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Abstract The phase composition of Zn—Ni alloys elec-
trodeposited from acetate-chloride plating solutions
containing Zn™ and Ni™ jons at ratio of 1-12.8 at 50 °C
was investigated by the potentiodynamic stripping method.
Two anodic current density (i,) peaks emerged in poten-
tiodynamic stripping curves (PDC) at £ < 0.0V and
E> 0.0V (vs. Ag/lAgCI/KCly,,), that were attributed to
oxidation of certain phases of the Zn—Ni alloy. The ratio of
these phases in deposited Zn—Ni alloys under potentiody-
namic conditions was affected by the potential sweep rate
(v) and maximum cathodic current density (i.) The ratio of
Zn and Ni in certain phases of Zn—Ni alloy was determined
by the partial potentiodynamic stripping technique. Exper-
imental data show that Zn—-Ni alloy, containing 6.5 at.% Zn
and 93.5 at.% Ni and dissolved in i, peak H (E > 0.0 V),
provides the black coloration of the Zn—Ni alloy.

Keywords Electrodeposition - Zn—Ni alloy -
Temperature - Cyclic voltammetry - Partial
potentiodynamic stripping - Acetate-chloride electrolyte

1 Introduction

Studies of Zn-Ni codeposition can be divided into two
categories: investigation of regularities of both normal and
anomalous Zn—-Ni codeposition and determination of phase
compositions of Zn—-Ni alloys using XRD and the poten-
tiodynamic stripping method.
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Normal and anomalous Zn-Ni codeposition is deter-
mined by numerous factors, such as cathodic current
density i. [1], the electrodeposition potential (E;) [2, 3], the
ratio of Zn"? and Ni™ ions in the electrolyte, as well as pH
and temperature of the solution [4-7]. Literature reports
mostly deal with conditions for normal and anomalous
codeposition and do not investigate the codeposition
mechanism. The influence of metal hydroxides on code-
position of Zn—Ni alloy was investigated by Chi-Chang Hu
et al. [8]. Codeposition of Zn—Ni alloy is accompanied by
the discharge of H ions, which increases the pH near the
cathode surface and facilitates formation of basic metal
compounds. Cyclic voltammetry experiments indicated
that adsorption, desorption, and reduction of basic metal
compounds on the surface determines whether normal or
anomalous codeposition will take place [8].

Investigation of the phase composition of Zn—Ni alloys
is performed by XRD and classical anodic stripping vol-
tammetry [4, 6, 9-16]. In some cases both methods were
combined.Typically four anodic current i, peaks A, B, C
and D emerge in potentiodynamic curves (PDC) upon
stripping [11-13, 15]. These i, peaks are attributed to
dissolution of Zn from different phases of Zn—Ni alloy and
reveal the phase composition. Peak A being in the most
negative range of potentials corresponds to anodic disso-
lution of Zn from y-phase. This phase represents a solid
solution of 1% Ni in Zn [11]. Peak B is attributed to dis-
solution of Zn from o-phase, which is a solid solution of Zn
in Ni of varying composition. The composition of this
phase can vary in a wide range of Zn concentration (up to
30 at.%). Peak C is attributed to dissolution of Zn from
y-phase (NisZn,;). Peak D is typically attributed to the
anodic dissolution of active porous Ni as it is believed that
all of Zn has already dissolved at more negative potentials
[11]. New cyclic voltammetry and partial potentiodynamic
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stripping data [17] indicate that under galvanostatic con-
ditions (at 20 °C, ratio [Zn"?]/[Ni*?] = 1:6.4) peak D can
be assigned to oxidation of Zn—Ni alloy containing 42.4
at.% of Zn and 57.6 at.% Ni.

