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Abstract

Zinc-manganese alloys containing up to 40 at. % Mn were successfuly electrodeposited from
a solution made of Zn and Mn chlorides, and boric acid. Cyclic voltammetry and
chronoamperometry were used to clarify the influence of Mn salt concentration in the solution
and deposition current density, on the kinetics of Zn-Mn electroreduction. Energy dispersive
X-ray spectrometry was used to investigate a chemical composition of Zn-Mn deposits, and
scanning electron microscopy was used for surface morphology analysis. It has been shown
that the coatings possessing the highest Mn content, are with the surface morphology of high
quality, and may be an adequate improvement of pure Zn coatings as sacrificial coatings on
steel.
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Introduction.

Electrochemical deposition has been well-known method for obtaining metal and alloy
coatings, for more than two centuries. Although alternative technologies, like thermal spray
coating, vapor deposition, and chemical vapor deposition, have been developed, the
electrodeposition is still very popular in an industry, because of many advantages [1]. As an
example of the advantage, the chemical composition of binary and ternary electrodeposited
alloys can be easily varied by changing the applied electrode potential, electrolyte
composition, temperature, etc. [2].

Alloy coatings consisting of two metals, but having different content of each constituent, can
extremely differ in surface appearance, morphology, crystallographic structure, and corrosion
resistance in aggressive media [3]. The investigations of Zn-Mn alloy deposits, for instance,
have shown that the coatings containing 30 - 40 at. % of Mn have significantly higher
corrosion resistance as compared to the Zn-Mn alloys with the Mn content of up to 10 at. %
[4].

The electrodeposition from the electrolyte consisting of Zn and Mn sulphates, and citrate
ligand, enables obtaining Zn-Mn alloy coatings with various Mn contents, namely, in the
whole range of 0 — 100 at. %. However, the process has important drawbacks, like poor bath
stability and low current efficiency [5]. Contrary, the chloride electrolyte, consisting of Zn
and Mn chlorides and boric acid, very successfully copes with the mentioned drawbacks, but
on the other hand, only the Zn-Mn alloys with up to approximately 20 at. % of Mn have been
successfully deposited from this electrolyte until now [6].

D. Sylla et al. developed a chloride solution for the deposition of Zn-Mn alloys a few years
ago [6]. The deposited films had a cauliflower morphology and appeared to be compact and
homogeneous. Furthermore, the current efficiency for metal deposition from the chloride
solution is very high, near 100%, as a result of boric acid addition, which has been reported to
inhibit hydrogen formation, by adsorbing on electrode surface and blocking the active centres
for proton reduction [7]. However, it was reported by the authors that a maximum manganese
content of only 23 at.% could be reached in the Zn-Mn alloys from chloride solution. Higher
Mn content has led to columnar and non-adherent deposits [7].

Correspondingly, the goal of the present study was to obtain such electrodeposition conditions
in chloride solution, which would lead to the formation of Zn-Mn films possesing high Mn
content, and at the same time compact and homogeneous surface morphology. The alternation
of two deposition parameters, namely, deposition current density (c.d.) and manganese
concentration in the chloride solution, was investigated. The electrochemical reactions of
interest were investigated by cyclic voltammetry and chronoamperometry. The Zn-Mn alloys
obtained galvanostatically were characterized by analyzing their composition and
morphology.

Experimental section

Voltammetric experiments were carried out at room temperature in a conventional three-
electrode cell, using a potentiostat ZRA Reference 600, Gamry Instruments. The working
electrode was a glassy carbon electrode, with the surface area of 0.64 cm?® The reference
electrode was a saturated calomel electrode (SCE) mounted in a Luggin capillary. All
potentials in this work are referred to this electrode. The counter electrode was a Zn plate
(high purity zinc). Voltammetric experiments were carried out at 100 - 600 mV s, between -
1700 mV and 0 mV vs SCE, scanning at first to negative potentials; the initial potential was -
500 mV. Only one cycle was run in each voltammetric experiment.

Galvanostatic electrodeposition of Zn-Mn alloys was performed on a steel plates with an
active surface area of 3.68 cm?, from chloride solutions which contained 1.8 mol dm™ KClI,
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0.4 mol dm™ H3BOj3, 0.4 mol dm™ ZnCl, and 0.9, 1.8 or 2.4 mol dm™ MnCl, - 4H,0. The
solution pH was between 4.50 and 5.00. Prior to each experiment, the steel surfaces were
abraded successively with emery papers of the following grades: 600, 1000, 1200 and then
degreased in a saturated solution of NaOH in ethanol, pickled with a 2 mol dm™®HCI solution
for 30 s and finally rinsed with distilled water. The counter and reference electrode were the
same as in the voltammetric investigations. The current efficiency was calculated from the
weight gain of the samples, so deposition times could be managed to obtain layers with 10 um
thickness.

