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ABSTRACT: This study outlines a novel and sustainable
electrodeposition−redox replacement (EDRR) method to produce
Cu/Zn alloys using a simulated hydrometallurgical Zn solution
containing 200 ppm Cu, 65 g/L Zn, and 10 g/L H2SO4. The
results indicate that by tailoring the EDRR parameters, like
deposition time, replacement time, and agitation conditions, Cu/
Zn alloys with controllable properties including chemical
composition, microstructures, colorations, and crystalline phases
can be readily obtained. Scanning electron microscopy (SEM)
analysis shows that coherent Cu/Zn films grow from separate
nanoscale particles produced during the initial EDRR cycles.
Furthermore, the corrosion performance of the prepared Cu/Zn
films is tunable by changing the crystalline phases through the
variation of operating conditions. For example, deposits containing Zn-rich phases (CuZn5, Cu5Zn8) obtained with short redox
replacement times without agitation resulted in relatively poor corrosion resistance. In contrast, Cu-rich phases (Cu0.75Zn0.25,
Cu0.85Zn0.15) with enhanced corrosion performance were achieved with prolonged redox replacement times and/or the application of
magnetic stirring. Unlike traditional electrodeposition, the EDRR method does not involve any complexing agents and the currently
underutilized hydrometallurgical solutions were used as potential raw materials. Overall, the study suggests the EDRR method as a
promising approach to achieve sustainable manufacturing of Cu/Zn alloys and an improved circular economy of metals.

KEYWORDS: cyanide-free electroplating, brass, EDRR, corrosion resistance

■ INTRODUCTION

Cu/Zn alloys, also known as brass, have been used in a broad
range of applications such as decoration, corrosion protection,
electrode materials for energy storage, shape-memory materi-
als, and adhesion interlayers between rubber steel tire cords.1−5

Electrodeposition is one of the most common methods for
Cu/Zn alloy production, nevertheless, the simultaneous
deposition of Zn and Cu usually requires the addition of
complexing agents due to the notable difference between the
potentials of Zn2+/Zn (−0.76 V vs the standard hydrogen
electrode (SHE)) and Cu2+/Cu (+0.34 V vs SHE) redox pairs.
Traditionally, cyanide has been used as the complexing agent
for Cu/Zn alloy electroplating,1,6,7 although concerns about
environmental, health, and safety issues have been escalating
due to the high toxicity. Various types of complexing agents
have been investigated as alternatives to cyanide, such as
oxalate,8 pyrophosphate,8−11 ethylenediaminetetraacetic acid
(EDTA),12 nitrilotriacetic acid,13 triethanolamine,14 cit-
rate,15,16 glutamate,17 gluconate,18 tartrate,19 sorbitol,20

glycine,21 and glycerol.22 Nevertheless, the usage of such
additives can increase the operating costs and burden of
wastewater treatment.23−25 Several attempts have been made

using ionic liquids and deep eutectic solvents for brass
electrodeposition due to their wide electrochemical windows,
vapor pressure, and high ionic conductivity,26−29 however, the
commercial application of these nonaqueous electrolytes has so
far been limited by their high prices. On the other hand, the
demand for copper and zinc has continued to increase due to
the increased consumption of electronics and construction
materials due to the demands of the growing global population.
At the same time, the availability of high-grade raw materials
has been decreasing.30,31 Consequently, the utilization of
secondary raw materials for brass preparation is worthy of
attention as it can decrease the production cost and enhance
the metal circular economy.
Recently, a novel electrodeposition−redox replacement