During potentiodynamic stripping of Zn-Ni alloy
deposited in the above mentioned plating solution under
galvanostatic conditions at 50 °C stripping PDC exhibited
i, peaks at E < 0.0V and at £ > 0.0 V [18]. Analogous
data were obtained by investigating Zn—Ni alloys deposited
in a plating solution with the ratio [Zn+2]/[Ni+2] = 1:83
under galvanostatic conditions at 20 °C [17]. Anodic cur-
rent peak at £ > 0.0 V is in the same potential range as that
of i, peak for Ni oxidation. Therefore, a question might
come to mind about what process takes place in this anodic
peak, whether it is dissolution of porous Ni or dissolution
of Zn—Ni alloy? The authors [6] did not observe a i, peak at
E > 0V in the potentiodynamic stripping curves because
they examined coatings deposited in a plating solution with
the ratio of [Zn™?]/[Ni™?] = 1: 6.4 at 40 °C.

The mechanism of electrolytic Zn—Ni alloy deposition
has been thoroughly investigated in sulphate [1, 2], chlo-
ride [3, 11, 12, 18], and sulphate-chloride plating solutions
and only a few reports are available for acetate-sulphate
and acetate-cloride plating solutions [17-20].

Some work has been done on the regularity of codeposi-
tion of alloys and the phase composition of deposited alloys
by cyclic voltammetry. When the anodic dissolution poten-
tials for different phases are well separated anodic
potentiodynamic stripping allows determination of the
composition of dissolving alloys. If anodic dissolution
potentials for different phases are too close to each other then
only very small quantities of alloy are deposited, in order to
avoid overlapping of i, peaks. When extremely thin alloy
films are used, it becomes difficult to determine the phase and
elemental composition by other standard methods.

Alloys deposited under galvanostatic, potentiostatic, and
potentiodynamic conditions can be used for investigation
of phase composition.

As a rule, all known phases are found in alloy films
deposited under galvanostatic conditions. Keeping the
thickness of alloy films and other conditions the same, the
ratio of various phases depends only on i.

Electrodeposition of alloys under potentiostatic condi-
tions forms only those phases that can be deposited at a
given potential (or at more positive potentials).

The potentiodynamic deposition and the potentiody-
namic anodic stripping methods are also widely used [11,
13]. All phases of Zn-Ni alloy are detected in films
deposited under potentiodynamic conditions [17].

In this work we used a modified method of partial poten-
tiodynamic stripping, meaning that the potential was swept
up to certain values so that some phase or phases would
be completely removed from the film. Using partial
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potentiodynamic stripping it was possible to accumulate
larger quantities of certain phases on the electrode. Figure 1
clearly demonstrates how partial potentiodynamic stripping
allows one to accumulate one (Fig. 1a) ortwo phases (Fig. 1b)
on the cathode. Partial potentiodynamic stripping method can
be realized only under conditions of potentiodynamic depo-
sition and anodic stripping. In industry, however, exclusively
galvanostatic deposition is used. The aim of this work was,
therefore, to establish the effect of different parameters on
Zn—Nialloy deposition under potentiodynamic conditions and
compare them with data obtained for alloys deposited under
potentiostatic and galvanostatic conditions. Temperature of
50 °C and the ratio [Zn™?)/[Ni*?] = 1:12.8 were chosen
because black Zn—-Ni alloy can be deposited under these
conditions without additives.

2 Experimental

Potentiodynamic studies were conducted in a thermostated
two compartment electrochemical cell ISE-2 using a
potentiostat PIS0-1. 1 cm? Pt electrode was used as working
electrode. Pure Ni foil was used as anode. The anode was
separated from the cathode by a diaphragm. The following
salts were used to prepare solutions: Ni(CH;COO), - 4H,0;
ZnCl,; KCI; H3BO5; and HCI. All substances used were at
least of pro analysis grade. The Zn—Ni alloys were deposited
from acetate-chloride plating solution containing 0.56 M
Ni(CH3COO), 4H,0, 0.91 M KCl, 0.5 M H;BO;, and
0.029 M ZnCl, (the ratio [Zn"?)/[Ni™] = 1:12.8) under
cyclic voltammetry conditions at 50 °C.

