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Abstract The electrochemical deposition and dissolution
of Zn on Pt electrode in sulphate electrolyte was investi-
gated by electrochemical methods in an attempt to
contribute to the better understanding of the more complex
Zn–Cr alloy electrodeposition process. A decrease of the Zn
electrolyte pH (from 5.4 to 1.0) so as to minimise/avoid the
formation of hydroxo-products of Cr in the electrolyte for
deposition of alloy coatings decreases the current efficiency
for the Zn reaction, but the rate of the cathode reaction
increases significantly due to intense hydrogen evolution.
The results of the investigations in Zn electrolytes with
pH 1.0–1.6 indicate that Zn bulk deposition is preceded by
hydrogen evolution, stepwise Zn underpotential deposition
(UPD) and formation of a Zn–Pt alloy. Hydrogen evolution
from H2O starts in the potential range of Zn bulk
deposition. Data obtained from the electrochemical quartz
crystal microbalance (EQCM) measurements support the

assumption that electrochemical deposition of Zn proceeds
at potentials more positive than the reversible potential of
Zn. Anodic potentiodynamic curves for galvanostatically
and potentiostatically deposited Zn layers provide indirect
evidence about the dissolution of Zn from an alloy with the
Pt substrate. The presumed potential of co-deposition of Cr
(−1.9 V vs. Hg/Hg2SO4) is reached at a current density of
about 300 mA cm−2.

Introduction

The electrochemical deposition of Zn still attracts much
attention [1–16]. Most of the studies on Zn deposition are
related to Zn alloy electrodeposition [8, 10, 14–17]. The
iron group metal alloys with Zn have been investigated
most actively as a result of the frantic research by steel
manufacturers to develop highly corrosion-resistant alloy-
plated steel sheet for automotive body panels [1]. Zn–Fe,
Zn–Co and Zn–Ni alloys have significantly higher corro-
sion resistance in comparison to that of pure Zn coatings.
On the other hand, the anomalous co-deposition of the iron
group metals (Fe, Co, Ni) with Zn is of academic interest.
Different aspects such as the effect of the substrate [4–8,
10], the anion adsorption strength [2, 3], the presence of
ions of an alloying element [10, 14], the different organic
additives [4, 5, 9, 11–13], etc. on the initial stages and on
bulk Zn deposition have been investigated. Calculations
and experimental determinations of some electrochemical
parameters for Zn/Zn(II) on different electrodes are pre-
sented [2, 3, 8, 9, 16]. Electrodeposition of Zn onto Pt [2, 3,
7, 18–21], Au [2, 15, 18, 22], Cu [22], Fe [11, 12, 14, 23],
Pd [19], Ni [24], etc. has been found to also occur at
potentials more positive than the standard Zn electrode
potential. AFM analysis shows that Zn electrodeposition
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onto a steel substrate begins in the underpotential deposi-
tion (UPD) region with formation of nanometric circular
clusters homogeneously distributed on the steel surface
[25]. UPD is an issue of both theoretical and practical
interest in relation to the deposition at cathode over-
potentials (OPD) [7, 21], the electrocatalysis of oxidation
of organic compounds [26], the hydrogen evolution
reaction (HER) [23, 27, 28], etc. The UPD of Zn onto Pt
is shown to produce an electrode surface suitable for the
evaluation of Zn overpotential kinetics [21]. The influence
of anions and organic additives on the UPD of Zn has been
studied on the assumption that the UPD of metals also plays
an important role in the anomalous co-deposition of Zn
alloys [10, 14]. The inhibitory effect of Zn UPD on Zn–Co
alloy electrodeposition has been investigated, and the
formation of different cobalt-rich alloys has been estab-
lished in the potential range where Zn deposits under-
potentially [10].

The present work is part of a comprehensive study on
the electrochemical deposition of Zn–Cr alloy coatings [29–
32] and presents results from electrochemical studies on the
deposition and dissolution of Zn on Pt electrodes in acidic
sulphate electrolytes.

Experimental

All chemicals used were of analytical grade. Electrolytes
containing 0.6 M ZnSО4·7H2O with or without 0.5 M
Na2SO4 were used for voltammetric investigation and Zn
deposition experiments. pH was adjusted by addition of
H2SO4 solution (1:1).

