

a) −1 mA cm−2; (b) −5 mA cm−2; (c) −10 mA cm−2; (d) −20 mA cm−2;
e) −30 mA cm−2; (f) pure Co from 0.1 M CoSO4 + 2.2 M glycine, pH 11 at
20 mA cm−2; v = 1 mV s−1, deposition for 300 s.
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urrent deposits on steel as functions of the relative level of cobalt in the bath.
.2 M ZnSO4, 2.2 M glycine, pH 11. Deposits produced at j = −10 mA cm−2 for
= 300 s, no stirring.

nergy dispersion spectrometer coupled to the scanning electron
icroscope and presented in Fig. 6. The results demonstrate that

ll the deposits were anomalous in the sense that the Co con-
ent in the deposit was always less than the relative proportion
resent in the bath. It is seen that the current efficiency at this
urrent density decreased with increasing cobalt concentration,
alling from 90% with pure zinc to about 67% when the cobalt
oncentration was 0.025 M. This result confirms the interpreta-
ion of the CV results, namely, that higher Co levels in the bath
nd in the deposit promote the hydrogen-evolution reaction.

Fig. 7a shows the alloy composition profile with depth within
he deposit formed under unstirred conditions from the 0.4 M
nSO4–0.05 M CoSO4–glycine solution at −10 mA cm−2. It is
een that the alloy composition was not constant across the film.
lose to the steel substrate, the cobalt content was almost 4%.
urther out in the film, in the portion formed as electrodepo-
ition continued, the cobalt content decreased and maintained
value of about 2.7% until dropping off further near the outer

urface. This graph shows again that under these conditions the
odeposition was anomalous as the relative cobalt concentra-
ion in the solution was 11%. No significant level of oxygen was
etected in the film except on the outer surface. In this case zinc
r cobalt oxide or hydroxide may have formed on the surface, but
one was incorporated in the deposit. It is possible that the elec-
rochemical reduction reaction is faster than the rate of crystal
rowth, thus releasing the hydroxide anions to the bulk solution.
his profile for cobalt level in the deposit suggests that several
teps take place during ZnCo electrodeposition, and indeed dif-
erent mechanisms may apply as the interface changes and the
lm grows.

When the deposits were obtained from a 0.2 M ZnSO4–0.1 M
oSO4–glycine solution, a change in the composition profile
as observed. Fig. 7b shows that at −10 mA cm−2 the cobalt-

ontent profile across the deposit seems to be similar to that

bserved in Fig. 7a, but the oxygen content in the deposit
ncreased. Both the oxygen and the cobalt content in the deposit
ncreased with an increase in the applied current density to

30 mA cm−2 as seen in Fig. 7c, indicating occlusion of a
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sition is retarded by the presence of cobalt. Cobalt deposition
becomes favored at more negative applied potentials and leads
to the formation of several Zn–Co alloy phases and even a pure
ig. 7. Composition profiles with depth by GDS analysis for ZnCo deposits obtain
b) 0.2 M ZnSO4 + 0.1 M CoSO4 + 2.2 M glycine, pH 11, j = −10 mA cm−2; (c
imes in (a) and (b). Carbon scale is amplified by 100 times.

etal-hydroxide precipitate related to the occurrence of hydro-
en reduction. Furthermore, the cobalt content is higher and
ore homogeneous than that observed in Fig. 7a and b, indicat-

ng the formation of a new phase. According to the ratio of Zn
o Co, the new alloy was a �-phase. This result can be correlated
ith the additional anodic peaks appearing in Figs. 3 and 4. At

he same time, the carbon distribution also changed with Co(II)
evel. In Fig. 7a and b, it is observed that the C profile is sim-
lar to that of cobalt, rising near the steel interface, whereas
t the higher current density it falls off from the outer surface
f the deposit. This change may be related to the morphologi-
al changes observed in the SEM images that are presented in
ig. 9. In an acid electrolyte, the transition from a �-phase to a
-phase was found to occur with an increase of the cobalt level

n the bath [23].
The effect of current density on current efficiency was also

etermined for the alloy bath with 0.025 M Co. Fig. 8 shows
he metal-deposition current efficiency as a function of current
ensity. Also plotted is the cathode potential. It is seen that the
urrent efficiency is low at low current densities but increases
apidly to about 80%. At higher current densities, the efficiency
alls off as the hydrogen reaction becomes significant. Alcalá
t al. [25] found that anomalous codeposition is favored at low
pplied overpotentials and at high Zn(II)/Co(II) ratios. Accord-

ngly, loss of current efficiency was related to increased cobalt
oncentration in the deposit at higher current densities because
f activation of the hydrogen-evolution reaction by increased
obalt content.