A 50% solution of ZnCl, was prepared by dissolving a
whole prepacked bag of precise weight in bidistilled water,
and then the required quantity of it was added to the above
mentioned plating solution. Potentiodynamic stripping of
Zn-Ni alloys deposited under galvanostatic and cyclic vol-
tammetry conditions were performed in an acetate-chloride
plating solution. The electrolyte was not agitated during
either deposition or potentiodynamic stripping. Cyclic vol-
tammetry was performed at pH = 5. All potentials are given
relative to the saturated Ag/AgCl/KCly,, electrode.

The charges Qcath, Qanods Op and Qy were calculated by
integrating the charges transferred in cathodic and anodic
processes or in i, peaks D and H, respectively. The parts of
charge transferred in the separate peaks D and H were
calculated from the following equations:

_ Op
0ol = 5 %2 1001
Ou
o] =————1 0
Onl%] Op + Ou 00%)

The quantity of Zn and Ni in the alloy was determined
by electron probe microanalysis (JXA-50A (JEOL)).
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Fig. 1 Cyclic voltammograms of Zn-Ni alloys deposited in nickel
plating solution containing 0.1385 mol 17" of ZnCl, on the Pt
electrode. t+ = 20 °C, pH 5, v = 0.005 V s~!. a Curve 1: first cycle
from the Pt potential, 0.3 to —1.25 V and back to 0.0 V. Curve 2:
second cycle from 0.0 to —1.25 V and back to —0.4 V. Curves 3-6:
third to sixth cycles from —0.4 to —1.25 V and back to —0.4 V.
Curve 7: seventh cycle from —0.4 to —1.25 V and back to 0 V.
b Curve 1: first cycle from the Pt potential, 0.3 to —1.25 V and back
to 0.0 V. Curve 2: second cycle from 0.0 to —1.25 V and back to
—0.53 V. Curves 3-6: third to sixth cycles from —0.53 to —1.25 V
and back to —0.53 V. Curve 7: seventh cycle from —0.53 to —1.25 V
and back to 0

The hardness of the alloys was measured using a hard-
ness measurement device PMT-3 (the Vicker’s method)
with a diamond pyramid loaded with a weight of 20 g.

3 Results and discussion

3.1 Dependence of physical and mechanical properties
of Zn—-Ni alloy on temperature

A mat, deep-grey Zn—Ni alloy containing 70.2 at.% Ni was
deposited at 20 °C (Table 1). The quantity of Ni in the
alloy increased up to 87.7 at.% with increase in deposition
temperature up to 50 °C, and the properties of the alloy
changed significantly. It was shown that the hardness of
alloy deposited at 50 °C was higher than that deposited at
20 °C (Table 1).

A bright black Zn—Ni alloy used for decorative finishing
can be deposited on a bright Ni substrate in an acetate-
chloride plating solution at 50 °C. This suggests that the
deposition temperature and i, have a significant influence
on the phase composition.

3.2 Studies of Zn—-Ni alloy by cyclic voltammetry
3.2.1 Potentiostatic conditions

The data for the dependence of i. on deposition time ()
presented in Fig. 2 were collected under potentiostatic
conditions. Maximum i, values of 0.055 A cmfz;
0.04 A cm ™2, and 0.015 A cm™2 at E. values —1.2 V;
—1.0 V, and —0.9 V were achieved after 810 s; 30 s, and
60 s, respectively. This showed that the cathodic process
underwent changes during deposition and the phase com-
position, therefore, also varied. At more positive potentials
it took longer for the cathodic process to stabilize under
potentiostatic conditions. Change in phase composition
with deposition time was confirmed by the potentiody-
namic stripping data presented in Fig. 3. It was established
that the quantity of phase dissolved in i, peak H at

Table 1 Dependence of the hardness of Zn-Ni alloys and the
quantity of Ni in alloys on deposition temperature and i

¢ (°C) 20 °C 50 °C
i. (A cm™?) 0.002 0.005 0.002 0.005
Ni (at.%) 70.2 80.8 87.7 82.9
Hardness (N mm ™ 2) 26.1 24.3 57.8 36.4