The effect of electrochemical conditions on Zn deposi-
tion was investigated by cyclic voltammetry using a three-
electrode cell with a volume of 50 ml comprising a working
polycrystalline Pt electrode with 0.16 cm2 surface area, a Pt
counter electrode and a Hg/Hg2SO4 reference electrode.
The scanning rate was 25 mV s−1. The initial potential was
the open circuit potential, and the polarisation was first in
the negative direction. All experiments were carried out
using a potentiostat/galvanostat (EG&G Princeton Applied
Research, Model 263A) and SoftCorr II software.

Electrochemical quartz crystal microbalance (EQCM)
was used for investigating the electrochemical process in
the potential region before the onset of bulk Zn deposition.
The EQCM is a sensitive technique for measuring changes
in mass, and it has been applied to analyse electrochemical
and adsorption processes during Zn electrodeposition [7,
13, 15, 27]. The electrogravimetric measurements were
performed with a quartz crystal microbalance (Princeton
Applied Research, Model QCM922) combined with a
potentiostat/galvanostat (EG&G PAR, Model 263A) and
using the WinEchem Software (Princeton Applied Re-

search). A standard 9 MHz AT-cut quartz crystal covered
with a polycrystalline Pt film on both sides was used as
working electrode. The geometric area of the Pt electrode
was 0.2 cm2. A Pt sheet and an Hg/Hg2SO4 electrode were
used as counter and reference electrodes, respectively.

Zn coatings were deposited under galvanostatic and
potentiostatic conditions onto Pt substrates with dimensions
2×1 cm. Pre-treatment of the electrodes included electro-
chemical degreasing and pickling in 10% solution of
H2SO4. Coatings were deposited at current densities within
the 5- to 300-mA cm−2 range, at a pH of 1.0–5.4 and a
temperature of 25 °C without agitation. Platinised Ti was
used as an anode.

Anodic potentiodynamic polarisation was applied to study
the dissolution of the coatings after galvanostatic and
potentiostatic deposition. Cathode current efficiency was
determined gravimetrically. X-ray microprobe analyses
(EDX) were used for Zn detection after galvanostatic and
potentiostatic deposition (JCXA 733 Jeol, Japan). The
morphology of the Zn coatings was observed using a scanning
electron microscopy (SEM) (JSM 5300, Jeol, Japan).

Results

Zn and Zn-based (Zn–Co, Zn–Ni and Zn–Fe) alloy coatings
are most often electrodeposited on steel parts from weakly
acidic, sulphate and/or chloride electrolytes. The pH of
these electrolytes is within the range from 4.5 to 6.0, and
they cannot be used as basic electrolytes for electrodepo-
sition of Zn–Cr alloy coatings because, at these pH values,
Cr(III) hydroxide is formed [33]. According to some
authors, hydroxides of Zn and Cr are formed simultaneous-
ly in electrolytes for Zn–Cr alloy deposition at a pH of
about 4.0 [34, 35]. Hence, more acidic solutions should be
used for the production of Zn–Cr alloy coatings. Sulphate
electrolytes with a pH of 1.5–2.0 are used for high-speed
Zn electrodeposition on steel strips and rods.

The voltammograms obtained in this work from zinc-
containing electrolytes on Pt electrode were plotted to
potentials highly negative or positive for the Zn reaction to
be related with Cr reduction. According to the two-step
mechanism (Cr(III)→Cr(II)→Cr(0)), reduction of Cr may
proceed at potentials more negative than −1.52 V (Hg/
Hg2SO4), whilst our preliminary studies have shown that a
potential value of about −1.9 V (Hg/Hg2SO4) must be
reached for deposition and co-deposition of Cr, which is in
agreement with literature data [36–38]. Active and trans-
passive dissolution of Cr depend on the pH of the medium,
and the transpassive region starts at potentials more positive
than +0.5 V [39].

Figure 1 illustrates the effect of electrolyte pH on the
shape of the voltammograms in Zn electrolyte (0.6 М
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ZnSO4). At pH 5.4, reduction of Zn starts at about −1.4 V.
No hydrogen evolution is observed up to this potential and
a limiting current density for the Zn reaction is reached
(120 mА cm−2) leading to superficial roughening of the
coating. As a result, the current density (which includes
also the HER) in the backward scan is higher and a cathode
loop is observed. With the decrease of the solution pH,
visible hydrogen evolution starts at about −0.7 V, and this is
the potential region where the course of the voltammogram
changes.

