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The electrodeposition-redox replacement (EDRR) method was investigated for the preparation of two types of
functional surfaces. A synthetic solution simulating Zn process solution containing 65 g/L Zn, 200 ppm Cu, 2
ppm Ag and 10 g/L H2SO4 was used as the source for creating functional surfaces EDRR experiments. The effects
of operating parameters such as deposition potential (E;), deposition time (t;), and redox replacement time (tz)
have been comprehensively studied. When E; was selected to deposit Zn as the sacrificial metal, coherent Cu/Zn/
Ag coatings with various chemical compositions, crystalline phases and surface morphology were obtained
depending on the selected t; and t,. The Cu/Zn/Ag coatings also exhibited competitive corrosion resistance (Eor
= —683 to —634 mV vs. Hg/Hg>S04, jcorr = 1.6-4.1 pA/sz) when compared to those detailed in the literature.
In contrast, when E; was selected so that Cu was the sacrificial metal, separated Cu/Ag particles with controllable
chemical composition, particle size (82-170 nm) and tunable surface plasmon resonance (SPR) behavior were
formed through the variation of t; and t,. In addition to the ability to tailor different functionalities for the
surfaces from the same solutions, the process was performed in a single electrochemical cell without the addition
of any complexing agents. Overall, these promising results demonstrated the versatility of the EDRR method to
create various high value-added functional materials from complex hydrometallurgical solutions which contain

multiple metal impurities.

1. Introduction

Functional materials with special physical, chemical or biological
properties are of great importance in modern society due to their
applicability in upgrading traditional industries and boosting the
advancement of high-tech fields like biotechnology and energy tech-
nology [1]. Cu/Zn-based (known as brass) coatings are a type of metallic
functional materials that have attracted great attention due to their wide
applications like corrosion prevention, decoration, electronics, catalysts,
and energy storage [2-5]. Silver-based nanoscale particle decorated
surfaces, on the other hand, represent another category of functional
surfaces that are currently the subject of intensive research due to their
outstanding conductive, optical, catalytic and antimicrobial properties
[6-9]. Recently, Ag bimetallic nanoparticles with surface plasmonic
resonance have attracted attention due to the possibility of obtaining
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multi-functionality/enhanced properties by selecting appropriate metal
combinations [10].

Electrodeposition has been one of the most common methods for the
preparation of brass coatings and silver-based nanoparticles from
aqueous solutions due to the advantages of low costs, convenience and
tunable product properties that can be precisely controlled via operating
parameters. However, traditional electrodeposition has also some
drawbacks when considering sustainability: for instance, complexing
agents are needed during brass electrodeposition due to the significant
difference between the standard reduction potentials of Cu?>*/Cu and
Zn?*/Zn redox pairs. Toxic cyanide has been the most widely used
complexing agent for brass electroplating [2,11] although a variety of
other chemicals like pyrophosphate [12], citrate [13], EDTA [14],
glutamate [15], sorbitol [16], glycine [17], etc. have been investigated.
Recently, non-aqueous electrolytes like ionic liquids and deep eutectic
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solvents have also attracted great attention for brass electrodeposition
due to their wide electrochemical windows, vapor pressure, and high
ionic conductivity [18-20] - however, the commercial application of
these baths has so far been limited by the high prices. On the other hand,
the demand for Zn, Cu and Ag has been ever-increasing with the
advancement of the industrial world and a growing global population,
while high-grade raw materials are depleting [21-23]. Consequently,
the search for new and environmentally-friendly practices and alterna-
tive raw materials for the production of brass coatings and Ag-based
materials has become increasingly important for the realization of sus-
tainable concepts.

