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Abstract Electrodeposition of Mg with Zn in acidic sulfate
solutions with polyethylene glycol and octadecyl dimethyl
benzyl ammonium chloride as additives was investigated
by scanning electron microscopy, X-ray diffraction, and
potentiodynamic polarization techniques. The results show
that these two compounds act in a synergetic way to
suppress Zn deposition markedly and facilitate Mg reduc-
tion. Zn–0.46%Mg coatings are produced under high
cathodic current densities, which have lower corrosion
potentials than Zn coatings and hydrogen evolution in
neutral chloride solutions. Magnesium hydroxide may
cause current oscillations at high cathodic polarizations in
plating solutions without zinc salts due to its formation and
peel-off. An “induced co-deposition” mechanism is pro-
posed for Zn–Mg alloy electrodeposition.
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Introduction

Zinc coating is widely used to protect steels from corrosion
through hot-dipping or electrodeposition techniques. For
example, galvanized steels are the most popular materials in
the field of automobiles, buildings, electric appliances, etc.
Zinc coating acts optimally as not only sacrificial anode but
also barrier to protect steel substrate from corrosion. In
order to extend the lifetime, it is of great significance to

improve the corrosion resistance of Zn coating. In the
literature, alloying elements were often adopted to produce
zinc alloy coatings with better corrosion resistance than
pure zinc coating, such as Zn–Ni, Zn–Co, Zn–Fe, Zn–Al,
and even Zn–Mn coatings. Recently, Mg-alloyed zinc
coatings (i.e., Zn–Mg coating) have attracted great attention
due to excellent corrosion resistance [1–3], which may
come to be the next generation of galvanized steel.

Zn–Mg coatings can be produced through conventional
coating techniques such as hot-dipping, physical vapor
deposition (PVD), and electrodeposition. Nishimura et al.
[4] prepared Zn–Mg coatings with about 0.2% Al by hot-
dipping. The corrosion resistance in salt spray test increased
greatly with a small amount of Mg added into Zn coatings
but changed slightly after Mg content reached 0.5% and up
to 2%. The intermetallic phases (e.g., MgZn2 and Mg2Zn11)
in Zn–Mg coating possibly led to the formation of a more
densely packed corrosion product layer on coating surface,
which enhanced the corrosion resistance. PVDmethods are of
industrial interest for producing Zn–Mg coatings. Schumacher
et al. [5] presented a pilot line to deposit thin PVD metallic
coatings on galvanized steel with line production speed up to
60 m/min. Generally, thin Mg film was deposited on a Zn-
plated steel surface [6]. Zn–Mg alloy coating was subse-
quently formed through thermal alloying treatment over
250 °C which promoted inter-diffusion of Mg and Zn and
formation of intermetallic phases. To control the coating
microstructure, Shedden et al. [7] prepared Zn–Mg coatings
by unbalanced magnetron sputtering of pure Zn/Mg targets
without further thermal treatment, but the preferential
resputtering of Mg would take place.

Electrodeposition is a traditional method to produce
metallic coatings. Morishita et al. [8, 9] obtained Zn–Mg
coatings by electrodepositing Mg on Zn-plated steels in
molten salt. The Zn–Mg alloying process happened during
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the deposition. In salt spray test, Mg-alloyed Zn coatings had
about ten times higher resistance to generate red rust than
conventional Zn coatings. However, this molten salt elec-
trolysis is impossible to be put to industrial use. As for
requirement of continuous line production and low cost,
electrodeposition from aqueous solutions just like Zn coat-
ings may be better for producing Zn–Mg coatings. A big
challenge for Zn–Mg alloy electroplating is the standard
electrode potential of Mg Eq ¼ �2:34 VSHEð Þ, far lower
than the electrode potentials of Zn and H2 in aqueous bath.
Recently, Nakano et al. [10] found that Zn electrodeposition
and hydrogen evolution were suppressed effectively by using
quaternary ammonium salt as additive in acidic sulfate
solutions, which allowed the co-deposition of Mg with Zn
under high cathodic current density conditions. The occur-
rence of red rust in salt spray test was five times longer for
electroplated Zn–0.4%Mg coating than Zn coating on steel.
Nevertheless, the additive was burnt easily on the coating
surface due to the high deposition current densities.

There is very few information on the Zn–Mg electrode-
position. The aim of this study is to prepare Zn–Mg coating
on the basis of continuous electroplating line for steel plates
and have an insight into the deposition mechanism in acidic
sulfate solutions with quaternary ammonium salt and
polyethylene glycol as additives.