Coatings were deposited under galvanostatic conditions. Coating
thickness was 15 pm
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Fig. 2 Maximum cathodic current density versus deposition time.
The data were obtained in acetate-chloride plating solution with the
ratio [Zn™2)/[Ni™?] = 1:12.8 at different potentials on Pt electrode.
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Fig. 3 Potentiodynamic stripping response (v = 0.005 V s™') of
Zn-Ni alloys deposited in acetate-chloride plating solution with the
ratio [Zn“]/[Ni”] = 1:12.8 at different potentials on Pt electrode.
t=50°C,pHS

E, > 0V increased with deposition time. The data pre-
sented in Table 2 show that at more negative potentials or
at longer deposition times (at constant E_) the greater

quantity of the phase, dissolved in i, peak H, was present in
Zn-Ni alloy. This observation is in line with literature data,
which states that electrodeposition of Ni proceeds via basic
metal compounds [8]. At higher rates of electrolysis the
solution near the electrode surface becomes more alkaline
and, thus, electrodeposition of Ni is facilitated.

3.2.2 Potentiodynamic conditions

The data obtained potentiodynamically showed that phase
composition of Zn—-Ni alloy deposited under galvanostatic
conditions depended on deposition i. [17]. The changes in
phase composition of Zn—Ni alloy presented in Fig. 4
showed that phase composition of Zn—Ni alloy deposited
under potentiodynamic conditions was greatly affected by
maximum i., which was reached by sweeping the potential
towards more negative potentials at constant v. Sweeping
the potential until the maximum i. of 0.02 A cm™* was
reached revealed that only a small portion of Zn—-Ni alloy
phase, dissolved at E < 0.0 V, was present (Fig. 4, curve 1).
The phase, which was dissolved at E > 0.0 V, prevailed
in the alloy when maximum i, was increased up to
0.1 Acm 2 (Fig. 4, curve 5). The calculations (Table 3)
showed that during potentiodynamic stripping of Zn—Ni
alloy at v =0.005V s™' then maximum i, grew from
0.02 A cm 2 t0 0.1 A cm™? Qy increased from 2.3% up to
87.3%, Op decreased from 97.7% to 12.75% and the total
current efficiency (CE,) increased from 38.5% up to 85.1%.
This is likely determined by the regularities of formation of
basic metal compounds.

The data presented in Fig. 5 showed the influence of
sweep rate v on anodic charge distribution in the potential
regions of i, peak of D (Op) and i, peak H (Qy). When v
increased from 0.002 Vs~ to 0.01 Vs' the value of
i, peaks H became greater. When v increased up to
0.05 V s~ ! i, peak C, which can be attributed to oxidation
of a-phase or y-phase of Zn-Ni alloy, emerged at E =
—0.6 V on the potentiodynamic curve (Fig. 5, Curve 4).
Investigation showed that at maximum i, = 0.05 A cm ™2
the ratio Qy/[%]/Qp[%] increased from 1.3 to 2.1 with

Table 2 Dependence of total current efficiency (CE,) and charges Op and Qy on cathodic potential (E.) and deposition time (7)

E. (V) Deposition time/s Ocar/C Ounodl/C CE, (%) Ob/C (%) Ow/C (%)
-0.9 60 0.63 0.44 70 0.26 (60) 0.18 (40)
120 1.46 1.06 73 0.57 (54) 0.49 (46)
-1.0 30 0.57 0.36 63 0.12 (32) 0.24 (68)
60 1.79 1.44 80 0.21 (14.5) 1.23 (85.5)
~12 15 0.93 0.63 68 0.15 (24) 0.48 (76)
30 1.67 1.25 75 0.22 (1.78) 1.03 (82.22)

QOcams total cathodic charge (from Fig. 2). Qg total anodic charge (from Fig. 3). The data were obtained under potentiodynamic conditions

(v = 0.005 V s~} at 50 °C
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Fig. 4 Cyclic voltammetry of Zn-Ni alloy deposited in acetate-
chloride plating solution with the ratio [Zn™?)/[Nit?] = 1:12.8 at
50°C at v =0.005V s~ ' on Pt electrode versus magnitude of
maximal cathodic current density. pH 5

increase in v from 0.002 V s~' up to 0.05 V s~' (Table 4).
Variation in the potential sweep rate had a great influence
on the total current efficiency (CE,) of Zn—Ni alloy which
decreased from 75.0% to 59.0% with increase in v up to
0.05 V s~! (Table 4).