For comparison, Fig. 2 presents the polarisation curves
of hydrogen evolution on Pt electrode in 0.5 М Na2SO4

solution at the same pH values. Evolution of hydrogen
starts at potentials close to those measured for the Zn
electrolyte. A limiting current density is observed in
the more acidic solutions, too. At sufficiently negative

potentials, hydrogen evolution from water starts (2H2O
+2e−→H2↑+2OH

−) and the current increases.
With decrease of electrolyte pH, the rate of the overall

cathode reaction increases (Fig. 1). An increase in area of
the anodic peak for Zn is also observed, but on the other
hand, the current efficiency of the Zn reaction decreases
(from 98% at pH 5.4 to 88% at pH 1.0 for 100 mА cm−2

current density), i.e. the contribution of the hydrogen
evolution reaction to the overall cathode reaction increases.
An interesting feature of the curve at pH 1.0 is the splitting
of the peak of Zn dissolution. Such an effect is observed in
several cases: on potentiodynamic dissolution of coatings
electrodeposited at high current densities, respectively,
highly negative potentials or on prolonged electrodeposi-
tion. The peak splitting is not related to a particular anodic
potential. All the above cases share in common the for-
mation of a deposit phase and superficial roughening of the
coatings during the cathode process. On slower dissolution,
i.e. at lower scan rate or when the solution is agitated, the
above effect disappears, which is an indication that the peak
splitting is affected by diffusion limitations during the
dissolution of Zn. In the potential region of anodic peak
splitting, hydrogen bubbles can be seen on the surface of
the coating, which most probably were incorporated into
the coarse structure of the coating at the highly negative
potentials. With the increase of the scan rate and of the
stirring intensity, the cathode current increases, proving that
the HER up to Zn OPD and the bulk reduction of Zn are
also dominated by mass transfer effects [9, 12], whilst the
onset of Zn electrodeposition is not affected.

Besides the decline in the current efficiency for the Zn
reaction, the decrease in electrolyte pH also leads to a
significant increase of the current density for reaching the

Fig. 2 Cathode voltammetric curves obtained for Pt in 0.5 М Na2SO4

solution at different pH values. Vertex potential −2.4 V

Fig. 1 Voltammograms showing the effect of electrolyte pH on the
deposition and dissolution of Zn in 0.6 M ZnSO4 solution. Vertex
potential −2.4 V. Inset zoom in the potential range −1.8 to +0.7 V

Fig. 3 Voltammogram in 0.6 M ZnSO4+0.5 М Na2SO4 solution,
pH 1.6. Vertex potential −2.4 V. Inset semi-logarithmic representation
of the voltammogram in the potential range of cathode/anode
transition
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potential of about −1.9 V at which co-deposition of Cr is
expected to start [30]. However, to avoid/minimise the
formation of hydroxo-products of Cr in electrolytes for
deposition of Zn–Cr alloy coatings, it was necessary to
conduct the electrodeposition process at low pH values.
Further investigations were then performed in electrolytes
with pH 1.6.

To improve electrolyte conductivity, 0.5 М Na2SO4 was
added to the 0.6-M ZnSO4 solution (Fig. 3). This
electrolyte composition has been used as a base for Zn–Cr
alloy deposition [29, 30]. The addition of Na2SO4 is
reflected in the voltammogram by an increase of the rate
of the cathode reaction and a split of the Zn anode
maximum as in the case of the voltammogram presented
in Fig. 1. A current density of about 300 mА cm−2

corresponds to the expected potential of Cr co-deposition
(−1.9 V). The morphology of the Zn coating deposited at
this current density is presented in Fig. 4. Hexagonal Zn

platelets, common for Zn electrodeposits, are observed. For
this particular electrolyte, the voltammogram profile up to
the region of Zn bulk deposition was studied in more detail.

According to some authors, the UPD shift of Zn(II)–Pt is
approximately 1.0 V [19–21] and the process of UPD of Zn
occurs simultaneously with hydrogen UPD [7]. The present
investigations also evidence the appearance of a cathode
and anode maxima in this potential region when the
solution contains Zn ions (Fig. 5). At potentials more
positive than +0.3 V, formation of an oxide film starts on
the Pt electrode, which is then reduced at about −0.1 V
during the cathode scan. The cathode maximum at about
−0.5 V could be associated with the very initial step of
UPD phenomena, i.e. preferential decoration of 0D surface
inhomogeneities (point defects, kink sites, etc.) by adsorp-
tion of single metal adatoms (0D phase formation) [40].