During the hydrometallurgical production of base metals like Cu, Zn,
Ni and Pb, precious metals (Ag, Pt, Au, etc.) are also present in process
solutions, due to their coexistence within the ore bodies [24-29].
Consequently, such solutions could function as attractive raw materials
sources for the direct production of high-value material surfaces.
Nonetheless, the precious metals present in these types of hydrometal-
lurgical solutions are present at only minor concentrations (ppm level or
even lower) and therefore underutilized. Recently, the innovation of
electrodeposition-redox replacement (EDRR) has enabled the recovery
of trace amounts of Ag, Pt, Au and Te (ppm level or lower) from hy-
drometallurgical base metal solutions [30-37]. Lately, studies have
demonstrated the possibility to produce value-added functional Pt/Ni,
Cu/Ag and Ag/Zn particles using the EDRR method [38-40]. However,
these studies were mainly conducted in two-metal solutions, while in
practice hydrometallurgical process solutions typically have more
complex compositions. For instance, in addition to Ag, Cu is a typical
impurity present in Zn process solutions and requires an additional so-
lution purification step to avoid Cu contamination of the final products
[41-44]. On the other hand, the presence of Cu offers variance for EDRR
operation with solutions containing Zn?*/Zn and Ag*/Ag pairs. The
versatility of EDRR allows for different surface modifications to be tar-
geted — and hence applications — from the same solution, by choosing
appropriate related parameters to select either Zn or Cu as the desired
sacrificial metal. The direct preparation of brass coatings using EDRR is
extremely attractive due to the possibility to combine metals with
distinct potentials without any complexing agents when compared with
traditional electrodeposition. On the other hand, the combination of Ag
with base metals like Cu is also interesting, not only due to the possible
new bifunctional or synergistic effects but also because of the minimized
usage of expensive and dwindling precious Ag. Although the EDRR be-
tween Cu and Ag has been investigated previously, the research only
revealed the effects of the mass-transfer limitations of the noble metal
(Ag) within comparatively concentrated Cu-solutions (40 g/L Cu) [38].
However, the mass-transfer effects of the sacrificial metals with signif-
icantly lower Cu levels (hundreds of ppm) in Zn process solutions have
not been investigated. Also, the crystalline-phase compositions of
whether Cu and Ag exist as independent phases within individual par-
ticles have yet to be further characterized. Moreover, the potential
application of the Cu/Ag particles formed by EDRR needs to be further
explored in detail.

This study aims at using the EDRR method to directly create func-
tional surfaces via a single-cell configuration from a simulated hydro-
metallurgical process solution containing Zn at high concentration (g/L)
and ppm-levels of Cu and Ag by the selection of either Zn or Cu as the
sacrificial metal. Two types of materials are targeted; (i) coherent Cu/
Zn/Ag coatings obtained using Zn as the sacrificial metal, and (ii)
separated Cu/Ag nanoparticles using Cu as sacrificial metal. Moreover,
the potential applications of the deposits as anti-corrosive materials or
with plasmon resonance behavior are investigated.

2. Material and methods
The electrochemical experiments were carried out in a three-

electrode cell (50 cm®) at room temperature (21 + 0.5 °C). A potentio-
stat (IviumStat 24-bit CompactStat, Ivium Technologies, The
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Netherlands) was used to control and monitor all the electrochemical
experiments. A platinum plate (exposed area of 9 cm?) was used as the
counter electrode (CE), glassy carbon plates (the side facing the counter
electrode was exposed, area of 1.0 cmz) functioned as the working
electrode (WE) and the reference electrode (RE) was a mercury/mer-
curous sulfate electrode (Hg/Hg2SO4, filled with saturated KoSO4 solu-
tion, +0.650 V vs. a standard hydrogen electrode (SHE)). The distance
between the WE and CE was kept fixed at 2 cm. Prior to the electro-
chemical measurements, working electrodes were cleaned by sonication
in ethanol, and this was followed by rinsing with DI water before
application of an electrochemical cleaning process that comprised 10
cycles of cyclic voltammetry (CV) in a 0.1 M H3SO4 solution between
—1.0 Vand + 1.2 V (vs. Hg/Hg,S04) with a scan rate of 50 mV/s. Once
electrochemically cleaned samples were thoroughly rinsed with DI
water and finally dried in air. A simulated zinc process solution (pH =
1.2) containing 65 g/L Zn (from ZnSO4, >99 wt%, VWR chemicals,
Belgium), 200 ppm Cu (from CuSO4-5H,0, >98 wt%, Sigma Aldrich, U.
S.A.), 2 ppm Ag (from AgNOs, >99.0 wt%, Sigma-Aldrich, U.S.A.) and
10 g/L HSO4 (H2SO4, 95-97%, EMD Millipore, Germany) was used as
the electrolyte for the electrodeposition-redox replacement (EDRR)
method. All the solutions were prepared with Millipore Milli-Q deion-
ized water (DI water, resistance >18 MQ-cm).