Surface morphology of the coatings was examined by Scanning electron microscopy (SEM),
using a Philips XL30 instrument. Chemical analysis of the deposits was performed by an
attached Energy Dispersive X-ray Spectrometer (EDX).

Results and discussion

Cyclic voltammetry studies

To determine the effect of manganese salt concentration on the kinetic process of Zn-Mn
alloy deposition, voltammetric studies were carried out in solutions containing 1.8 mol dm™
KCI + 0.4 mol dm™ H3BOs (blank electrolyte) with 0.9 (solution Sy), 1.8 (solution S,), or 2.4
(solution S3) mol dm™ MnCl, - 4H,0. Low concentration of ZnCl, (0.005 mol dm™) was
added to all solutions in order to investigate manganese deposition in the presence of zinc.
Higher concentration of Zn(ll) ions would mask manganese reduction voltammetric peak,
because Zn is thermodinamically nobler than Mn [8].

As it was shown by earlier authors [7], a steel electrode is not appropriate for voltammetric
study of Mn deposition, because on this substrate, hydrogen evolution occurrs approximately
in the same range of potentials as Mn deposition, so it masks the Mn?* reduction contribution.
For this reason, cyclic voltammetry studies were performed using a glassy carbon electrode.

Determination of appropriate potential scan rate

A cyclic voltammograms of glassy carbon electrode, recorded in S, solution at different
potential scan rates, are shown in Fig. 1a. All voltammograms show the same features. When
the potential is scanned in the negative direction, the cathodic current begins to increase
below -1190 mV and shows a broad peak C; around -1250 mV, which can be associated to a
mass-transport controlled reduction of Zn?**. The corresponding anodic stripping peak is the
peak A; at -1035 mV, attributed to the oxidation of metallic zinc into Zn**. [9]. On scanning
in the more negative direction, a strong increase in the cathodic current at —1510 mV, with the
sharp cathodic peak C, due to manganese deposition, is observed. Corresponding anodic
current peak A, appears at —1285 mV, attributed to the dissolution of manganese [10]. A
further increase in the cathodic current at the forward scan beyond the peak C,, is associated
with the beginning of hydrogen evolution on the zinc-manganese deposit. VVoltammogram
recorded in the blank electrolyte, represented also in the Fig. 1a, clearly shows that hydrogen
evolution reaction does not take place on the glassy carbon electrode, in the potential region
where metal deposition occurs. However, it should be taken in mind that when Zn and Mn
particles are deposited on the glassy carbon electrode, these particles become instantly a
substrate where hydrogen evolution reaction can occur more easily at the same potential.
Concerning the influence of the potential scan rate on the Mn deposition, the data in Fig. 1a
reveal that an increase in sweep rate shifts the C, peak potentials to more negative values and
increases the C, peak current. The current of corresponding anodic peak A, also increases.
However, the most important feature of Fig. 1a is that the increase in the current of the A,
peak and the total electric charge below this peak with the increase in the sweep rate, is much
sharper than the increase in current and charge related to the peak C,. The current efficiency
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of manganese reduction for different sweep rates has been estimated by rationing the electric
charge under the cathodic C, and anodic A, peak, assuming that the anodic peak corresponds
to the amount of the deposited manganese and the cathodic current to both manganese and
hydrogen evolution, and the result is presented in Fig. 1b. The appropriate explanation for
such an increase in current efficiency with the sweep rate could be the fact that Mn is the most
electronegative metal that can be electrodeposited from aqueous solutions, so it is unstable
and tends to dissolve easily in acidic media, during the inverse scan [11]. This is non-faradaic
dissolution (mass loss without charge transfer associated) so it does not have an associated
oxidation current in the voltammogram [12]. The higher sweep rate reduces the time available
for Mn self-dissolution and consequently increases the amount of Mn which contributes to the
A, peak current, i.e. the current obtained from faradaic dissolution of manganese. According
to these results, the sweep rate value as high as 400 mV s was chosen for further
experiments, because it enabled us to easily distinguish Mn dissolution peak from the
baseline.

The influence of the Mn salt concentration on the Mn deposition

Series of experimentation were carried out to highlight the contribution of Mn salt
concentration in the kinetic process of Mn deposition. Fig. 2a shows cyclic voltammograms
measured between -1700 mV and 0 mV on glassy carbon electrode, in the solutions S;, S, and
S; with the sweep rate of 400 mV s™. Starting from the potential of -500 mV in the negative
direction scan, all the voltammograms exhibit a slight current onset at -1200 mV, with the
diffusional peak at -1250 mV, which was attributed to the Zn deposition in the previous
analysis (Fig. 1).