Under potentiodynamic stripping conditions Zn from #-,
o-, and y- phases of Zn—-Ni alloy dissolves within i, peaks
A, B, and C. Pure Ni matrix, thus, remains on the electrode
and is dissolved in i, peak D [11, 13]. The potentiodynamic
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Fig. 5 Cyclic voltammetry of Zn-Ni alloy deposited in acetate-

chloride plating solution with the ratio [Zn™2]/[Ni*?] = 1:12.8at 50 °C
on Pt electrode; deposition potential swept to i, = 0.050 A cm ™2

Table 4 Influence of v on Qp, Oy and CE;

vV s~ 0.002 0.005 0.01 0.05
Ob/C (%) 226 (43.0) 097 (37.7)  0.39 (39.0)  0.068 (32.0)
Ouw/C (%) 3.01(57.0) 1.6(62.3) 0.6 (61.0)  0.145 (68.0)
CE, (%) 75.0 93.7 78.0 59.0

The data were obtained under cyclic voltammetry conditions at 50 °C
when E, was swept until maximum i, = 0.05 A cm™>

stripping response of alloy deposited from a plating solu-
tion with the ratio of [Zn™?J/[Ni*?] = 1:12.8 at 50 °C
exhibited i, peak D at E<0.0V and i, peak H at
E > 0.0V (Fig. 3). According to Swathirajan only the
dissolution of Ni should take place within i, peak D, but
this was not the case, as the dissolution of Zn—Ni alloys
took place within i, peaks D and H. The elemental analysis
of Zn-Ni alloy, dissolving in peak D, showed that alloy
contained 80.5 at.% Ni and 19.5 at.% Zn. This indicates
that the Ni matrix is not oxidized within i, peak D as stated
by Miiller et al. [13] and Swathirajan [11], but rather the
dissolution of Zn—-Ni alloy takes place in i, peak D instead.

What substance was anodically dissolved within i, peak
H at potentials almost similar to those of Ni dissolution? To

Table 3 Influence of the maximum i. on Qp, Oy and on the total current efficiency (CE,)

Maximum i, (A cm™2) 0.02 0.03 0.04 0.05 0.1

Ocar/C 1.22 1.42 2.86 2.66 10.04
Ounod/C 0.471 0.645 1.64 1.538 8.55

CE, (%) 38.5 452 56.8 57.8 85.1

Ob/C (%) 0.46 (97.7) 0.57 (88.4) 0.744 (45.4) 0.588 (38.2) 1.09 (12.75)
On/C (%) 0.011 (2.3) 0.075 (11.6) 0.896 (54.6) 0.95 (61.8) 7.46 (87.3)

The data were obtained under cyclic voltammetry conditions (v = 0.005 V s~1 at 50 °C

@ Springer



1584

J Appl Electrochem (2009) 39:1579-1585

i/Acm?
o
2

-2 10 -08 -06 -04 -02 00 02 04 06 08 1.0
E /V vs Ag/AgCI/KClgy

Fig. 6 Cyclic voltammetry (v = 0.005 V s~ ') of Zn-Ni alloy depos-
ited in acetate-chloride plating solution with the ratio [Zn™*?)/
[Nit?] = 1:12.8 at 50 °C on Pt electrode pH = 5. (curve 1) first
cycle from Pt potential 0.30 to —1.15 V and back to 1.0 V; (curve 2)
second cycle from 1.0 to —1.15 V and back to 0.26 V; (curves 3-5)
third—fifth cycles from 0.26 V to —1.15 back to 0.26 V

find an answer to this question partial potentiodynamic
stripping (v = 0.005 V s™') in the potential range from
E=—-115VtoE =026V (Fig. 6) was performed. This
removed the phase dissolved within i, peak D, whereas the
fraction of the alloy, oxidized within i, peak H, remained.
The data show that the substance dissolved in i, peak H
was not pure Ni, but was alloy containing 93.5 at.% Ni ir
6.5 at.% Zn.