Zn/Cu/Ag coating and Cu/Ag particles were prepared on the GC
electrodes using 200 repetitive EDRR cycles — in both cases the same
solution composition was used, i.e. the only difference was in the EDRR
parameters selected. A single EDRR cycle consists of two steps: Firstly, a
sacrificial metal with a relatively negative redox potential is deposited at
potential E; for a short time duration, t; (ED step). In the second step, the
applied external potential is switched off and the working electrode is
left at open circuit potential (OCP) for a time duration of t;, during
which redox replacement reactions spontaneously commence between
the less noble metal (also called as a sacrificial metal) deposited on the
electrode and more noble metal ions present in the solution (RR step): no
external potential or current is applied during the RR step, but there is an
associated change in open circuit potential which is merely recorded
during this step.

The appropriate E; values in ED step were selected either for Zn or Cu
deposition, as determined from a series of cyclic voltammetric studies
(potential range of —1.6 to +0.5 Vand — 1.0 to +0.5 V (vs. Hg/Hg2S04))
with a scan rate of 20 mV/s in the solutions used for EDRR experiments
(65 g/L Zn, 200 ppm Cu, 2 ppm Ag and 10 g/L H3SO4). Zn/Cu/Ag
coatings were prepared using Zn as the sacrificial metal with an E; of
—1.55 V (vs. Hg/Hg»S04), t; of 0.3-0.5 s and t2 of 5-20 s. In contrast,
Cu/Ag particles were produced using Cu as the sacrificial metal with an
E; of —0.70 V (vs. Hg/Hg>S04), t; of 0.3-0.5 s and tz of 2-10 s. All the
EDRR experiments were conducted under 100-rpm magnetic stirring to
improve the mass-transfer conditions. Following the EDRR experiments,
the working electrodes were immediately removed from the solution,
cleaned with DI water, and dried in air.

The microstructure and the chemical composition of the EDRR
products were characterized by a Mira? Tescan GM (Czech Republic)
scanning electron microscope equipped with energy-dispersive X-ray
spectroscopy (EDS, Thermo Fisher Scientific, U.S.A.). The reported
chemical compositions (as atom percent) of the deposits were average
EDS values of 10 point/area spectra measured at randomly selected
points on the samples (N.B. the background carbon signals were
excluded). The particle size (diameter) of Cu/Ag particles was analyzed
from SEM micrographs using ImageJ software based on the average
diameter of at least 100 particles per sample. Anodic linear sweep vol-
tammetry (ALSV) was performed for the EDRR products in a 0.1 M
H,SO4 between the potential window of —1.0 V to +1.0 V (vs. Hg/
Hg»S04) at a scan rate of 5 mV/s. The stripping charge density (Qs) of the
anodic peak was calculated based on the integration of current density
as a function of time as shown in Eq. (1):
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where t, and t; are the starting and the ending time points of the anodic
peak(s) as presented in supplementary material (Fig. S1), j is the current
density (rnA/cmz) and Qs is the stripping charge density (mC/cmz).

The cathodic charge density during the ED steps of 200 EDRR cycles
was calculated based on Eq. (2):

0. = 12 (i x t)] 2)

where i (mA/cm?) is the average current density in the ED step of k™
EDRR cycle, t (s) is time duration of the ED step of k™ EDRR cycle and Q.
is the absolute value of cathodic charge density of during the ED steps
200 EDRR cycles.

The overall current efficiency (i) was calculated based on the strip-
ping charge density (Q;) and The cathodic charge density (Q.) using Eq.
3):

N =(Q,/Qc) x 100% 3

Crystalline phases of the samples were identified by X-ray diffraction
(XRD, Cu Ko radiation source, PANalytical X'Pert ProPowder, Almelo,
The Netherlands) at a scan speed of 0.1°/min over a 20 (°) range be-
tween 10° and 90° (acceleration potential 40 kV and current 40 mA) and
HighScore 4.0 Plus software was used for the analysis of the XRD
patterns.

Corrosion performance of the deposited Cu/Zn/Ag coatings was
evaluated by potentiodynamic polarization measurements using the
same electrochemical cell as the EDRR experiments in a 3.5 wt% NaCl
solution (from NaCl, > 98 wt%, Sigma-Aldrich, U.S.A.) at room tem-
perature. Prior to the corrosion tests, samples were immersed in the
NaCl solution for 30 min to achieve a stable open circuit potential.
Potentiodynamic scans were performed between —300 mV and + 250
mV (vs. OCP) at a sweeping speed of 0.5 mV/s. The Tafel extrapolation
method was used to estimate the values of corrosion potential (E.,) and
corrosion current density (jcor) from polarization curves.

