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Electrodeposition of copper-zinc intermetallic compounds (particularly CuZns) has been carried out
onto an AISI 1018 steel substrate from an alkaline non-cyanide solution at room temperature. The
electrodeposits of Cu-Zn alloy were characterized by cyclic voltammetry (CV), cronoamperometry
(CA), linear voltammetry (LV), scanning electron microscopy (SEM) and X-ray diffraction (XRD)
techniques. The formation of the CuZns intermetallic compound was associated with the
underpotential deposition of zinc and its intercalation into the lattice of copper. Analysis of the
chronoamperograms obtained was used for understanding of nucleation and growth mechanism during
the formation of these intermetallic compounds. Finally, the electrocatalytic activity of the
intermetallic compounds obtained was testes for hydrogen evolution reaction.
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1. INTRODUCTION

Electroplating is widely used for production of new materials that require specific mechanical,
chemical and physical properties. The electrodeposition has demonstrated to be a technique with broad
industry acceptance because of its simplicity and low cost in comparison with the other methods of
deposition. Electrodeposition or electrocrystallization is the process in electroplating where the metal
ions in solution are reduced and then join the metal deposit. The factors which affect the structure and
composition of the deposit are the surface finish of the base metal, current density, temperature, pH,
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solvent choice, and the effects of solution additive which are adsorbed onto the cathode surface and
inhibit the growth pattern.

Electrocrystallization has two competing processes: nucleation and grain growth. If a
deposition starts on an electrode surface of a different material (that of the object to be plated) the first
step will be the formation of nuclei of the new phase and their growth into crystals with the
characteristic lattice. Then, once the electrode surface is fully covered by a few atomic layers of this
metal, the layer is thickened into a macroscopic deposit. Nucleation is an improbable event and is
achieved at an electrode surface by the application of a large overpotential. The nuclei, once formed,
grow quite rapidly at comparatively low overpotentials, and in constant-current operation. The
overpotential will decrease substantially once nucleation has occurred [1, 2].

W. Plieth [3] has carried out a discussion on the new properties of the intermetallic compounds
(ICs) formed by electrochemical deposition. An important property of the ICs is its good durability and
catalytic activity when these compounds are used as electrocatalysts [4-8].

The electrodeposition of a-brass (Cu-Zn) alloy is one of the most highly produced coatings
industrially. The a-Brass electrolytic is typically produced by using cyanide containing electrolytes [1,
8]. The yellow-gold a-brass is widely applied due to its properties: corrosion protection, decoration
and adhesion improvement to rubber. Other non-cyanide alkaline plating baths have been investigated
[9-29] and recently by our research group [30] from an alkaline non-cyanide solution containing
glycine. Despite many published works on the Cu-Zn electrodeposition, very little is known about
formation of Cu-Zn intermetallic compounds and its applications [18, 19, 23, 31]. One of great
electrocatalytic applications of Cu-Zn alloy was reported by Macova and Bouzek [32, 33] for NO3
reduction in a weakly alkaline solution, in where the results showed an enhancement of the
electrocatalytic activity; the highest electrocatalytic activity for electroreduction of NO3™ was obtained
using an electrode containing 41 wt. % Zn. in the Cu-Zn alloy. Other authors have published the
production of ammonia from nitrates as an alternative of production of green fuel [34-36].

The CuZns intermetallic compounds were tested to know its electrocatalytic performance for
the hydrogen evolution reaction (HER) and this material can be considered as a good electrocatalyst
for the production of hydrogen.