F
Z
a
d

m (a) 0.4 M ZnSO4 + 0.05 M CoSO4 + 2.2 M glycine, pH 11, j = −10 mA cm−2;
e electrolyte as in (b) with j = −30 mA cm−2. Cobalt scale is amplified by 10

These various results show that codeposition of the two ele-
ents does not occur according to the pure-metal deposition

inetics. Cobalt deposition is inhibited by zinc at low current
ensities or low applied potential. At the same time zinc depo-
ig. 8. The current efficiency for ZnCo electrodeposition (t = 300 s) from 0.2 M
nSO4 + 0.025 M CoSO4 + 2.2 M glycine, pH 11, plotted as a function of the
pplied current density (curve a). Curve b shows the cathode potential recorded
uring the galvanostatic deposition experiments, no stirring.
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ig. 9. Influence of the cobalt concentration and current density on the morphol
= 300 s. Cobalt concentrations: (a) 0.0 M; (b) 0.01 M; (c) 0.02 M; (d) 0.03 M; (

obalt phase. Hydrogen evolution is promoted by the presence
f cobalt in the deposit, and combination of the information in
igs. 5–8 shows that the cobalt level in the deposit affects cur-
ent efficiency. The enhancement of the hydrogen reaction with
he concomitant rise in interfacial pH probably plays a role in

oderating the rate of zinc reduction as well as in the overall
lloy-formation process.

.2. Morphology of the deposits

The presence of other metals in Zn plating baths modifies
he morphology of the deposits because of their influence on
he growth of the initial crystal nuclei [25,41,42]. Fig. 9 shows
he SEM images for electrodeposits obtained from the alkaline
n and Zn–Co glycine solutions. Pure zinc deposits (Fig. 9a)
resent characteristic hexagonal crystals, which are normally
btained in zinc deposition [43,44]. The zinc crystals exhibited
range of sizes, and the larger grains were of approximately
�m in diameter on which smaller crystals grew. In the pres-
nce of 0.01 M cobalt in the bath, an appreciable change was
bserved in the deposit morphology with the grain size decreas-
ng to around 1 �m diameter, the deposits being compact and

resenting a clear gray color. The presence of cobalt apparently
odified the growth of zinc nuclei, leading to the fine-grained

eposits obtained under anomalous composition. This observa-
ion is in accord with the results reported by Alcalá et al. [25]

d
d
w
s

f the deposits obtained from glycinic 0.2 M ZnSO4 at pH 11, j = −10 mA cm−2,
5 M; (f) 0.05 M with j = −30 mA cm−2.

nd Karwas and Hepel [43] for acidic-chloride electrolytes. They
btained fine-grained deposits in the presence of high zinc/cobalt
lectrolyte ratios but dendritic deposits when the relative cobalt
oncentration was increased.

With a cobalt concentration of 0.02 M, a deposit with even
maller grain size was observed (Fig. 9c), presenting an amor-
hous structure, and this was also observed at higher cobalt
oncentrations (up to 0.05 M).

Fig. 9f shows the influence of the current density on the mor-
hology of the deposits of the ZnCo alloy. It is seen that the
eposit obtained with 0.05 M Co at −30 mA cm−2 presented a
ompact polyhedral morphology, in contrast to the deposits with
ne grains obtained at −10 mA cm−2. Therefore, Co plays the
ole of a grain-size refiner at low current densities even at high
o concentrations. At higher current density and high Co con-

ent in the deposit, Co imposes its own structure with a more
olumnar growth. In order to verify this last assumption, we
erformed crystallographic analysis of all the deposits.

.3. Crystallographic structure

The preferential crystal orientation of zinc electrodeposits

epends on the experimental conditions [44,45], such as current
ensity, pH and temperature. Plane (0 0 2) has been associated
ith the growth of hexagonal zinc crystals parallel to the sub-

trate [44]. Fig. 10 shows the X-ray diffraction patterns obtained



4750 J.L. Ortiz-Aparicio et al. / Electrochim

Fig. 10. X-ray diffraction patterns for Zn and alloy electrodeposits obtained
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modified the growth habit of the deposits, favoring the forma-
n AISI 1018 steel, j = −10 mA cm−2, t = 300 s. Bath cobalt concentrations: (a)
.0 M; (b) 0.01 M; (c) 0.05 M; (d) 0.10 M; (e) 0.05 M with j = −30 mA cm−2.

or several Zn and ZnCo alloy deposits. In the absence of cobalt,
he peaks associated with the characteristic crystallographic
lanes for zinc were observed, the peak associated with plane
0 0 2) having the highest intensity.