Experimental

Electrolytic cell and sulfate-plating bath

Zn–Mg alloy electrodeposition was carried out in a two-
electrode cell containing 200 mL sulfate plating solution. A
platinum foil served as the anode. Cold-rolled low-carbon
steel specimens were used as the cathode with an exposed
surface area of about 0.2 cm2 (i.e., electrodes with a
dimension of 4×5 mm). Prior to each plating experiment,
the specimen surface was ground with 800 grit waterproof
abrasive paper and then pickled in 10% H2SO4 at room
temperature for 30 s. The anode and cathode were fixed
with a space of about 5 cm and immersed vertically into the
plating solution about 3 cm lower than the solution surface.
The plating solutions were maintained at 60±2 °C and
agitated slowly by a magnetic stirrer. The pH value was
adjusted to about 1 by diluting with H2SO4. Polyethylene
glycol (PEG) with a mean molecular weight of
20,000 g mol−1 and octadecyl dimethyl benzyl ammonium
chloride (OC) were used separately or together as additives.
The studied solutions were listed as follows:

SB ZnSO4·7H2O (50 g L−1) + MgSO4·7H2O
(200 g L−1), the base solution

SO SB + OC

SP SB + PEG
SOP SB + OC + PEG
SMg removing ZnSO4·7H2O from SOP

In all cases, the concentrations of PEG and OC were
1 g L−1. All chemicals were of analytical grade. Distilled
water was used to make these solutions.

Electrodeposition procedure

Zn–Mg coatings were prepared through direct current plating
with a current density of 2 A cm−2 for 1 min. PAR (Princeton
Application Research, AMETEK Inc.) system, which com-
prised an M273A potentiostat/galvanostat and the Power-
Suite software, was used to supply direct current.

Cathodic polarization curves were determined potentio-
dynamically with a potential scan rate of 2 mV s−1 in the
aforesaid electrolytic cell using a saturated calomel elec-
trode (SCE) as the reference electrode. Each curve was
corrected for ohmic potential drop deduced from the high-
frequency electrode impedance. Potentiodynamic scans and
impedance measurements were conducted using the above
PAR system.

Characterization of coatings

The surface morphology of electrodeposits were observed
using scanning electron microscopy (SEM) (JSM 6700F).
X-ray diffraction (XRD) analysis was conducted by using a
Rigaku diffractometer (D/MAX 2550 V) with CuKα irradi-
ation (λ=0.15405 nm). The scanning rate was 6°/min for 2θ
ranging from 30° to 90°. The Zn and Mg contents of
coatings were determined by atomic absorption spectropho-
tometer (AAS; SPQ-800). The corrosion potential method
was used to characterize pure Zn and Zn–Mg coatings in
neutral 3.5% NaCl solutions.

Results

Effect of additives on electrodeposition

Figure 1 gives the potentiodynamic polarization curves in
all test solutions, which indicated that the organic
additives had great influence on cathodic polarizations.
In solution SB without any additive, a current density peak
appeared at about −0.94 VSCE, which was related to the
hydrogen evolution and formation of adsorbates (e.g.,
ZnOHad and ZnOad). After this peak, a quasi-plateau
existed in the potential range −1.05 to −1.12 VSCE, which
revealed that the hydrogen evolution resulted in the
accumulation of adsorbates [11–14]. Zinc started to
deposit at about −1.12 VSCE. The further decrease of
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electrode potential would accelerate the Zn deposition and
hydrogen evolution.

In comparison with SB, the solutions SO, SP, and SOP
showed lower hydrogen evolution peaks, wider potential
ranges for accumulating processes of adsorbates, and much
lower onset potentials for zinc deposition (i.e., about −1.26,
−1.33, and −1.36 VSCE, respectively). These indicated that
both OC and PEG had a strong inhibiting effect on the
hydrogen reduction and zinc deposition potential, and there
was a little synergetic effect between them to reduce the
zinc deposition potential. Furthermore, polarization curves
in SP and SOP almost overlapped at low current densities
ranging from about −0.1 to −0.3 A cm−2 but separated at
higher current densities. As current density increased to
about −0.5 A cm−2, the polarization curve in SP approached
to that in SO. Obviously, the synergetic effect between OC
and PEG shifted the electrode potential to lower values than
the single ones under high current density conditions. The
data with current density larger than about −0.8 A cm−2

were deleted in view of the marked ohmic drop. It could be
inferred that the electrode potential at −2 A cm−2 for
electrodepositing from SOP should be much lower than
those in SO and Sp, which would be favorable to achieving
Mg deposition on electrochemical principle.