(EDRR) method has been developed to recover valuable
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elements such as Au,32−37 Ag,32,38−40 Te,41 and Pt42 with
minute concentration (ppm or even ppb level) from different
complex solutions. Moreover, the EDRR method was found to
be promising for the direct production of bimetallic functional
materials such as Pt/Ni,43 Ag/Cu,44 and Ag/Zn45 particles,
from industrial-type process streams. Nevertheless, previous
studies have mainly focused on precious metals, while in
practice, base metals can also exist as impurities in the process
solutions. For instance, during the hydrometallurgical
production of Zn, Cu is usually present in hundreds of ppm
within the process solutions and it needs to be removed as it
may contaminate the final Zn products.46 However, conven-
tional Cu removal methods like cementation,47 adsorption,46

and solvent extraction48,49 may face challenges as the intensive
usage of chemicals can increase costs and the related
wastewater outputs. Moreover, additional treatments are
usually needed to obtain pure Cu from the side products of
these conventional processes.47 Consequently, the growth of
consistent Cu/Zn alloy coatings from Zn process solutions by
EDRR is extremely attractive as it has been demonstrated that
bimetallic particles can be prepared between metals with
distinct potentials without the need for any complexing
agents.43−45

This study investigates the technical feasibility of the direct
production of Cu/Zn alloy films using the electrodeposition
and redox replacement (EDRR) method from a hydro-
metallurgical zinc process solution with 65 g/L zinc, 10 g/L
H2SO4, and 200 ppm Cu as the raw materials. The whole
process was conducted in a simple electrochemical cell in the
absence of any types of complexing agents. The resultant Cu/
Zn films were comprehensively characterized using various
analytical techniques like scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDS), anodic
linear sweep voltammetry (ALSV), X-ray diffraction (XRD),
and the open-circuit potential (OCP) values. The results
indicate that the properties of Cu/Zn alloy films, such as
chemical composition, surface microstructures, colorations,
and crystalline phases can be readily controlled by varying the
operating parameters like deposition time, replacement time,
and magnetic stirring. The growth protocol of the Cu/Zn films
with different numbers of EDRR cycles was determined by a
detailed SEM study. In addition, the corrosion performance of
the Cu/Zn alloys was found to be closely related to the
crystalline phases present within the films, which can be
controlled by varying EDRR parameters. This further high-
lights the significant application potential of the Cu/Zn films
obtained by the EDRR method.

■ EXPERIMENTAL SECTION
All electrochemical measurements were conducted in a conventional
three-electrode cell (50 cm3) and controlled using an IviumStat 24-bit
CompactStat potentiostat (Ivium Technologies, Netherlands). Glassy
carbon (GC) plates (one-side exposed area of 1 cm2, Alfa Aesar) were
used as the working electrodes (WEs). A Pt plate (9 cm2, Pt wt %
≥99.5%, Kultakeskus Oy, Finland) was used as the counter electrode
(CE) and a saturated mercury−mercurous sulfate electrode (Hg/
Hg2SO4, +0.65 V vs a standard hydrogen electrode (SHE), Mettler
Toledo, Switzerland) was utilized as the reference electrode (RE).
The distance between the WE and CE was fixed at 2 cm. Before the
electrochemical experiments, the GC electrodes were first cleaned
using ethanol (≥94 wt %, Altia Oyj, Finland) in an ultrasonic bath
(VWR) for 15 min, electrochemically cleaned in 0.1 M H2SO4 by 10
cycles of cyclic voltammetry (CV, scan speed: 50 mV/s, potential
range: −1.2 to +1.1 V), then rinsed with deionized (DI) water and

dried in air. Zn/Cu alloy films were prepared on the WE from a
simulated zinc process solution (65 g/L Zn (from ZnSO4·7H2O,
≥99%, Sigma-Aldrich), 200 ppm Cu (from CuSO4·5H2O, ≥98%,
Sigma-Aldrich), and 10 g/L H2SO4 (from concentrated H2SO4, 95−
97%, EMD Millipore)) using 200 cycles of electrodeposition−redox
replacement (EDRR) at room temperature. All of the solutions were
prepared with Millipore Milli-Q deionized water (DI water, ≥18 MΩ·
cm).