In addition, the optical properties of the Cu/Ag particles were
characterized by ultraviolet-visible diffuse reflectance spectroscopy
(UV/VIS, Shimadzu UV-2600 UV/VIS spectrometer, Japan). The
absorbance spectra (A) were calculated based on the reflectance spectra
(R) via Eq. (4):

A =100%—R (€3]
where A is the absorbance (%) and R is the reflectance (%).

3. Results and discussion

3.1. Determination of deposition potential E;

In this study, three redox pairs related to the metal elements (Zn>*/
Zn, Cu?*/Cu and Ag*/Ag) are involved in the electrodeposition-redox
replacement processes. The driving force of the redox replacement re-
actions between different redox pairs are attributed to the differences
between the electrode potential values (E) calculated by the Nernst
equation from 65 g/L Zn, 200 ppm Cu and 2 ppm Ag (temperature = 21

+0.5°C, pH = 1.2):

Zn2} +2e =7n(s) E= — 1.42V vs.Hg / Hg,S0, (5)
Gt +2¢ =Cu(s) E= —039 V vs.Hg / Hg,S0, (6)
Agl,te =Ag(s) E= —0.13V vs.Hg/Hg2S04 %)

Nevertheless, under actual experimental conditions, the equilibrium
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potentials of the redox pairs will exhibit a shift from the calculated
potentials [45]. In order to observe the actual equilibrium potentials
where the redox reactions occur under experimental conditions, cyclic
voltammetry (CV) measurements were performed using a glassy carbon
(GQC) electrode in a solution containing 2 ppm Ag, 200 ppm Cu, 65 g/L
Zn and 10 g/L HySO4. Fig. 1a shows the CV curve obtained within the
potential range of —1.6 to +0.5 V (vs. Hg/Hg2SO4). As can be seen, the
dramatic increase of negative current from ca. -1.45 V (vs. Hg/Hg»SO4)
during the cathodic scan can be associated with the Zn deposition and
the potential (—1.45 V) where this initiate is known as the nucleation
potential. Typically, a notable nucleation overpotential (NOP, the po-
tential difference between the nucleation potential and the crossover
potential point—denoted as ‘c’ in Fig. 1a) can be observed in pure zinc
solutions without impurities [46,47]. However, the NOP in Fig. la is
negligible due to the marked depolarization effects of Cu?* and Ag™ ions
and similar phenomena have been previously reported [39]. On the
other hand, the hydrogen evolution reaction is also inevitable when Zn
reduction occurs as the potential is significantly lower and the potential
of the redox pair H'/H; (ca. -0.72 V vs. Hg/Hg»SO4). During the reverse
scan, two distinct anodic peaks (a; and as) were obtained. Peak a;
starting from —1.45 V relates to zinc dissolution while the other peak
(a) is associated with Cu oxidation. The cathodic current density cor-
responding to Cu deposition is significantly lower compared to Zn
deposition, as the electrochemical reduction of Cu®" is limited by the
minor Cu concentration (200 ppm). Another CV measurement between
—1.0 to +0.5 V (vs. Hg/Hg2S04) was conducted for further investigation
as shown in Fig. 1b. In this case, the cathodic peak (d) corresponds to the
reduction of Cu®", whereas the anodic peak (b;) in the reverse scan
correlates with Cu dissolution. Furthermore, the actual redox potential
of the Cu®*/Cu shifted to a more negative value of ca. —0.50 V (vs. Hg/
Hg>S04) compared to the calculated potential (E = —0.39 V vs. Hg/
HgsS04). The small anodic peaks at b, are attributed to Ag dissolution
and the starting potential was also found to be shifted to a more negative
value of ca. —0.15 V (vs. Hg/HgsSO4) cf. the calculated potential (E =
—0.13 V vs. Hg/Hg,S04), while the reduction peak for Ag*/Ag is not
visible due to the extremely low Ag concentration (2 ppm).