2. EXPERIMENTAL

The electrolytic solution was prepared with copper(ll) sulfate pentahydrate, zinc sulfate
heptahydrate and glycine, which were purchased from Sigma-Aldrich and then used for the preparation
of the solution electrolytic: 0.1 Cu(ll) + 0.2 M Zn(ll) + 1.8 M glycine, at pH 10.0 and 25°C. All
solutions were prepared using ultra-pure water (Millipore-Q system) and it was deoxygenated by
bubbling N, for 20 minutes before each experiment. The electrodeposition of Cu-Zn alloys was carried
out in a conventional three-electrode cell, and onto thick nickel coatings electrodeposited on AlSI-
1018 steel substrates. The AlISI-1018 steel electrode was made of a steel rod embedded in Teflon, with
an exposed surface area of 0.2 cm?. Before the experiments it was polished to mirror finish with
different grades of alumina down to 0.05 um and ultrasonically cleaned. After the cleaning procedure,
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about a 0.1 pm thick Ni layer was electrodeposited from commercial Watts bath onto steel electrode.
A Pt wire with an exposed area greater than the working electrode was used as counter electrode. A
saturated calomel electrode (SCE) was used as reference, and in this work all potentials are refer to this
scale. The electrochemical experiments were carried out with a potentiostat/galvanostat AUTOLAB
PGSTAT 302N connected to a personal computer running the system software NOVA for control of
experiments and data acquisition. The electrochemical techniques applied to study of nucleation
mechanis of alloy were cyclic voltammetry, chronoamperometry and polarization curves. The solution
temperature was controlled at 25°C utilizing a circulating water thermostat (Bioblock Scientific).
Coating morphology was evaluated using a scanning electron microscope (SEM Zeiss Ultra-55)
equipped with an energy-dispersive X-ray spectroscopy (EDS). In this study, the chemical composition
of alloy coatings was determined with EDS. The Cu-Zn alloys obtained were characterized by X-ray
powder diffraction (XRD) using a Bruker D8 Advance diffractometer with CuKa radiation (A = 1.5406
A).

3. RESULTS AND DISCUSSION

3.1 Study by cyclic voltammetry
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Figure 1. Comparison of the voltammograms obtained from electrolytic solution at different switching
potential (-0.73 V, -1.4 V and -1.61 V). Scan rate (v) of 10 mV s™.

Voltammetry cyclic was performed within the potential range of -1.61 to 0 V using nickel-steel
electrode. The potential scan was initiated in the negative direction from the open-circuit potential
(Eoce = -0.2 V) at a scan rate (v) of 10 mV s™. Figure 1 shows a comparison of the voltammograms
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obtained from electrolytic solution at different switching potential. When the switching potential was -
0.73 V, the cathodic part of the curve a in Figure 1 exhibits the peak A (Epa = -0.66 V), which is
associated with the reduction of Cu (Il) ions to Cu (0). Previous studies [30, 37] have demonstrated
that this electrodeposition process is from reduction of the CuG, complex (where G’ is the anion form
of glycine), which is controlled by mass transfer. The anodic part of this curve a shows a fast increase
in the cathodic current due to the growth of the first nuclei and then two crossovers between the
positive and negative scans are observed, which are characteristic for nucleation process [37, 38]. The
crossovers at -0.42 V and -0.62 V are known as equilibrium (Eco) and nucleation (Ey), respectively. At
potentials more positive than Eco, two anodic peaks (A’ and A’’) are observed at potentials -0.31 v and
-0.18 V, respectively. The peak A’ is associated with the oxidation of Cu electrodeposited during the
potential scan in negative direction. The small oxidation peak A’’ can be attributed to oxidation of
other copper phase electrodeposited in peak A.
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Figure 2. Cyclic voltammetry of copper-zinc alloy that shows the effect of time of halt at —1.40 V
(cathodic polarization) on the anodic peak B’: (a) t = 0 s and (b) t = 60 s. Scan rate (v) of 10
mV s™,

When the inversion of the positive potential scan is occurred at -1.4 V, the cathodic part of the
voltammogram shows an additional peak B. In previous studies [39], we have demonstrated that the
reduction peak B corresponds to underpotential deposition (UPD) of Zn. In the anodic sweep, two
crossovers are newly observed at Ey = -0.58 V and Eco = -0.51 V. This result indicates that a
nucleation process is occurred in B, where the electrochemical co-reduction of the Zn(ll) and Cu(ll)
ions is carried out. An interesting change in the shape of the oxidation peak B’ has been observed; the
peak B’ is formed by the overlap of two distinct dissolution process, which is attributed to the
dissolution of intermetallic compounds. In the literature [3] it has been mentioned that if during the
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alloy formation by via electrochemical, at least one metal is electrodeposited by UPD, this is a factor
for the possible formation of intermetallic compounds.

Finally, the curve c in Figure 1 illustrates the cyclic voltammogram corresponding at inversion
potential -1.61 V. This voltammogram shows during cathodic scan the presence of three peaks A, B
and C; the anodic part of this voltammogram indicates two peaks C’ and C’’, which are associated to
the dissolution of two distinct phases of Cu-Zn alloys. The peak C’ is attributed to the dissolution of a
zinc-rich phase and C’’ to the dissolution of copper-rich phase. In the literature [23] has been
mentioned that the phases formed in the Cu-Zn by via electrochemical differ from those in
metallurgical method, and the results have showed the coexistence of intermetallic compounds e-
CuZns and ¥-CusZng. It is important to mention that in this case the crossovers were no detected.