The EDRR protocol utilizes two repetitive steps: (i) Zn is
deposited at a potential of Eed for a short time t1 (0.3 or 0.5 s) (ED
step) and (ii) the external potential is disconnected, and the
previously formed Zn deposit is replaced by Cu2+ ions at the open
circuit for replacement time t2 (5−40 s) (redox replacement (RR)
step). Some EDRR experiments were carried out with a 100-rpm
stirring speed (r) achieved by magnetic stirring, whereas some similar
samples were prepared without agitation to study the effects of mass
transfer. Moreover, EDRR experiments with 2, 4, 6, 8, 15, 30, 60, and
100 cycles (Eed = −1.55 V (vs Hg/Hg2SO4), t1 = 0.5 s, t2 = 20 s, r =
100 rpm) were conducted to study the growth process of Cu/Zn
films.

Surface morphology and the composition of the deposits produced
by EDRR were analyzed by scanning electron microscopy (SEM) in
combination with energy-dispersive X-ray spectroscopy (EDS,
ThermoFisher Scientific Ultradry EDS Detector). Results of the
Cu/Zn atom percentage were average values of 5 area EDS scans per
sample. Anodic linear sweep voltammetry (ALSV) was performed for
the Cu/Zn films in a 0.2 M (NH4)2SO4 solution (from (NH4)2SO4,
>99%, Alfa Aesar, Germany) at a scan speed of 5 mV/s in a potential
range from −1.60 to +1.00 V (vs Hg/Hg2SO4). The crystalline phases
of Cu/Zn films were determined by X-ray diffraction (XRD,
PANalytical X’Pert ProPowder, Almelo, The Netherlands) using a
Cu Kα radiation source at a scan speed of 0.1°/min with a 2θ (°)
range between 15 and 90° (acceleration potential of 40 kV and
current of 40 mA) and the results were analyzed using HighScore 4.0
plus software. Corrosion resistance of the Cu/Zn films was
investigated by potentiodynamic polarization measurements using
the same electrochemical cell as the EDRR experiments in a solution
containing 3.5 wt % NaCl (from NaCl, ≥98%, Sigma-Aldrich,
Germany) at room temperature. Prior to the polarization measure-
ments, the coated samples were immersed in the NaCl solution for 30
min to achieve a stable open-circuit potential (OCP). The
polarization experiments were conducted across a potential range
from −350 to +350 mV (vs OCP) at a scan rate of 0.5 mV/s. The
corrosion potential (Ecorr) and corrosion current density (jcorr) were
evaluated based on the Tafel extrapolation method.

■ RESULTS AND DISCUSSION
Zn/Cu Films by EDRR. Figure 1 shows a typical potential

profile as a function of time during 200 cycles of EDRR
measurements. The potential−time curve of 1st−5th, 100th−
103rd, and 197th−200th cycles are presented here for the
purpose of clarity. As can be seen, zinc was deposited at −1.55
V (vs Hg/Hg2SO4, Eed) for 0.5 s (t1) via eq 1, which was
immediately followed by a redox replacement step (RR) at
OCP for 10 s (t2). The deposited zinc in the ED step was
spontaneously replaced by Cu2+ ions in the RR step (eq 2) due
to the potential difference (1.1 V) between eqs 1 and 2.

EZn 2e Zn(s) 1.42 V vs Hg/Hg SOaq
2 0

2 4+ = = −+ −

(1)

ECu 2e Cu(s) 0.31 V vs Hg/Hg SOaq
2 0

2 4+ = = −+ −

(2)