Taking into account that the overall composition of the
alloy dissolved within i, peaks D and H was 80.5 at.% Ni
and 19.5 at.% Zn and alloy dissolved within i, peak H
contained 93.5 at.% Ni and 6.5 at.% Zn, data obtained at
maximum i, = 0.05 A cm 2 (Table 3) as well as the total
current efficiency = 57.8%, the content of black Zn-Ni
alloy dissolved in i, peak D was calculated. The calcula-
tions of the amount of Zn (at.%) in the Zn—Ni alloy phase,
dissolved within in anodic current peak D, are presented
below. For calculation the data of Table 3 as well as the
results of Zn—Ni alloy elemental analysis were used.

1. The amount of Zn present in phase of Zn—Ni alloy,
which dissolved within i, peak D,

wzn(at.%) = Opz/Qp x 100;

Opzn, amount of charge which corresponds to anodic
dissolution of Zn from Zn-Ni alloy in i, peak D.

Op (total anodic charge within peak D) = 0.588 C
(Table 3, line 4).

2. QOpzn = Oz, X Zn at.% (within i, peak D)
0z,, amount of charge which corresponds to anodic

dissolution of Zn from Zn-Ni alloy within i, peaks D
and H.

@ Springer

Amount of Zn present in Zn—Ni alloy = 19.5 at.%
Qanoa (total anodic charge) = 1.538 C (Table 3, line 2)

3. Oz = Ounod X Zn at.% = 1.538 x 0.195 = 0.3 C

Quzn (amount of charge which corresponds to anodic
dissolution of Zn from Zn—Ni alloy in i, peak H) = 0.95
C x 0.065 = 0.062 C

Opzn = Ozn — Ouzn = 0.3C — 0.062C = 0.238C

The amount of Zn in phase of Zn-Ni alloy, which
dissolved within i, peak D, =0pz./Op x 100 = 0.238
C/0.588C x 100 = 40.5 at.%.

By using the partial potentiodynamic stripping method it
was estimated that the phase of white Zn—Ni alloy depos-
ited from solution with the ratio of [Zn2)/[Nit?] = 1:4 at
20 °C and dissolved within i, peak D contained 42.4 at.%
Zn and 57.6 at.% Ni [4]. Consequently, data obtained by
the partial stripping method showed that the content of Zn—
Ni alloy dissolved in i, peak D was always the same and
the content of this alloy was independent of both the ratio
of [Zn+2]/[Ni+2] and deposition temperature. Analogous
data were confirmed by other methods [21, 22]. Analysis of
data in the latter part of the chronopotentiograms, obtained
by dissolution of the alloy under galvanostatic conditions,
and suggests that in this part, corresponding to anodic i,
peak D, the oxidation of Zn-Ni alloy, containing
45.2 wt.% Ni takes place rather than that of the nickel
matrix. Data also shows that Zn—Ni alloy, dissolved within
i, peak H and containing 6.5 at.% Zn and 93.5 at.% Ni,
provides the black coloration to the coating. The data also
indicate that in all potentiodymamic stripping peaks the
dissolution of Zn—Ni alloy takes place rather than the Ni
matrix being oxidized [11].

4 Conclusions

The phase composition of Zn-Ni alloy deposited under
potentiodynamic conditions depends both on the potential
sweep rate and the maximum cathodic current density.
The quantity of Ni in the alloy increases with increase in
both the potential sweep rate and the maximum current
density.

The content of Zn—-Ni alloy dissolving within i, peak D
is always the same and the content of this alloy is inde-
pendent of both the ratio of [Zn“]/[Ni”] in the solution
and deposition temperature.

In all potentiodynamic stripping peaks the dissolution of
Zn-Ni alloy takes place, rather than the Ni matrix being
oxidized.

Zn-Ni alloy, dissolved within i, peak H and containing
6.5 at.% Zn and 93.5 at.% Ni, provides black coloration to
Zn-Ni alloy.
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