An additional study by cyclic voltammetry was conducted in order to know if new phases of
Cu-Zn can be detected within the potential range -1.4 V to 0 V. Figure 2 shows a comparison of two
voltammograms obtained from this study. These curves were started from the open circuit potential at
scan rate of 10 mV s and scanned in the negative direction. The potential scan was switched at -1.4 V/
to the positive direction. The curve a) in Figure 2 indicates that cathodic and anodic peaks A, B and B’
are recorded. In the curve b) it is possible to observe that the magnitude of peak B’ is depending on
polarization time. When cathodic polarization is maintained at —1.4 V during a hold time of 60 s, an
increase of current of peak B’ is observed. These results indicate that new compounds of Cu-Zn alloy
were not formed in peak B under these conditions.

3.2 Morphological and structural characterization of Cu-Zn alloys

Cu-Zn alloys samples were prepared by the chronoamperometry technique at -1.30 V and -1.55
V, which are the peak potential of the processes A and B. The potentiostatic experiments were
conducted on the working electrode and after electrolysis the samples were washed by water and
immediately analyzed. The time of electrodeposition was of 10 minutes. The SEM images of the
surface morphology of these samples are shown in Figure 3.
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Figure 3. SEM micrographs of Cu-Zn films obtained at two deposition potentials (Eg): (a) -1.55 V and
(b) -1.30 V.
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Figure 3a shows that the morphology of the deposit obtained at — 1.55 V is formed by small
spherical crystallites and its particle size was estimated to be around 1.50 um. However, the Cu-Zn
electrodeposit obtained at -1.3 V was formed by crystallites of irregular size and smaller in size, see
Figure 3b. High magnification image is showed in Figure 3b, which reveal that the electrodeposit at -
1.3V is composed of small nanoparticles with diameter of between 50-500 nm.

An additional study by energy-dispersive spectroscopy (EDS) indicated that the global
chemical composition in both samples is rich in zinc. At -1.3 V the zinc-rich Cu-Zn alloy contains a Zn
and Cu concentration of 55 wt. % and 45 wt. %, respectively; while at -1.55 V the chemical
composition was 72 wt. % Zn and 28 wt. % Cu.

X-ray powder diffraction (XRD) patterns revealed the phase of as-obtained Cu-Zn alloys.
Figure 4 shows the XRD pattern of samples obtained at -1.30 V and -1.55 V. Both patterns show
reflection peaks that could be readily indexed to pure nickel and small reflections that are
corresponding with the CuZns intermetallic compound (JCPDS Card No. 00-035-1151). No other
diffraction peaks associated to steel were found in the XRD pattern besides the peaks of nickel and
CuZns, which can be attributed to the thickness of the nickel layer. These results also indicate that the
e-phase can be obtained by via electrochemical at low concentration of zinc (< 80 wt. %) in
comparison with metallurgical methods.
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Figure 4. DRX patterns of Cu-Zn films obtained at two deposition potentials: (a) -1.55 V and (b) -1.30
V.

3.3 Study by chronoamperometry

Chronoamperometric analysis has been utilized to study the nucleation and growth mechanism
of metals electrodeposition [37, 39, 40-43]. However, the majority of the theoretical models have been
developed for electrodeposition of a single metal and few works have been conducted for



Int. J. Electrochem. Sci., Vol. 10, 2015 2898

electrodeposition of metallic alloys [44-47]. Potentiostatic typical current density-transient curves are
shown in Figure 5 in the negative potential range from -1.2 to -1.32 V for the voltammetric peak A.

t/s

Figure 5. Typical family of potentiostatic transients obtained at different potential during the
electrodeposition of Cu-Zn alloy in the voltammetric peak A.

For Cu-Zn co-deposition in Figure 5, each transient has two well-defined recognizable zones.
The first zone corresponds to the increase in cathodic current density up to a maximum, which is
typical of crystal nucleation and growth processes. The second zone corresponds to the decline in the
current density, which is typical of a diffusion-controlled process.

To extract quantitative information on the kinetic parameters associated with crystal nucleation
and growth processes from the current density transients, we consider that the current density is well
described by the theoretical model proposed by O. Diaz-Morales et al. [47] associated with the
diffusion-controlled nucleation and growth of bimetallic crystals in 3D (i3p-qc).