To investigate the effects of t1, t2, and agitation conditions, 16
samples (S1−S16) with different EDRR parameters were
prepared with a constant Eed of −1.55 V (vs Hg/Hg2SO4). The
details of the experimental conditions are displayed in Table 1.
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Figure 2 shows the SEM micrographs of Cu/Zn films
prepared by EDRR and the related chemical compositions are
also summarized in Table 1. Pure Zn and Cu metals have
different electrode potentials as displayed in eqs 1 and 2,
therefore, the differences in the composition of the Cu/Zn
films can be characterized by the OCP values. The open-circuit
potential (OCP) values at the end of each EDRR cycle were
collected and are presented in Figure 3, whereas images of the
samples produced by the variation in EDRR parameters are
shown in Figure 4.
As can be seen from Figure 2a, spiky structures similar to the

initiation of dendrite growth in traditional electrodeposition
were obtained with a relatively short t2 = 5 and 10 s (t1 = 0.5 s,
r = 0 rpm). The formation of such morphology is related to the
screw dislocation of Zn atoms deposited during the electro-
deposition stage, which is affected by the limited diffusion of

Zn2+ ions and hindered electron transfer.50,51 The spiky
structures are retained with short redox replacement step times
as only a relatively low amount of Zn reacts with Cu2+ and
dissolves back into the solution due to the mass-transfer
limitation of the copper ions that results from the low Cu
concentration (200 ppm). Moreover, the notable effect of
mass-transfer limitation of Cu2+ ions during the redox
replacement step also is reflected by the relatively low contents
of Cu in the deposits when time t2 was low and the solution
was not stirred (S1 and S2), as shown in Table 1. The variation
of the OCP values (Figure 3a) is in accordance with the EDS
results: the OCP of the first cycles showed a mixed value
between the potentials of Zn and Cu metals, whereas an
increase in the number of cycles resulted in a shift of the
electrode potential toward more negative values close to the
potential of pure Zn, which indicates the high content of Zn in
the deposits. On the other hand, previously published studies
have reported that the formation of spiky structures can be
associated with the H2 gas attached to the surface of the
electrode.52,53 In this study, the hydrogen evolution reaction
(HER) is inevitable during the ED step as the applied potential
was more negative than that outlined by eq 3. The H2 formed
can adsorb on the electrode surface leading to an uneven
distribution of the local current density. This phenomenon also
facilitates the formation of spiky structures observed with short
replacement intervals due to the lack of time for gas desorption
from the electrode surface to occur.

E2H 2e H (g) 0.65 V vs Hg/Hg SOaq 2
0

2 4+ = = −+ −

(3)

As expected, the Cu content in the deposit steadily increased
with longer replacement times of 20 s (Cu 65 atom %) and 40
s (Cu 77 atom %) as more Zn was replaced by Cu ions. A
dramatic change in the microstructure of the deposit was also
observed when t2 increased from 10 to 20 s. A smoother
surface comprised of fine particles with irregular morphology
was obtained as longer replacement times allow more of the
deposited Zn to react with Cu2+ ions and the evolved H2 to
completely desorb from the electrode surface. A more compact
microstructure was achieved with the further increase of t2 to
40 s. In this case, the crystal grains change to a more spherical
morphology and can be seen to be more closely associated,
possibly due to synergistic interaction of the increased reaction
between Cu ions and Zn, H2 desorption, and Ostwald ripening.
The effect of the increased t2 was also reflected in the recorded
OCP values for the working electrode as shown in Figure 3a.
The OCP increased markedly to more positive values with
longer replacement times, and this correlates with the
increased Cu content within the Cu/Zn deposits. Additionally,
the coloration of the brass films was found to be related to the
Cu/Zn ratios as well as the surface morphology and these can
be readily altered by tailoring the EDRR parameters. A notable
variation of surface coloration with different t2 values was
observed as shown in Figure 4a. Initially, dark gray deposits
were obtained at t2 of 5 s (S1) and 10 s (S2) due to the high
Zn content, whereas the deposit with a t2 value of 20 s (S3)
appeared brown and this was subsequently observed to change
to a more copper color when t2 was further increased to 40 s
(S4).
A clear difference in the morphology was observed when

magnetic stirring (100 rpm) was applied (see Figure 2b).
Instead of spiky structures, for S5 (t2 = 5 s) the surface
morphology was found to comprise of small flakes, whereas

Figure 1. Potential−time profile during 200 cycles of EDRR
measurements (Eed = −1.55 V (vs Hg/Hg2SO4), t1 = 0.5 s, t2 = 10
s, and r = 0 rpm, for the sake of clarity, only selected cycles are
presented).