The coatings electrodeposited at −2 A cm−2 for 1 min
were dissolved by dilute nitric acid, and the weight contents
of Zn and Mg in coatings were analyzed by using AAS. Zn
deposition decreased from 9.95 to 5.80, 5.06, and
4.48 mg cm−2 upon adding OC, PEG, and both compounds
into the base solutions, respectively. It is obvious that PEG
is a little more inhibitive than OC to zinc electrodeposition
and a synergetic effect exists between them, which are
consistent with polarization behavior in Fig. 1. On the
contrary, the Mg deposition increased from 0.8 to 4.80,
4.55, and 20.6 μg cm−2, respectively, with the addition of
the above additives. Moreover, as calculated, weight

percentage of Mg in coatings was less than 0.01% for SB,
indicative of almost no Mg deposition without additives.
With single addition of OC or PEG, Mg content was no
more than 0.1%, but their combination in SOP led to a
higher Mg content at about 0.46%.

Influence of sulfate zinc content on polarization

In order to elucidate the Zn–Mg co-deposition, polarization
behavior was further investigated in solution SMg containing
no zinc salt, as shown in Fig. 1. Compared with SOP, SMg

had the same additives, but only magnesium salt. The
current density in SMg increased linearly from about −0.9 to
−1.5 VSCE and thereafter increased slowly in the company
of oscillations. As discussed later, these may be related with
hydroxide adsorbates Mg(OH)2 and hydrogen evolution.
After the measurement of polarization curve up to
−2.2 A cm−2 in SMg, no deposits were observed on the
electrode surface, indicating that Mg was not electro-
deposited from SMg without zinc salt.

Surface characterization of Zn–Mg coatings

Zn–Mg coatings deposited from SOP showed metallic luster
and were characterized by surface analysis techniques.
SEM observation in Fig. 2 found that the coating was
composed of thin flakes with thickness less than 40 nm.
The growth process was mainly dominated by Zn deposi-
tion because only 0.46% Mg co-deposited with Zn. The
cross-section image shows that the Zn–Mg coating was
dense and attached tightly to the steel substrate.

XRD analysis in Fig. 3 found intermetallic phase
Mg2Zn11 in the coating. It can be inferred from Mg content
that the coating only had a small quantity of Mg2Zn11.
Thus, its response peaks were weak and almost merged
with those of Zn. Furthermore, no carbon peak was
observed because organic additives were not burnt during
electrodeposition.

Corrosion potential of coatings

Zn–Mg and Zn coatings were immersed in 3.5% NaCl
solutions at 25 °C. Figure 4 gives the variation of their
corrosion potentials with immersion time. Zn coating reached
a steady corrosion state quickly at about −1.05 VSCE, whereas
the corrosion potential of Zn–Mg coating showed a drop
within 20 min and then stabilized slowly at about −1.07 VSCE.
This steady value was about 20 mV lower than that of Zn
coating. Additionally, a few bubbles were observed on
Zn–Mg coating surface during the initial immersion, which
could be attributed to hydrogen evolution at the electrode
potentials lower than −1.08 VSCE. These results revealed that
Mg existed mainly as metallic state in the alloy coating

Fig. 1 Polarization curves for steel electrodes in different solutions.
The inset shows the low current density part

J Solid State Electrochem (2010) 14:2235–2240 2237



instead of ionic state. Hausbrand et al. [15] also observed
much lower corrosion potentials for intermetallic MgZn2 than
zinc in chloride solutions. Further work is ongoing to
elucidate the corrosion behavior of Zn–Mg alloy coatings.

Discussion

Synergetic effect between OC and PEG

In order to achieve the co-deposition of Mg and Zn, it is very
important to increase the cathodic polarization of Zn
deposition and suppress the hydrogen evolution because of
the marked difference between the electrode potentials of their
reduction reactions in aqueous solutions. Organic additives
such as OC and PEG are often used in zinc plating baths to
inhibit the reduction reactions. As a type of cationic surfactant,
OC can adsorb strongly onto cathode surfaces (especially the
active sites) through electrostatic force to hinder the reduction
reactions [16, 17], but it presumably blocked only a partial
surface area due to its relatively small molecular volume,
which maybe was the main reason for the lower polarization
effect in SO (Fig. 1). Comparatively, PEG has a very big
molecular volume and can adsorb more or less evenly to
form a barrier layer with a well-ordered structure on the
electrode surface [18, 19]. Just due to this good blocking
effect, the onset of zinc deposition was shifted to more
negative potentials in SP. Nevertheless, as a result of
nonionic nature, PEG maybe desorbed partly from the
electrode surface with increasing the cathodic current density
to higher than −0.5 A cm−2 because of the violent evolution
of hydrogen bubbles. Such behavior was also observed by
other authors during zinc electrodeposition [16, 19]. This
was responsible for the decreased polarization effect under
high current densities in SP (Fig. 1).

