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The anodic behaviour of composition modulated Zn±Co multilayers (CMM) electrodeposited from
single and dual baths was studied. Multilayers with thickness of the individual sublayers 0.3 and
3.0lm were electrodeposited galvanostatically. It was established that most of the CMM coatings
obtained from dual baths dissolve at potentials that are close to those for pure Co coatings. CMM
coatings obtained from a single bath dissolve at potentials between the dissolution potentials of pure
Co and pure Zn coatings. With increase in the number of sublayers in CMM coatings with equal
total thickness, deposited both from dual or single baths, regardless of their individual sublayer
thickness and sequence, potentials of the stripping peaks are shifted positively.
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1. Introduction

New materials called composition modulated multi-
layers (CMM) are a recent development. Such ma-
terials consist of alternate layers, each composed of
two sublayers of di�erent metals or alloys. Some
multilayer coatings have improved physicomechani-
cal and electrochemical properties compared to
traditional alloys. Recently, the number of papers on
the formation of di�erent CMM coatings using
electrochemical methods has increased: Cu±Ni [1±16],
Cu±Fe [17], Cu±Ag [18], brass [19], Zn±Ni [20, 21],
Ni±NiP [22, 23], NiP±Sn [24, 25]. Literature data
concerning the deposition and properties of CMM
systems consisting of pure Zn and Co or their alloys
are, however, absent.

2. Experimental details

The experiments were carried out in a conventional
electrochemical glass cell. The cathode was a 1.0 cm2

area Cu plate, and both anodes were 2.0 cm2 area Pt
plates. The cathodic potential was measured relative
to a mercury sulphate reference electrode (SSE) of
potential +0.670 V vs NHE. The temperature of the
electrolytes was (25�1) °C and was kept constant
with a UH 16 thermostat.

Composition modulated Zn±Co multilayers were
obtained galvanostatically using a TEC 88 galvano-
stat. The potentiodynamic stripping was carried out
in the zinc electrolyte without additives at a scan rate
of 1 mV s)1 using a potentiostat (EP 20A Elpan) and
scanner (EG 20 Elpan). CMM coatings were stripped
within the range )1.400 to )0.300 V because at more

positive potentials the Cu substrate dissolves. The
current±potential dependence (stripping voltammo-
gram) was recorded on a X±Y plotter Endim 622.01.
The amount of deposited metal was presented (in
coulombs) by the charge associated with the stripping
peaks. The potential was detected with a digital
voltmeter V 542.1. The coating composition was de-
termined by X-ray microanalysis using a Super Probe
733 Jeol electron microscope.

CMM coatings from dual baths were deposited
from the following electrolytes. The zinc electrolyte
contained 175 g dm)3 ZnSO4.7H2O, 22 g dm)3

(NH4)2SO4, 30 g dm)3 H3BO3 and the commercial
additives AZ-1 (50 cm3 dm)3) and AZ-2
(10 cm3 dm)3). The AZ-1 additive was composed of
ethoxylated alcohol with a general formula R±O±
(CH2CH2O)nH (where R is alkyl or alkylaryl radical
with 1 to 20 carbon atoms in the alkyl group and n is
from 3 to 30) and of a sodium or potassium salt of
benzoic acid. The AZ-2 brightening additive was
composed of benzylidene acetone and ethanol [26].
The pH of the bath was 4.5. The cobalt electrolyte
contained 258.5 g dm)3 CoSO4.7H2O, 18 g dm)3

CoCl2.6H2O, 45 g dm)3 H3BO3, saccharin
(2 g dm)3), brightening additive hydroxyethylated
buthyn-2-diol-1,4 (HOCH2CBCCH2OCH2CH2OH)
(EAA) ± 5 cm3 dm)3 (30% solution), and the anti-
pitting additive Na-decylsulphate (EFAP) ±
2 mg dm)3. The pH of the bath was 2.5.

CMM coatings from a single bath were deposited
from an electrolyte containing 175 g dm)3 ZnSO4.
7H2O, 258.5 g dm)3 CoSO4.7H2O, 18 g dm)3

CoCl2.6H2O, 22 g dm)3 (NH4)2SO4, 45 g dm)3

H3BO3, AZ-1 (50 cm3 dm)3), AZ-2 (10 cm3 dm)3),
saccharin (2 g dm)3), EFAP (2mgdm)3) and
5 cm3 dm)3 30% solution of EAA. The pH of the
bath was 2.5. Dr Rashkov passed away in 1996.
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3. Results and discussion

3.1. Multilayer coatings deposited from dual baths
containing either zinc or cobalt ions

All coatings were deposited at a current density of
2Adm)2. Sublayers 0.3 lm thick were deposited for
1min (Co sublayers) and for 35 s (Zn sublayers).
Sublayers 3.0 lm thick were deposited for 8min (Co
sublayers) and for 5min (Zn sublayers).