Table 1. Parameters of EDRR Experiments and the
Composition of Cu/Zn Films by EDRR (Average Value of 5
EDS Area Scans per Sample)

composition
(atom %)

sample ID t1 (s) t2 (s) r (rpm) Cu Zn

S1 0.5 5 15 85
S2 0.5 10 27 73
S3 0.5 20 65 35
S4 0.5 40 77 23
S5 0.5 5 100 67 33
S6 0.5 10 100 79 21
S7 0.5 20 100 82 18
S8 0.5 40 100 84 16
S9 0.3 5 34 66
S10 0.3 10 63 37
S11 0.3 20 72 28
S12 0.3 40 81 19
S13 0.3 5 100 80 20
S14 0.3 10 100 83 17
S15 0.3 20 100 84 16
S16 0.3 40 100 86 14
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with a longer t2 of 10 s (S6) a surface structure with a loose
structure of fine particles was evidence. This can be ascribed to
the fact that agitation greatly improved not only the diffusion
conditions for Zn ions in the ED step and Cu ions during the
RR step but also the desorption of H2. Compared to the Cu
content within samples S1 (15 atom %) and S2 (27 atom %),
the Cu content within S5 and S6 increased to 67 and 79 atom
%, respectively. Also, with a replacement time of 5 s (S5) and

10 s (S6), the OCP values of the working electrode are more
positive than that of S1 and S2, which agrees with the higher
Cu within the samples as a result of stirring. With further
increased replacement times (S7 and S8), more compact
structures were obtained which were similar to the surfaces
produced without agitation, although the changes in the Cu
content and OCP values are less considerable. The variation of
the chemical composition is also reflected in the sample

Figure 2. SEM micrographs of Cu/Zn alloys from a solution containing 200 ppm Cu, 65 g/L Zn, and 10 g/L H2SO4 by 200 EDRR cycles. (a) t1=
0.5 s, t2 = 5−40 s, r = 0 rpm; (b) t1 = 0.5 s, t2 = 5−40 s, r = 100 rpm; (c) t1= 0.3 s, t2 = 5−40 s, r = 0 rpm; and (d) t1= 0.3 s, t2 = 5−40 s, r = 100
rpm.

Figure 3. Open-circuit potential (OCP) values at the ends of the EDRR cycles during the preparation of samples (a) S1−S8, t1 = 0.5 s and (b) S9−
S16, t1 = 0.3 s.
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coloration (Figure 4b), which vary from brown, through
brown/orange, to medium orange, and bright yellow when t2
was increased from 5 to 40 s.
The effect of deposition time was further investigated by the

use of a shorter t1 = 0.3 s. As can be seen from Figure 2c, the
sample prepared with this time and t2 = 5 s (S9) also has a
spiky microstructure. Nevertheless, a drastic change in the
surface product morphology (i.e., from spiky structure to
smooth surface) was still observed and more compact
microstructures were achieved by further increasing the
replacement time. In this case, where t1 = 0.3 s, the diffusion
limitation in the ED step is less severe due to the lower
consumption of Zn ions in the vicinity of the electrode and
reduced level of zinc deposited on the surface. Consequently, a
shorter replacement time t2 = 10 s (S10) was needed when t1 =
0.3 s for the morphology transition cf., 20 s (when t1 = 0.5 s,
S3). On the other hand, when t1 = 0.3 s less H2 gas is
generated, which may also lessen the formation of a spiky
structure. In addition, it can be observed that the grain size
shown in Figure 2a (S1−S4) is discernably larger than that in
Figure 2c (S9−S12), as a longer t1 of 0.5 s allows the
nucleation points formed during the initial stage to grow54 and
a similar phenomenon has also been reported during the
formation of Ag/Cu particles by EDRR.44 The effect of the
deposition time is reflected by the variation of the chemical