In developing the model for the description of the kinetics of nucleation and growth of
bimetallic systems, Diaz-Morales and coworkers [47] assumed that charge transfer steps during
reduction of ions leading to the inclusion of metal atoms into bimetallic clusters are fast, thus ensuring
that mass transfer from solution is rate determining. Whereby the electrodeposition of a bimetallic
cluster involves reduction of metal ions M;‘-“L and M§=+ from solution:

MU+ zem - M, (1)

M3+ zem = M, (2)

In accordance with the experimental conditions the Cu?* and Zn?* ions are present in the
electrolytic solution forming the complexes CuG, and ZnG; [30], additionally both species involved
two electrons during the electrodeposition process.
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The current associated with the growth of these clusters is [47]:

D, FC*
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/0.t :

where C* = yC3 = Cj and 7 is the ratio between C; and C3 and these last are the bulk concentrations
of the two component species in solution and F is the Faraday’s constant. The parameters D, and D,
are mass and charge transport coefficient and apparent diffusion coefficient, respectively, (which relate
the diffusion coefficients of the electrodepositing ions in solution D; and D). The parameters in
equation (3) are given by equations (4)-(8).
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Here, A (sV) is the nucleation rate constant, No (cm™) is the number density of active sites on
the substrate and v,, ; ¥ v,,, are molar volumes of the electrodeposited copper and zinc metals,
respectively. For our case C; and C3 represent the concentration of CuG,and ZnG; complexes in the
electrolytic solution and these are 0.1 and 0.2 mol dm™, respectively. Thus v = ; , 4= 0.33 and x, =

0.67. The molar volume for copper is 7.09 9.16 cm® mol™ and for zinc is 9.16 cm® mol™.

Figure 6 shows a comparison between the experimental data for the transient obtained at -1.2 V
and the nonlinear fit of equation (3). It is clear from this figure that the nucleation of Cu-Zn crystals
conforms to the 3D-dc model for bimetallic systems (t < 0.58 s). Similarly, during the growth process
of these crystals (0.58 < t < 2.40 s) the experimental data are consistent with the simulated data
obtained from non-linear fit of equation (3). However, the declining part of the transient (t > 2.40 s)
does not conform to the process of 3D diffusion-controlled. It behavior has been attributed with slow
charge-transfer kinetic during the discharge of the CuG,and ZnGgcomplexes and probably an
adsorption phenomenon of glycine on electrode is occurring. The values of the nucleation Kinetic
parameters obtained for this fit were No = 1.1 x 10° cm™ with A = 88 s™. Similar behavior was
observed for all of the transients shown in Figure 5. The diffusion coefficient values were taken from
literature [37, 39].
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Figure 6. Comparison of an experimental transient recorded at -1.20 V with a simulated transient
obtained using equation (3).

3.4 Electrocatalytic activity evaluation for HER.

The evaluation of the electrocatalytic activity of coatings of Cu-Zn alloys obtained at -1.30 V
and -1.55 V were tested for the hydrogen evolution reaction (HER) in 0.1 M NaOH aqueous solution.
Figure 7 shows the cathodic polarization curves obtained for HER on (a) CuZns at -1.30 V, (b) CuZns
at -1.55 V and (c) Cu electrodeposited at -0.70 V. It is clear to observe in Figure 8 that the lowest
potential to start the HER occurs on CuZns at -1.30 V, showing a high activity for this reaction.
However, CuZns at -1.55 V showed a higher activity for HER in comparison with single copper
electrode.

The higher activity founded for Cu-Zn at -1.30 V for the HER can be related to strongly
absorbed hydrogen on the surface of CuZns intermetallic compound at -1.30 V.
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Figure 7. Cathodic polarization curves at scan rate of 2 mV s™ from 0.1 M NaOH aqueous solution on

CuZns intermetallic compounds and Cu metallic for HER. (a) CuZns obtained at -1.30 V, (b)
CuZns obtained at -1.55 V and (c) Cu obtained at -0.70 V

4. CONCLUSIONS

The CuZns intermetallic compound has been prepared and characterized by electrochemical
deposition an alkaline non-cyanide solution at room temperature, in presence of glycine. The formation
of the CuZns intermetallic compound was associated with the underpotential deposition of zinc and its
intercalation into the lattice of copper. The chronoamperometric study allowed us to conclude that the
nucleation step is consistent with the 3D-dc model for bimetallic alloy electrodeposition. The
intermetallic compound obtained at -1.30 V showed the highest electrocatalytic activity and the lowest
potential for HER.
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