Figure 1 shows voltammograms for potentiody-
namic stripping of coatings consisting of ®ve sub-
layers of Co and Zn, each 0.3 lm (curves 1 and 2) or
3.0 lm (curves 3 and 4) thick. Curves 1 and 3 show
the current±potential dependence when the multilayer
coating ends with the zinc oversublayer, and curves 2
and 4 when the multilayer coating ends with a cobalt
oversublayer. Two stripping peaks appear, the one at
the more positive potential is signi®cantly larger in
area, that is, the larger part of the multilayer coating
dissolves at this potential. Similar behaviour was
observed for coatings consisting of 4, 40 and 49
sublayers with equal sublayer thickness as well as for
coatings consisting of alternating thin (0.3 lm) and
thick (3.0 lm) sublayers (Tables 1 and 2).

Table 1 presents the relationship between the po-
tential of the stripping peaks against deposit type and
against the number of sublayers, when the CMM
ends with a zinc oversublayer. Coatings composed of
an even number of sublayers begin with cobalt and
end with a zinc sublayer. Coatings composed of an
odd number of sublayers begin and end with a zinc
sublayer.

During the stripping of a deposit composed of
four or ®ve 0.3 lm thick sublayers at more negative
potentials ()1.280 and )1.260V) a smaller part of the
coating (27.9% and 31.0%) dissolves. At these po-
tentials the zinc oversublayer and a part of the zinc
sublayers beneath it dissolve. The dissolution of zinc
sublayers is more pronounced when the nearest
sublayer to the copper substrate (®rst sublayer) is of
zinc (®ve sublayers). The remaining larger part of the
coating strips at more positive potentials (between

)0.540 and )0.620V). In this case, also after the
dissolution of the Zn oversublayer, the cobalt sub-
layer under it protects the rest of zinc sublayers and
they strip together with the cobalt sublayers at a
substantially more positive potential. Similar behav-
iour was observed during the stripping of coatings
composed of 40 or 49 sublayers 0.3 lm thick and of
four or ®ve sublayers 3.0 lm thick. When the coating
is composed of four thick (3.0 lm) cobalt and four
thin (0.3 lm) zinc sublayers the zinc oversublayer and
a small part of the other Zn sublayers (3.7%) are
dissolved at more negative ()1.300V) potentials.
Thick cobalt sublayers protect the other thin zinc
sublayers well, and they dissolve together with the

Fig. 1. Stripping voltammograms of Zn±Co coatings consisting of
®ve sublayers deposited from dual baths, each of thickness 0.3 lm
(1,2) or 3.0lm (3,4): (1) coating ends with a Zn oversublayer; (2)
coating ends with a Co oversublayer; (3) coating ends with a Zn
oversublayer; (4) coating ends with a Co oversublayer.

Table 1. Characteristic features of di�erent type of deposits, number of layers, potentials of the stripping peak maximums and the ratio (in %)

between the area of the individual stripping peaks (qI, qII) and the total area of both peaks (qI + qII)

The Zn±Co CMM are deposited from dual baths. The oversublayer is of Zn

Deposit Number

of layers

Number of

sublayers

Peak (I) Peak (II)

(n) (2n) EpeakI
A

qI

qI � qII EpeakII
A

qII

qI � qII

/V vs SSE /% /V vs SSE /%

(0.3lm Co+0.3 lm Zn)n 2 4 )0.550, )0.620 72.1 )1.280 27.9

20 40 )0.350 98.8 )1.240 1.2

0.3lm Zn+(0.3 lm Co+0.3 lm Zn)n 2 5 )0.540, )0.610 69.0 )1.260 31.0

24 49 )0.350 87.1 )1.200 12.9

(3.0lm Co+3.0 lm Zn)n 2 4 )0.475 93.5 )1.200 6.5

3.0lm Zn+(3.0 lm Co+3.0 lm Zn)n 2 5 )0.350 77.7 )1.150 22.3

(3.0lm Co+0.3 lm Zn)n 4 8 )0.480 96.3 )1.300 3.7

(0.3lm Co+3.0 lm Zn)n 4 8 )0.460 52.8 )1.150 47.2
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cobalt sublayers at more positive potentials. When
the coating is composed of four thin cobalt and four
thick zinc sublayers 47.2% of the coating dissolves at
more negative potential because thin cobalt sublayers
cannot adequately protect the thick zinc sublayers.
However, a substantial part of the zinc layers dis-
solve, together with the cobalt sublayers at more
positive ()0.460V) potentials.

Table 2 presents the relationships between the
potential of the stripping peaks and the deposit type
and the number of sublayers, when the multilayers
end with a cobalt oversublayer. Coatings composed
of an even number of sublayers start with a zinc and
end with a cobalt sublayer. Coatings composed of an
odd number of sublayers begin and end with a cobalt
sublayer.