When the deposit was formed in the presence of 0.01 M
o(II), a considerable decrease of the (0 0 2) peak was observed,
s well as of the peaks associated with planes (1 0 2), (1 0 3) and
1 1 0), due to the change in orientation of the Zn crystallographic
lanes by the incorporation of cobalt. The persistence of those
eaks, although with lesser intensity, suggests the appearance of
zinc-rich (�-phase) ZnCo alloy [46], since the diffraction pat-

ern of the Zn–Co solid solution �-phase is very similar to pure
n diffraction pattern [44]. When the cobalt content in solution
as increased to 0.05 M, the peak associated with plane (0 0 2)
iminished further. A peak then appeared at a value of 2θ = 42.5◦
peak i), which is associated with the formation of cobalt oxide
PDF 43-1004).

An increase of peak (i) was observed when the cobalt level
n the solution was increased to 0.1 M. At the same time, the
ntensity of the peaks for planes (0 0 2) and (1 0 1) of the �-phase
ecreased further. The decrease of those peaks may be attributed
o the decrease of the thickness of the coatings obtained when
he cobalt concentration in the bath increased because of the loss
f current efficiency with increasing cobalt levels.

The deposit obtained at higher current density and 0.05 M
o(II) (Fig. 9e) presents a change in the X-ray diffraction pat-

ern. Three peaks appear at 2θ = 37.64◦ (peak ii), 68.04◦ (peak
ii), and 69.56◦ (peak iv), which are associated with the presence
f cobalt hydroxide (PDF 45-0031). These results agree with the
resence of oxygen observed in Fig. 7c, its level increasing as
he distance from the substrate increases. The peak associated
ith the plane (1 0 1) shifted from 43.25◦ to 43.02◦, indicating
hat the ZnCo alloy crystal lattice was deformed. At the same
ime, the peak associated with plane (0 0 2) disappeared com-
letely, showing a preferential orientation of the crystals. There

t
f
g

ica Acta 52 (2007) 4742–4751

s evidence of the formation of Zn13Co due to the presence of
mall peaks at 40.3◦ and 41.2◦ as well as the peak at 2θ = 43.02◦
PDF 29 0523). The wide peak located at 2θ = 44.56◦ (peak
) may be associated with the presence of a pure cobalt phase
PDF 01-1255). These changes in the X-ray patterns for higher
urrent density correspond to the changes in the electrochemi-
al behavior seen in Fig. 3 and to the morphology observed in
ig. 9f, and they reflect the modifications of the composition
rofiles of the ZnCo alloy shown in Fig. 7c. All of the observa-
ions with the crystallographic structures, the morphology, and
he composition of the coatings may be associated with changes
n the electrochemical conditions under which the deposits are
ormed.

Rashwan et al. [30] also studied ZnCo electrodeposition
n glycine solution; they obtained anomalous deposits and
bserved that the crystallographic structure depended on applied
urrent density. They reported the appearance of Co5Zn21 and
oZn13 phases at low and higher current densities, respectively.

The GDS analysis showed the presence of oxygen within the
eposit, and this may be attributed to an increase in the inter-
acial pH during deposition. The formation of cobalt hydroxide
t increased current density or higher Co(II) concentration is
onfirmed by the appearance of the X-ray peaks associated with
obalt hydroxide.

. Conclusions

This work has explored the influence of cobalt on zinc elec-
rodeposition from alkaline glycine solutions. Thermodynamic
tability calculations identified the potential stability of the
arious complexes that can form in this complexing medium.
hese thermodynamic calculations showed that the experimen-

al conditions favor the formation of Zn–glycine and Co–glycine
omplexes, the dominant species being ZnL′

3 and CoL′
3. The

ffects on the electrochemical behavior of the system of the zinc
nd cobalt concentrations were studied experimentally.

The cobalt-deposition overpotential increased in the pres-
nce of zinc ions, while the presence of Co(II)′ ions favored
he hydrogen-evolution reaction. Based on the predominance
one diagrams and according to the electrochemical studies per-
ormed, it is suggested that the alloy deposition process can be
xplained in terms of the metal hydroxide suppression mech-
nism, in which the initial formation and adsorption on the
lectrode surface of an insoluble Zn(OH)2 and, later on, of insol-
ble Co(OH)2, moderate the reduction of both zinc and cobalt,
specially when the hydrogen-evolution reaction becomes more
ntense. A switching-potential study showed that Zn-rich ZnCo
eposits are obtained at the early stages of electrodeposition, i.e.
t moderately negative potentials.

The presence of cobalt in the deposit was evidenced by the
ppearance of several stripping peaks associated with different
hases of Zn–Co that depend on the cobalt bath concentration
nd on the applied potential or current density. The cobalt content
ion of smaller grains and increasing the number of crystals
ormed. When the cobalt concentration was increased, finer-
rained deposits were obtained. When current density increased,
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The study of X-ray diffraction patterns showed that cobalt
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Acta 259 (1992) 95.
33] A. Rojas-Hernández, M.T. Ramı́rez, I. González, Anal. Chim. Acta 278
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