As can be seen in Fig. 2b, in the potential range where Mn reduction starts, the
voltammograms exhibit the typical features of a nucleation process of manganese on glassy
carbon electrode, which are an increase in current after an induction time and a current loop
between the forward and the reverse direction [13]. During the inverse of the potential scan, it
is possible to note two crossovers, Es and E.. The crossover E; is typical of the formation of a
new phase involving a nucleation process. The second crossover potential E. may be related
to the conditional equilibrium potential of couple Mn?*/Mn° [9]. The E crossover potential
values for different Mn salt concentrations are presented in Table 1. The standard electrode
potential of the couple Mn?*/Mn° in acidic medium is -1422 mV vs SCE [6], so it is clear
from the Table 1 that Mn?*/Mn° equilibrium potentials in the solutions S;, S; and Ss are more
positive than the standard potential, which is due to high concentrations of Mn(ll) species. It
is also shown that the increase in Mn salt concentration, shifts the Mn?*/Mn° equilibrium
potential to the more positive values, but the change is very small and it does not obey Nernst
equation for the simple reaction

Mn®* + 2e = Mn (1)

This is understandable when it is known that in the presence of CI species, several
manganese complexes such as MnCI*, MnCl,? and MnCl;™ are susceptible to be formed, and
they are characterized by their formation cumulative constants f; = 3.85, £, = 1.80 and S5 =
0.44 respectively [10]. According to the formation constants, the free Mn?* species practically
do not exist in the solutions S;, S; and Ss, so the manganese reduction mainly occurs through
the reduction of Mn-complexes:

MnCI,¢™ + 2e = Mn + nCI n=123 (2

Consequently, Mn®*/Mn° equilibrium potential values strongly depend on the activity of each
complex species as well as free CI" species. As a conclusion, cyclic voltammogram results
have shown that the solution composition has very low impact on the beginning of the Mn
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reduction process, since the difference between the equilibrium Mn?/Mn° potentials among
all three solutions investigated is only up to 15 mV.

When the electrode reaction is controlled by diffusion processes, there is linear relationship
between the peak current intensity (jp) and squared root of the scan rate (v*) , and between Jp
and the bulk concentration of reducible ions (c*) [14]. Concerning the influence of the
potential scan rate (Fig. 1a) and the concentration of Mn(ll) ions (Fig. 2a) on the current of
the C, peak associated with the Mn(Il) ions reduction, Fig. 3 shows that the j, - v* relationship
is almost ideally linear, but there is no linearity in the j,— c* relationship. It suggests that
besides the diffusion process, some other process has also strong influence on the Mn
reduction. Such process could be the weak complexation of Mn?* ions with the CI™ species.
Furthermore, one should bear in mind that besides the Mn reduction, a large fraction of the C,
peak current comes from the hydrogen evolution reaction on the Zn-Mn deposit.

The current efficiency for Mn reduction from the solutions with different Mn salt
concentrations, calculated by rationing the electric charge under the cathodic C, and anodic A,
peak, is presented in the Table 1. The slight increase in the current efficiency with the Mn salt
concentration increase is probably related to the fact that the competitive adsorption between
the Mn(Il) complexes and H* ions occurs to occupy active sites for the reduction, so the
increase in the Mn(ll) ions concentration leads to their preferential adsorption [15].

Cyclic voltammetry studies of manganese electrodeposition on glassy carbon electrode, have
shown that the reduction of Mn(ll) ions is a partially diffusion - controlled process.
Depending on the Mn(ll) ion concentration and potential sweep rate applied, limiting
diffusion current density (peak C,) is placed in the potential range between -1560 and -1640
mV. It can be suggested that in this potential range, the electrodeposition of Zn-Mn alloys
should occur with the highest current efficiency for Mn reduction. Consequently, the
chronoamperometric j — t curves for the electrodeposition of Zn-Mn alloys on glassy carbon
electrode, were recorded in the mentioned potential range, in the solutions S;¢, S,¢ and S3
which were made in the manner that 0.4 mol dm™ ZnCl, was added to the solutions S;, S; and
Ss respectively. The solutions with the same compositions were used later for the
electrodeposition of Zn-Mn alloys on steel substrate. The resulting j — t curves are presented
in the Fig. 4. It is seen that shifting the electrodeposition potential from -1550 to -1650 mV
enhanced the cathodic reactions in all three solutions. Concerning the influence of the Mn
concentration on the deposition current density, it is clearly seen that for the same deposition
potential, the absolute value of deposition current density decreases as Mn concentration in
the solution increases. For example, at E = -1650 mV, the recorded current density in the
solution containing 0.9 mol dm™ MnCl; - 4H,0 (solution S;¢) is -290 mA cm™ and in the
solution with 2.4 mol dm™ MnCl, - 4H,0 (solution Sz¢) it is only -160 mA cm™. Such a
tendency can be explained again by using the adsorption theory. Since the concentrations of
Zn(Il) and hydrogen ions near the electrode surface are constant in all three solutions, the
increase in concentration of Mn(Il) ions enables Mn species to occupy more active sites at the
cathode surface, blocking the reduction of hydrogen and Zn ions [15]. The Mn reduction is
the slowest process as compared to the hydrogen and Zn ion reduction, so increasing the
surface area where the slowest process takes place, decreases the overall measured current
density, as Fig. 4 depicts.