composition of the deposits and the working electrode OCP
values. With the same replacement time, the Cu percentage for
samples with t1 = 0.3 s is markedly higher than those where t1
= 0.5 s. For example, compared to S1 (Cu 15 atom %), the Cu
content within S9 increased to 34 atom %. Accordingly, the
OCP values recorded when t1 = 0.3 s (S10−S12, Figure 3b)
are, in general, more positive when compared to those from
S2−S4 where the same t2 (10−40 s) was applied. In contrast,
for the samples produced by t2 = 5 s, the Cu content within S9
is higher than S1 even though the OCP values were found to
be similar. This could be attributed to the presence of Zn-rich
brass phases, which means there is still a considerable amount
of Zn within both samples. The dark gray color observed for S9
results from the high zinc content and the coloration of the
samples was found to change to a more copper-like appearance
with the increase in t2 from 10 to 40 s (Figure 4c).
Moreover, the notable improvement in the mass-transfer

process by agitation is still observed for the samples where t1 =
0.3 s. As shown in Figure 2d, no spiky structure formation is
evident for the sample where t2 = 5 s when 100 rpm magnetic
stirring is applied. The recorded OCP is also in accordance
with the deposit composition as the working electrode OCP
for t2 = 5−20 s had significantly higher values compared to
those in the absence of agitation (Figure 3b). Also, the Cu/Zn
ratio was considerably higher when no stirring was applied,
resulting in a range of colors from red through brown to
yellow, as shown in Figure 4d.
Figure 5 shows the anodic linear sweep voltammetry

(ALSV) results. Different oxidation peaks were observed
during the potentiodynamic scans of the Cu/Zn films obtained
by various EDRR parameters and these potential peaks are
directly related to the crystalline phases present in the Cu/Zn
alloys. To further identify the crystalline phases of the Cu/Zn
films, the deposits were further characterized by X-ray
diffraction (XRD) as displayed in Figure 6. For samples S1
and S2 (t1= 0.5 s, r = 0 rpm, t2 = 5 and 10 s, respectively) and
three peaks (a1, a2, a3) were observed. Based on the XRD
results in Figure 6a, peak a1 can be associated with the
dissolution of the Zn component from a CuZn5 alloy present
in these samples. Peak a2, located at a more positive potential,
can be attributed to the dissolution of Zn from another alloy
phase with higher Cu content (Cu5Zn8). Although a2 was
observed for both S1 and S2, the XRD peaks related to Cu5Zn8
are not visible within the XRD spectrum of S1. The reasonable
explanation is that, for S1, Cu5Zn8 was generated after the

Figure 4. Photos of Cu/Zn alloys from a solution containing 200 ppm
Cu, 65 g/L Zn, and 10 g/L H2SO4 by 200 EDRR cycles. (a) t1 = 0.5 s,
t2 = 5−40 s, r = 0 rpm; (b) t1 = 0.5 s, t2 = 5−40 s, r = 100 rpm; (c) t1
= 0.3 s, t2 = 5−40 s, r = 0 rpm; and (d) t1 = 0.3 s, t2 = 5−40 s, r = 100
rpm.

Figure 5. Anodic linear sweep voltammetry (ALSV) curves of Cu/Zn samples by EDRR in a 0.2 M (NH4)2SO4 solution: (a) S1−S8, t1 = 0.5 s and
(b) S9−S16, t1 = 0.3 s.
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dissolution of the Zn component from the CuZn5 phase, while
for S2, both crystalline phases (Cu5Zn8 and CuZn5) were
formed during sample preparation. For the samples with longer
replacement times (S3 and S4), only a single peak (a3) was
detected during ALSV measurements. According to the XRD
results, peak a3 within these samples is related to a Cu-rich
intermetallic (Cu0.75Zn0.25).
In contrast, when magnetic stirring was applied during