Fig. 4 Morphology of Zn coating deposited from 0.6 M ZnSO4+
0.5 М Na2SO4 solution, pH 1.6 at 300 mA cm−2 for 90 s

Fig. 5 Voltammograms in 0.5 М Na2SO4 and 0.6 M ZnSO4+0.5 М
Na2SO4 solutions, pH 1.6. Vertex potential −0.8 V

Fig. 6 Voltammograms showing the effect of the polarisation range
on the deposition and dissolution of Zn in 0.6 M ZnSO4+0.5 М
Na2SO4 solution, pH 1.6

Fig. 7 EQCM ΔF data plotted against the potential; 0.6 M
ZnSO4+0.5 М Na2SO4 solution, pH 1.6
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The subsequent increase of the cathode current density, at a
potential of about −0.7 V, is due to HER (Figs. 5 and 6). In
the presence of Zn ions, the hydrogen reaction is impeded
and the limiting current density is considerably lower than
that for the Zn-free solution (see also Figs. 1 and 2). A
possible explanation of the suppression of the HER could
be the evolution of Zn UPD and related phenomena. At
potentials of about −1.1 V, the curve “exits” the range of
the limiting current for the hydrogen reaction, which is an
indication for a further step in the formation of the Zn UPD
phase (Fig. 6). Consequently, the rate of the cathode
process increases and, at a potential of −1.34 V, a maximum
is recorded. It can be seen with the naked eye that evolution
of hydrogen declines after the cathode maximum at
−1.34 V and stops in the potential region of the minimum
at −1.46 V. The decreased rate of the cathode process in

the potential region between −1.34 and −1.46 V leads to
the assumption that the Zn UPD phase, formed during the
forward scan to −1.34 V, is “sufficient” to reduce the
contribution of the hydrogen reaction, as a result of the high
overvoltage of hydrogen on Zn.

The gravimetric measurements in the potential region
of the observed maximum were performed by EQCM.
Figure 7 evidences a continuous increase in mass starting
from about −0.8 to −1.4 V (the vertex potential) with a
significant change in slope (dΔF/dE) at about −1.1 V. On
the reverse scan, the mass increases back to about −1.1 V
and then a considerable mass decrease follows at less
negative potentials. These results demonstrate that the
mass change is reversible and could be attributed to UPD
of Zn and dissolution of UPD Zn. The change in mass at
potentials more negative than −1.1 V is significant and Δm
does not correspond to a Zn overlayer with monatomic
thickness. This is an indication for a strong interaction
between Zn adatoms and Pt substrate leading to the
formation of a 2D phase comprising more than a monolay-
er. This 2D phase formation could be considered as an
initial step of the Zn electrocrystallisation [25, 40, 41]. In
the potential range, near the equilibrium for Zn(II)/Zn(0),
the Zn deposition is considered to follow the Stranski–
Krastanov growth, which predicts the nucleation and
growth of 3D clusters on top of the 2D phase. Results
from potentiostatic studies in the UPD region, particularly
at −1.12 V vs. SCE, show a multilayer growth comparable
with the AFM analysis [25]. Of course, the simultaneous
hydrogen formation and evolution should be taken into
account as well.

After scanning to a vertex potential of −1.34 V (Fig. 6),
the loop of the voltammogram is assigned to UPD phase
formation and dissolution. Note that, besides UPD, a strong

Fig. 8 Galvanostatic potential vs. time curves obtained during Zn
deposition in 0.6 M ZnSO4+0.5 М Na2SO4 solution, pH 1.6 at
different current densities (a) and subsequent anodic potentiodynamic
curves (b). The corresponding curves for 0.5 М Na2SO4 solution,
pH 1.6 are given for comparison. Inset zoom in the potential range
−1.0 to +1.0 V

Fig. 9 Voltammogram (vertex potential of −1.45 V) and potentiody-
namic curve of Zn dissolution after potentiostatic deposition at
−1.45 V in 0.6 M ZnSO4+0.5 М Na2SO4 solution, pH 1.6 for 300 s