A mixture of OC and PEG created higher overpotentials
under high cathodic current densities than single OC or
PEG. The synergetic effect between them had been scarcely
investigated in the deposition process of zinc and other
metals, which resulted in co-deposition of Zn and Mg here.
Its mechanism must relate with interaction between OC and
PEG through co-adsorption, even their associates. As

Fig. 4 Time dependence of corrosion potentials for Zn–Mg and Zn
coatings in 3.5% NaCl solutions

Fig. 3 XRD pattern for Zn–Mg deposits obtained from solution SOP

Fig. 2 SEM morphologies for a the surface and b cross-section of
Zn–Mg coatings electrodeposited from solution SOP
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coexisted with PEG in solutions, OC could provide both
halide ions Cl− to induce a better adsorption of PEG
molecules as observed in Cu and Zn depositions [14, 20–
23] and electrostatic force to overcome the desorption that
resulted from strong hydrogen evolution [16]. At the same
time, PEG could offset the low blocking issue of OC with
its huge molecules. Thus, OC/PEG mixed additives would
form a continuous barrier layer on cathode surface under
high current densities to suppress Zn deposition.

To show the inhibitive effect of additives, current
efficiency of deposition was calculated with the coating
mass. Its value decreased in the order of SB, SOC, SP, and
SOP (i.e., 24.6%, 14.3%, 12.5%, and 11.2%) due to the
gradually increased blocking effect of additives.

Mechanism for electrodepositing Zn–Mg alloy

Similar to the effect of Zn(OH)2 on low cathodic polarizations
of Zn electrodeposition [12], forming magnesium hydroxide
Mg(OH)2 on electrode surface could hinder hydrogen
evolution to a certain extent. The polarization behavior and
oscillations in SMg after −1.5 VSCE (Fig. 1) may be attributed
to the competition between formation and peel-off of both
adsorbates Mg(OH)2 and hydrogen bubbles. However, as for
SOP, a small amount of Mg(OH)2 would co-deposit with Zn
and incorporate into Zn electrodeposits, instead of peeling
off. Therefore, Mg deposition might take place through the
reduction of Mg(OH)2.

Though Mg had been deposited in metallic state by
Nakano [10], no mechanism is established for the reduction
of Mg2+ ions from aqueous solutions in the literature.
According to the above results and analysis, the following
“induced co-deposition” is proposed for Zn–Mg alloy
electrodeposition at high cathodic polarizations:

Zn2 þ e ! Znþð Þad ð1Þ

Znþð Þadþ e ! Zn ð2Þ

Znþ Hþ þ e ! ZnHad ð3Þ

ZnHad þ Hþ þ e ! Znþ H2 ð4Þ

Mg2
þ þ 2OH� ! Mg OHð Þ2

� �
ad

ð5Þ

7Znþ 4ZnHad þ 2 Mg OHð Þ2
� �

ad

! Mg2ZN11 þ 4H2O ð6Þ

where the subscript “ad” represents the adsorbates formed
during the deposition as intermediate species. The reduction
of Zn2+ ions is simply written as shown in Eqs. 1 and 2 but
may also include [Zn(OH)2]ad and more intermediates [11,
24]. Just like the “induced co-deposition” of tungsten and
molybdenum with iron group metals [25–29], reduction of
Mg2+ ions may include two steps, i.e., [Mg(OH)2]ad forming
on electrode surface and then reduced by adsorbed hydrogen
ZnHad. The strong hydrogen evolution through reactions 3
and 4 will not only lead to [Mg(OH)2]ad precipitation in
Eq. 5 due to increasing the interfacial pH but also provide
adsorbed hydrogen atoms to reduce [Mg(OH)2]ad in Eq. 6.
Obviously, a lower current efficiency means a faster
hydrogen evolution, which may result in a higher interfacial
pH to facilitate the formation and reduction of [Mg(OH)2]ad.
This is mainly responsible for a relatively higher Mg content
in the coatings electrodeposited from SOP.

Conclusions

Mg2+ ions cannot be reduced in additive-free acidic sulfate
solutions. Organic compounds PEG and OC, used sepa-
rately or together as additives, have a great effect on the
cathodic polarization process. Compared with the single
ones, a mixture of PEG and OC can shift zinc deposition
potentials to more negative values. The synergetic effect
between them creates a continuous barrier layer on the
electrode surface and sufficiently suppresses zinc deposi-
tion under high current densities. As a result, Zn–0.46%Mg
coatings are electrodeposited at −2 A cm−2 without burnt
characteristics.

The current oscillations appear in the solutions without
zinc sulfate. Mg co-deposits with Zn at high cathodic
polarizations and may follow the induced co-deposition
mechanism. The co-deposition includes two steps: adsor-
bates [Mg(OH)2]ad incorporated into Zn electrodeposits and
then reduced by adsorbed hydrogen. Compared with Zn
coating, Zn–Mg coating shows lower corrosion potentials
and hydrogen evolution in neutral chloride solutions, which
confirms the existence of Mg in metallic state such as
intermetallic Mg2Zn11.
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