During the stripping of deposits composed of four
or ®ve 0.3 lm thick sublayers only a small part
(6.0%) of the zinc dissolves at more negative poten-
tials ()1.330 and )1.320V). The remaining amount
of zinc and all the cobalt dissolve at more positive
potentials ()0.600 and )0.575V). When the coating
begins and ends with a cobalt sublayer, both poten-
tials shift in the positive direction as compared with
the potentials of coatings starting with zinc and
ending with a cobalt sublayer. Similar behaviour was
observed during the stripping of coatings composed
of 40 or 49 0.3 lm thick sublayers and four or ®ve
3.0 lm thick sublayers. Results show that, in spite of
the thickness, the cobalt oversublayer protects the
remaining zinc sublayers under it. As a result only a
small part of the zinc dissolves through the pores of
the cobalt oversublayer. The protection is most e�-
cient when the coating starts and ends with a 3.0 lm
thick Co sublayer (®ve sublayers). In this case only
2.0% of the coating dissolves at )1.250V.

During the stripping of a coating, composed of
four thick (3.0 lm) zinc and four thin (0.3 lm) cobalt
sublayers, 35.0% of the coating (about half of the
zinc) dissolves at a more negative ()1.200V) poten-
tial. The rest of the Zn and all the cobalt dissolve at
)0.450V. The protective e�ciency of cobalt sublay-
ers is enhanced when the coating is composed of four

thin (0.3 lm) zinc and four thick (3.0 lm) cobalt
sublayers. In this case only 1.0% of the coating
dissolves at a more negative potential ()1.325V),
that is, less than 25% of zinc. The remaining (99.0%)
part of the deposit dissolves at )0.400V. This po-
tential is more positive, as compared with the former
case, because the amount of cobalt in the coating is
larger.

3.2. Multilayer coatings deposited from single baths
containing both zinc and cobalt ions

Composition modulated Zn±Co multilayers of alter-
nate alloy sublayers with low (1.0%) and high (6.5%)
cobalt content were obtained galvanostatically. Alloy
coatings containing 1% cobalt (Zn±Co1%) and 6.5%
cobalt (Zn±Co6.5%) were deposited at 0.2 and
2Adm)2, respectively. The 0.3 lm thick Zn±Co1%
sublayers were deposited for 7min, and 0.3 lm thick
Zn±Co6.5% for 45 s. The 3.0 lm thick Zn±Co1%
sublayers were deposited for 1 h and 3.0 lm Zn±
Co6.5% for 7min.

Figure 2 shows voltammograms for potentiody-
namic stripping of a coating consisting of ®ve sub-
layers, each 0.3 lm thick (curves 1 and 2) or 3.0 lm
thick (curves 3 and 4). Curves 1 and 3 show the
current±potential dependence when the multilayer
coatings end with a Zn±Co1% oversublayer and
curves 2 and 4 when the multilayer coatings end with
a Zn±Co6.5% oversublayer. When the sublayers are
0.3 lm thick, three stripping peaks appear on the
voltammograms and when the individual sublayers
are 3.0 lm thick, only one large anodic peak is pres-
ent. The stripping peaks are at potentials within the
potential range of the stripping peaks of CMM
coatings deposited from dual baths.

A similar character is displayed by the stripping
curves of coatings consisting of 4, 40 and 49 sublayers
with equal sublayer thickness, as well as coatings
composed of alternating thin (0.3 lm) and thick
(3.0 lm) sublayers.

Table 3 shows the relationship between the po-
tential of the stripping peaks and the deposit type and

Table 2. Characteristic features of di�erent type of deposits, number of layers, potentials of the stripping peak maximums and the ratio (in %)

between the area of the individual stripping peaks (qI, qII) and the total area of both peaks (qI + qII)*

Deposit Number of

layers

Number of

sublayers

Peak (I) Peak (II)