Chronoamperometric experiments reveal that the current density for deposition of Zn-Mn
alloys corresponding to the potential value where diffusion peak for reduction of Mn(ll)
species appears, is 290 mA cm? in the solution Si*. In solutions with higher Mn ions
concentration, the corresponding current densities are even lower. So, it can be concluded that
for the purpose of obtaining the Zn-Mn alloys with high Mn content, the reasonable upper
limit for the deposition current densities should not be higher than 300 mA cm™.
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Galvanostatic electrodeposition and characterization of the coatings

Chemical composition of Zn — Mn alloys

The influence of the deposition current density on the Mn content in the alloy is illustrated in
Fig. 5 for alloys deposited from solutions with different Mn?* concentrations. The alloy
composition was determined by EDX method. Firstly, it can be seen that a sharp increase in
Mn content occurs with the increase in deposition c.d. Secondly, it is shown that solutions
richer in Mn(Il) ions, enable the deposition of coatings with higher Mn content. Both
observations are in accordance with the conclusions from cyclic voltammetry. For Zn — Mn
alloy electrodeposited from the solution with the lowest content of Mn salt, Mn percentage in
the alloy did not reach more than 15 at. %, and it is not presented in Fig. 5. Contrary, when
solutions S,' and S3' were investigated, as Fig. 5 depicts, Mn-rich deposits were obtained in
the c.d.s range of 200-300 mA cm™. As it was emphasized in the introduction, coatings
possessing 30 — 40 at.% of Mn should have the lowest corrosion [4]. Exactly such a chemical
composition could be produced under the deposition parameters used in this article.

SEM characterization

According to the electrochemical study of Zn—Mn electrodeposition, different samples are
elaborated on steel electrode, at current densities in the range of 30 — 300 mA cm, from the
solutions containing various Mn(Il) concentrations. Several selected samples of Zn-Mn
coatings were studied by SEM, and their surface morphologies are shown in Fig. 6. A white
bar on micrographs indicates the length of 5, 10, 20 or 50 um, as it is denoted by the number
above the bar.

Examination of the Zn-Mn deposits indicated that the surface morphology of the coatings is
affected by the deposition c.d. and Mn content in the solution. Regardless of which solution
was employed, the Zn-Mn coatings obtained at c.d.s of up to 80 mA cm™ were comprised of
the groups of platelets which were found to grow in multilayers (Fig. 6a), typical of pure Zn
coatings [16]. At higher deposition c.d.s, when Mn content in the alloy is higher, the
significant differences are observed for the morphologies obtained from different solutions.
Fig. 6b presents the microphotograph of the electrodeposit obtained from the solution
containing 0.9 mol dm™ MnCl; - 4H,0 (solution S;¢), at 200 mA cm™. A small nodular grains
that form some aggregates with fissures between them are observed. Very similar type of
morphology was found for the Zn-Mn coatings with 5 — 19 at. % Mn, deposited from the
solution which contained Zn(ll) and Mn(ll) sulphates with some complexing agents [5].
However, in our case, the appearance of this sample is dark, non-adherent and powdery. The
morphology of the samples from the S;¢ solution is even worse when higher c.d.s. are
applied.

Deposits obtained from the solution which contained 1.8 mol dm™ MnCl, - 4H,O (solution
S,¢) at c.d. range of 100 — 200 mA cm™, as well as samples from the solution with 2.4 mol
dm™ MnCl, - 4H,0 (solution S5¢) deposited at 100 mA cm?, have very different morphology
but generally they exhibit a similar appearance: spongy, porous and dark, which is not
appropriate for protection coatings. Fig. 6c, for the coating deposited at 200 mA cm™ from the
solution S,¢, shows a tree-like dendrites with trunk and branches, which grow with
perpendicular orientation to the substrate surface. A dendritic shape is typical for Zn coatings
obtained at very negative deposition potentials when the growth process is under mixed
diffusion and activation control [17]. A dendritic morphology is observed also at the
microphotograph of the sample obtained at 100 mA cm™ from the S3¢ solution (Fig. 6e). In
this case, dendrites are made of small hexagonal agglomerations.