EDRR (S5−S8), all of the ALSV curves showed only a single
oxidation peak. The related XRD results (Figure 6b) indicate
that S5 and S6 are mainly comprised of Cu0.75Zn0.25. With an
increase in t2 to 20 s (S7), more Zn was replaced by Cu and,
therefore, another Cu-rich phase (Cu0.85Zn0.15) was found to
be present. For the longest replacement investigated (t2 = 40 s,
S8), the predominant phase was found to consist of
Cu0.85Zn0.15. Interestingly, the dissolution of Cu0.85Zn0.15 and
Cu0.75Zn0.25 did not appear in the ALSV as separate anodic
peaks, possibly because these two phases have similar oxidation
potentials.
For sample S9 (t1= 0.3 s, r = 0 rpm, t2 = 5 s), three peaks

(b1, b2, b3) were observed as shown in Figure 5b and two
crystalline phases were identified in the corresponding XRD
patterns (Figure 6c). For samples S10−S12, single-peak ALSV
curves were obtained, which correlates with the Cu-rich phase
(Cu0.75Zn0.25) present within these samples. The replacement
time needed to obtain the Cu-rich phase when t1 = 0.3 s was
somewhat shorter than that for t1 = 0.5 s (10 s cf. 20 s; S10 and
S2), a finding that correlates with the EDS results in Table 1.
In comparison, for samples S13−S16, only one peak (b3) was
observed in the ALSV curves, nevertheless, according to the

associated XRD patternsshown in Figure 6dthe dominant
crystalline phases within these samples were as follows: S13
(Cu0.75Zn0.25, Cu0.85Zn0.15), S14 (Cu0.75Zn0.25, Cu0.85Zn0.15),
S15 (Cu0.85Zn0.15), and S16 (Cu0.85Zn0.15).
Figure 7 shows the evolution of the morphology of the Cu/

Zn film as a function of the number of EDRR cycles (EDRR
parameters: t1= 0.5 s, t2 = 20 s, r = 100 rpm). As can be seen
from Figure 7a, separated nanoparticles with an average
diameter of 31 ± 16 nm were already formed on the substrate
after 2 EDRR cycles. In general, the size of the particles is
smaller than the cluster size (<10 nm) formed in the initial
cycles by surface-limited redox replacement (SLRR). Such an
observation probably is because SLRR uses sacrificial layers
formed by underpotential deposition, whereas the EDRR
methodology used in this study involved Zn deposition at its
bulk potential range.55−60 When the number of cycles was
increased from 2 to 10 cycles, a steady increase of the particle
size was observed and the boundaries between particles can be
clearly identified, such a trend has also been reported for Pt/Ni
and Ag/Zn particle preparation by EDRR.43,45 After 15 cycles,
the particles continue to grow and individual particles begin to
coalesce with each other as shown in Figure 7f. Finally, an
almost complete surface layer comprising of associated
spherical particles is formed when the more than 60 EDRR
cycles were repeated (Figure 7h,i). This mechanism of
growthfrom individual particles to a continuous layerhas
also been commonly observed during the deposition of metal
layers by SLRR and is associated with the surface energy and
the surface mobility of metal atoms.56,59,61

Figure 6. XRD patterns of EDRR samples: (a) S1−S4, (b) S5−S8, (c) S9−S12, and (d) S13−S16.
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Corrosion Performance. Corrosion performance of the
Cu/Zn surface films was investigated via potentiodynamic
polarization tests by the Tafel method as shown in Figure 8.
Moreover, the associated corrosion potentials (Ecorr) and
corrosion current densities (jcorr) determined by Tafel
extrapolation are summarized in Table 2. Generally, the
corrosion performance of the EDRR deposited Cu/Zn films is
closely related to the phase composition. For example, samples
produced by a short replacement time without stirring (S1, S2,
and S8) have a markedly more negative Ecorr (between −1.39

and −1.44 V vs Hg/Hg2SO4) and higher Jcorr (10.9−25.7 μA/
cm2), which indicates a lower corrosion resistance when
compared to other samples. Such a low corrosion resistance
results from the presence of the CuZn5 phase within these
samples and a similar corrosion behavior has been reported
previously for Zn-rich phases in Cu/Zn coatings produced by
traditional electrodeposition (ED) from a deep eutectic solvent
(mixture of ChCl and urea in a molar ratio of 1:2) as shown in
Table 2.26,29 In contrast, this study shows that Cu/Zn coatings
with tunable corrosion resistance can be obtained from