J Solid State Electrochem (2009) 13:671–677 675



interaction is also established between the depositing Zn
and various substrates (e.g. Pt [18, 21], Au [18, 22], Cu
[22]), which results in the formation of alloys. The anode
maximum, at about +0.1 V, observed on Fig. 5 could be
assigned to the dissolution of such an alloy. Indirect
evidence of the occurrence of such a process under the
conditions of the present experiments is also provided by
the course of the potential–time curves at low current
densities, under extended polarisation (Fig. 8a) and the
subsequent potentiodynamic dissolution curves (Fig. 8b).
At a current density of 5 mА cm−2, corresponding to about
−0.76 Von the voltammogram, only a reaction of hydrogen
evolution should proceed (Fig. 6). The above potential is
reached very quickly after the current is switched on,
similar to the polarisation curve in 0.5 M Na2SO4 at this
current density. But then involvement of other reactions,
such as adsorption/desorption of Zn ions, stepwise UPD of
Zn and alloy formation, strongly impede the reaction of
hydrogen evolution and hence the potential shifts to the
region of Zn bulk deposition (Fig. 8a). The subsequent
anodic potentiodynamic curve indicates that Zn dissolution
starts at the equilibrium potential for Zn electrode for this
particular electrolyte (Fig. 8b). After 450 s of electrodepo-
sition, a time insufficient for onset of bulk deposition of Zn,
a broad multicomponent maximum is registered in the
potential region from −0.7 to +0.3 V, which implies the
dissolution of Zn atoms with different atomic surroundings
and interaction forces. The curve profile suggests that, in
this potential region, the dissolution of UPD Zn and of Zn
from the Zn–Pt alloy proceeds. It is difficult to clearly
distinguish the initial stages of Zn deposition (UPD) and
alloy formation with the Pt substrate, but the binding
energy of Zn phase–substrate is weaker than that in a Zn–
substrate alloy phase and the dissolution of the alloy phase
appears at more positive potentials. After the dissolution of
the Zn layer deposited at 17 mА cm−2 for 90 s, the potential
of the Pt electrode remains in the cathode region of
potentials for the HER. The subsequent anodic part of the
curve features a maximum at about −0.7 V, most probably
due to oxidation of the adsorbed/absorbed hydrogen.
Dissolution of the Zn resulting from UPD and from an
alloy with Pt is not so clearly pronounced in the curve
because of the short time of electrodeposition [21]. The
data from the EDX analyses of samples deposited at low
current density, 5 mA cm−2, for 700 s and potentiostatically
at −1.34 V for 900 s show the presence of Zn in amounts of
about 0.3–0.4 mass%.

On scanning to a vertex potential of −1.45 V, no anodic
maximum of Zn dissolution is registered (Figs. 6 and 9)
because of the short time of polarisation, whilst on
potentiodynamic dissolution after potentiostatic deposition
at this potential for 300 s, the anodic maximum is clearly
manifested (Fig. 9).

From the semi-logarithmic representation of the voltam-
mograms, an equilibrium potential of −1.43 V is determined
for the Zn reaction, corresponding to the given Zn(II)
concentration (inset in Fig. 3). The same potential value has
also been established for samples left in the electrolyte after
galvanostatic Zn bulk deposition. The steep rise of the
current after the minimum at −1.46 V (Fig. 6) corresponds
to the Zn bulk deposition (OPD range) and, at more
negative potentials, evolution of hydrogen from water starts
as well.

At low current densities, Zn is deposited most probably
from the simple hydrated Zn(II) ions, but at high current
densities, respectively, potentials more negative than
−1.7 V, when alkalisation is sufficiently high, it can be
assumed that Zn electroreduction occurs mostly through
ZnOH+ ions so that hydroxy-products of Zn are formed and
incorporated into the coating. Consequently, the Cr co-
deposition with Zn will take place in complex conditions in
the vicinity of the electrode.

Conclusions

A decrease of Zn electrolyte pH, so as to minimise/avoid
the formation of hydroxo-products of Cr in the electrolyte
for deposition of Zn–Cr alloy coatings, leads to a decrease
in current efficiency for the Zn reaction and to a significant
increase of the current density for reaching the presumed
potential of co-deposition of Cr (−1.9 V vs. Hg/Hg2SO4).
An equilibrium potential of −1.43 V has been determined
for the Zn reaction, corresponding to the given Zn(II)
concentration. Obviously, a significant proximity of the
deposition potentials of Zn and Cr is necessary to deposit a
Zn–Cr alloy. The results of the electrochemical investiga-
tions in acid Zn electrolytes indicate that Zn bulk deposition
is preceded by hydrogen evolution, stepwise Zn UPD and
formation of a Zn–Pt alloy. Hydrogen evolution from H2O
starts in the potential range of Zn bulk deposition.
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