6/14




Proceeding of the 6% ICEE Conference 29-31 May 2012 CPTA-4 7114

However, further increase in deposition c.d. makes remarkable change in the morphology of
the Zn-Mn coatings made from the solutions with high Mn content (1.8 and 2.4 mol dm?
MnCl, - 4H,0). Coatings become compact, smooth, semi-bright, and with very good
adhesion. Microphotographs of these samples (Fig. 6 d, f, g) are similar in shape, with
cauliflower-like grains, uniformly and homogeneously distributed. Deposits obtained at 300
mA cm from both solutions (Fig. 6 d, g) posses pores with diameter of 1 - 2 um, probably
due to hydrogen evolution during alloy deposition. However, iron, the substrate material, is
not detected by EDS analysis on any sample, which proves that the pores are present only on
the coating surface, and do not extend into the coating depth [12].

A tin-manganese electrodeposition study by other authors has shown that the increase in
deposition c.d. from 100 to 400 mA cm induced surface morphology to change from spongy,
porous and dark, to bright, glossy and compact [18]. Another investigation of copper-
manganese electrodeposits by the same authors show similar improvement in surface
morphology as deposition c.d. increases [19]. In both cases, the transition from dendritic to
homogeneous and bright appearance is correlated with high Mn percentage present in the
alloys. It can be concluded from Figs. 6 a-g that the increase of Mn salt content in the chloride
solution used for deposition, lowers the critical deposition c.d. which leads from dendritic to
homogeneous and smooth surface morphology. For instance, the transition is not observed at
all in the solution with 0.9 mol dm™ of Mn chloride, it is present at 300 mA cm when the
solution containing 1.8 mol dm™ of Mn chloride is employed, and in the solution with the
highest Mn salt content, it is observed already at 200 mA cm™. So, according to the literature
and our SEM observations, it is possible that some minimal content of Mn must be present in
the Zn-Mn alloy, to obtain good surface appearance, which is the same behaviour as with Sn-
Mn and Cu-Mn coatings.

Conclusion

On the basis of the results presented it could be concluded that a ratio of manganese to zinc
ions in the plating solution and deposition current density, have significant influence on the
chemical composition and the morphology of Zn-Mn electrodeposited alloys. High
deposition current densities applied in the solutions with high Mn?* concentration, enable
producing high-Mn Zn-Mn deposits. These coatings have shown to have smooth, adherent,
bright and homogeneous morphology, and could be used as sacrificial films on steel.
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Table 1. The potential crossover (Ec), current density for peak C; (j,), cathodic charge under
the peak C, (Qc) and anodic charge under the peak A, (Q,), obtained from the
voltammograms in the Fig. 2a.

) 2 2 2 current
¢ (MnCl; - 4H,0) | E;, mV | j,, mAcm Qc, mCcm Qa, mC cm efficiency, %
0.9 mol dm’® -1399 | -85.16 -22.61 1.76 7.8
1.8 mol dm™ -1399 | -151.68 -34.39 7.08 20.6
2.4 mol dm’® -1384 | -168.44 -47.50 13.14 271.7
50 o a
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E/mVvs SCE
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sweep rate / mV

Fig. 1. a) Cyclic voltammograms for glassy carbon electrode in 1.8 mol dm™ KCI + 0.4 mol
dm™ H3BO; (blank electrolyte) + 1.8 mol dm™ MnCl, - 4H,0 + 0.005 mol dm™
ZnCl,, at various potential sweep rates; b) variation of current efficiency for Mn
deposition with the sweep rate.
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Fig. 2. a) Cyclic voltammograms obtained for glassy carbon electrode at scanning rate 400
mV s in basic solution + 0.005 mol dm™ ZnCl, + various concentrations of

MnCl; - 4H,0; b) magnified part of voltammogram in solution with 2.4 mol dm™
MnC|2 - 4H,0.
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Fig. 5. The influence of deposition current density on chemical composition of Zn-Mn alloys
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Fig.6. SEM images of Zn-Mn coatings formed from the solution S;' at 30 mA cm™ (a) and
200 mA cm? (b), solution S,* at 200 mA cm™ (c) and 300 mA cm™ (d), and
solution S3' at 100 mA cm™ (e), 200 mA cm™ (f) and 300 mA cm (g).
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