Figure 7. SEM images of the GC working electrode surface after different number of EDRR cycles: (a) 2, (b) 4, (c) 6, (d) 8, (e) 10, (f) 15, (g) 30,
(h) 60, and (i) 100 cycles (Eed = −1.55 V, t1 = 0.5 s, t2 = 20 s, r = 100 rpm).

Figure 8. Potentiodynamic polarization curves of the Cu/Zn samples by EDRR in a 3.5 wt % NaCl solution: (a) S1−S8, t1 = 0.5 s and (b) S9−S16,
t1 = 0.3 s.
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aqueous solution through control of the applied EDRR
parameters. When no agitation was applied to the system,
the corrosion performance can be markedly improved by
increasing the redox replacement time. For instance, the Ecorr
of S4 (t2 = 40 s) increased to −0.67 V while the jcorr decreased
to 3.9 μA/cm2 cf. to Ecorr = −1.44 V and jcorr > 25.0 μA/cm2

for S1.
When stirring was applied, the replacement time required to

achieve improved corrosion resistance was determined to be
clearly shorter. All Jcorr values for samples produced with
agitation were less than 4 μA/cm2 when the replacement time
was >10 s (S6−S8, S13−S16), and these values are similar to
those for Cu-rich Cu/Zn coatings produced by electro-
deposition from a relatively expensive deep eutectic solvent.26

Additionally, a slight improvement in corrosion resistance was
also observed for the samples which had both a longer
replacement and stirring time, which is probably due to the
formation of more compact microstructures. Compared with
the previous Cu/Zn films by traditional electrodeposition from
sulfate/chloride solutions using trisodium citrate as the
complexing agent,16 the Cu/Zn films by EDRR also showed
enhanced corrosion behavior as presented in Table 2.

■ CONCLUSIONS
Cu/Zn alloys were successfully prepared from a simulated
hydrometallurgical zinc process solution (200 ppm Cu, 65 g/L
Zn and 10 g/L H2SO4) using the electrodeposition−redox
replacement (EDRR) method based on the spontaneous
replacement of pulsed-deposited Zn by Cu2+ ions in the
solution. The morphology, chemical composition, and
crystalline phases of the deposited Cu/Zn alloys can be
controlled by tailoring the EDRR parameters like deposition
potential (E1), deposition time (t1), redox replacement time
(t2), and the presence or absence of stirring. Due to the low
concentration of Cu (200 ppm), the mass-transfer limitation
has significant effects on the properties of the deposits.

Samples with a short replacement time without agitation have
spiky structures with high Zn content and Zn-rich phases
(CuZn5 or CuZn5 + Cu5Zn8). By increasing the replacement
time or through the application of magnetic stirring, the Cu/
Zn films can be tuned to be smooth structures with high Cu
content that comprise of Cu-rich phases (Cu0.75Zn0.25 or
Cu0.75Zn0.25 + Cu0.85Zn0.15 or Cu0.85Zn0.15). Consequently, the
corrosion performance of the Cu/Zn alloys is also controllable
through the variation of the EDRR parameters as the corrosion
resistance is directly related to the types of crystalline phases
present. Compared to the traditional electrodeposition,
currently underutilized secondary raw materials, like hydro-
metallurgical process solutions, could be used with the EDRR
method to form corrosion-resistant Cu/Zn surfaces without
the need for additional complexing agents, which can decrease
both the costs and environmental burden associated with
current brass alloy manufacturing processes.
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