(n) (2n) EpeakI
A

qI

qI � qII
EpeakII

A
qII

qI � qII

/V vs SSE /% /V vs SSE /%

(0.3lm Zn + 0.3lm Co)n 2 4 )0.600 94.0 )1.330 6.0

20 40 )0.375 92.0 )1.225 8.0

0.3lm Co + (0.3 lm Zn + 0.3lm Co)n 2 5 )0.575 94.0 )1.320 6.0

24 49 )0.350 91.0 )1.180 9.0

(3.0lm Zn + 3.0lm Co)n 2 4 )0.425 94.0 )1.280 6.0

3.0lm Co + (3.0 lm Zn + 3.0lm Co)n 2 5 )0.330 98.0 )1.250 2.0

(3.0lm Zn + 0.3lm Co)n 4 8 )0.450 65.0 )1.200 35.0

(0.3lm Zn + 3.0lm Co)n 4 8 )0.400 99.0 )1.325 1.0

* The Zn±Co CMM are deposited from dual baths. The oversublayer is of Co.
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the number of sublayers when the multilayers end
with a Zn±Co1% oversublayer. Table 4 shows the
same dependence when the multilayers end with a
Zn±Co6.5% oversublayer. In both cases when the
number of sublayers is small (4 and 5) and the
thickness is 0.3 lm, the stripping peaks are three,
while when the number is 40 or 49, the stripping peak
is only one. With increase in the number of sublayers
the dissolution potential is shifted positively as a re-
sult of the increase in the amount of deposited alloy.
The same dependence is observed when the individual
sublayer thickness is 3.0 lm. When thick (3.0 lm) Zn±
Co6.5% and thin (0.3 lm) Zn±Co1% or thin (0.3 lm)
Zn±Co6.5% and thick (3.0 lm) Zn±Co1% sublayers
are alternated the dissolution potentials of the coat-
ings are practically equal.

4. Conclusions

CMM coatings obtained from dual baths containing
either Zn2+ and Co2+ mainly dissolve at potentials
much more positive compared with the dissolution
potentials of pure zinc coatings and are close to those
of pure cobalt coatings. This e�ect is very pronounced
when the coating ends with a cobalt oversublayer.
With the increase in the number of sublayers, re-
gardless of their thickness and sequence, the poten-
tials of the stripping peaks are shifted positively.

Table 3. Characteristic features of di�erent type of deposits, number of layers, potentials of the stripping peak maximums and the ratio (in %)

between the area of the individual stripping peaks (qI, qII) and the total area of both peaks (qI + qII). The Zn±Co CMM are deposited from

single bath. The oversublayer is of Zn±Co1%

Deposit Number of

layers

(n)

Number of

sublayers

(2n)

EPeak�i�
A

/V vs SSE

(0.3 lm Zn±Co6.5% + 0.3 lm Zn±Col%)n 2 4 )0.925, )1.130*, )1.260
20 40 )0.950

0.3 lm Zn±Co1% + (0.3 lm Zn±Co6.5% + 0.3 lm Zn±Col%)n 2 5 )0.910, )1.120*, )1.230
24 49 )0.900

(3.0 lm Zn±Co6.5% + 3.0 lm Zn±Col%)n 2 4 )0.700*, )1.000
3.0 lm Zn±Co1% + (3.0 lm Zn±Co6.5% + 3.0 lm Zn±Col%)n 2 5 )0.875
(3.0 lm Zn±Co6.5% + 0.3 lm Zn±Co1%)n 4 8 )0.940
(0.3 lm Zn±Co6.5% + 3.0 lm Zn±Co1%)n 4 8 )0.900

* in¯exion point.

Table 4. Characteristic features of di�erent type of deposits, number of layers, potentials of the stripping peak maximums and the ratio (in %)

between the area of the individual stripping peaks (qI, qII) and the total area of both peaks (qI + qII). The Zn±Co CMM are deposited from

single bath. The oversublayer is of Zn±Co6.5%

Deposit Number of

layers

(n)

Number of

sublayers

(2n)

EPeak�i�
A

/V vs SSE

(0.3 lm Zn±Co1% + 0.3 lm Zn±Co6.5%)n 2 4 )0.920, )1.120*, )1.240
20 40 )0.925

0.3 lm Zn±Co6.5% + (0.3 lm Zn±Co1% + 0.3 lm Zn±Co6.5%)n 2 5 )0.900, )1.110*, )1.225
24 49 )0.875

(3.0 lm Zn±Co1% + 3.0 lm Zn±Co6.5%)n 2 4 )1.000
3.0 lm Zn±Co6.5% + (3.0 lm Zn±Co1% + 3.0 lm Zn±Co6.5%)n 2 5 )0.825
(3.0 lm Zn±Co1% + 0.3 lm Zn±Co6.5%)n 4 8 )1.060
(0.3 lm Zn±Co1% + 3.0 lm Zn±Co6.5%)n 4 8 )0.860* )1.080

* in¯exion point.

Fig. 2. Stripping voltammograms of Zn±Co alloy coatings con-
sisting of ®ve sublayers deposited from single bath, each of thick-
ness 0.3lm (1,2) or 3.0 lm (3,4): (1) coating ends with a Zn±Co1%
oversublayer; (2) coating ends with a Zn±Co6.5% oversublayer; (3)
coating ends with a Zn±Co1% oversublayer; (4) coating ends with
a Zn±Co6.5% oversublayer.
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CMM coatings obtained from a single bath con-
taining both Zn2+ and Co2+ dissolve at more posi-
tive potentials, as compared with pure zinc coatings
but much more negative than the dissolution poten-
tials of pure cobalt coatings. With the increase in the
sublayer number, regardless of the thickness and se-
quence, the dissolution potentials are shifted in the
positive direction.
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