Based on the findings from the CV studies, EDRR experiments were
conducted using either Zn or Cu as the sacrificial metal. Fig. 1c shows an
example of the potential and current density as a function of time during
EDRR using Zn as the sacrificial metal with data from the first 5 cycles
(from a total of 200 cycles) displayed for the sake of clarity. During an
ED step, a constant potential E; is applied and the current is recorded,
while during a RR step, no external potential or current is applied, but
rather the spontaneous change in the open circuit potential (OCP) is
merely recorded: for clarification, examples of the ED portion (ED@E;)
and RR portion (RR@OCP) are denoted in the potential curves shown in
Fig. 1c and d. As can be seen, in a single EDRR cycle, Zn was firstly
deposited with a short potential pulse (ED step) at —1.55 V (vs. Hg/
HgsS04, E7) for 0.5 s (t7). A sharp decrease in the current density was
observed in the ED step probably due to either electrochemical double-
layer charging or nucleation [37,48,49]. A redox replacement (RR) step
commences immediately after the ED step by cutting off the external
electric charge for 5 s (i.e. redox replacement time tz), such that the
working electrode is left at open circuit potential and the current density
was 0 mA/cm? In the RR step, the deposited Zn is spontaneously
replaced by the Cu?* or Ag™ ions as the potentials of redox pairs Ag*/Ag
and Cu®*/Cu are more positive than the redox pair Zn?*/Zn. An
example of potential-current density-time curve - first 5 cycles out of
200 cycles - using Cu as the sacrificial metal is displayed in Fig. 1d,
where Cu is pulse deposited in the ED step (E; = —0.70 V (vs. Hg/
HgsS04), t; = 0.5 s) and the RR step was maintained for 5 s. In this case,
the redox reaction occurs between the deposited Cu and Ag™ ions due to
the potential difference between redox pairs Ag'/Ag and Cu®*/Cu.
Similar to the case with Zn as the sacrificial metal, a sharp decrease in
the current density was also observed in the ED step probably also due to
either electrochemical double-layer charging or nucleation. Moreover,



Z. Wang et al. Surface & Coatings Technology 441 (2022) 128531
(a) 20 (b)
2.5
bZ
10 2.0
o2 1.5
« MNA NN
s o] AN *t .
5 © 1.0 0.2 0.1 0.0
&E E E (V) vs. Hg/Hg,SO,
=-10 = 0.5- i
~— E,@-1.55 V for Zn deposition 0.0 : LI
204F . v =
' “—E,@-0.70 V for Cu deposition
: 0.5 d
30— . : . : , : . T . . . :
1.6 1.2 0.8 0.4 0.0 0.4 410 -08 06 -04 02 00 02 04
E (V) vs. Hg/Hg,S0, E (V) vs. Hg/Hg,SO,
4 - - 5 4 K]
() 4 T—Potential—~Current density | = o mA-cm? () 04 T ortial — ~Current density T=iDmisem™ 0
e e o RO, Lo
H il H M i
0.0 i i I h 0.0
! il N N ] [
g I i b H i w o i
, 0.4 ? ] i y [0, @, 04 "
% 0.8 -.zoE % 0.8+ E
[ X 2 ED@-0.7V RR@OCP =
> k25 > --0.3
O 1.2 U 1.2
F-30
--0.4
1.6 Vi =35 1.6
ED@-1.55 V RR@OCP 0 os
0 5 10 15 20 25 0 5 10 15 20 25
Time (s) Time (s)

Fig. 1. Cyclic voltammetry of a GC electrode in a solution containing 2 ppm Ag, 200 ppm Cu, 65 g/L Zn and 10 g/L H,SO4 (20 mV/s) within the potential range of (a)
-1.6 to +0.5 V (vs. Hg/Hg,S04) and (b) -1.0 to +0.5 V (vs. Hg/Hg,S0,); (c) Potential—current density — time graphs (first 5 cycles) of the EDRR protocol using Zn as
the sacrificial metal (E; = —1.55 V vs. Hg/Hg»>S0,) and (d) Cu as the sacrificial metal (E; = —0.70 V vs. Hg/Hg>S04). (N.B. Current scales are non-identical due to

difference in Zn and Cu concentrations.)

in the ED steps, the current density using Cu as the sacrificial metal
(Fig. 1d) was found to be significantly lower than when using Zn as the
sacrificial metal (Fig. 1c¢) due to the mass-transfer limitations, as Cu is
present at a significantly lower concentration (200 ppm) than Zn (65 g/
L).

3.2. EDRR products using Zn as the sacrificial metal

Table 1 presents the detailed parameters for the preparation of 6
samples (S1-S6) using Zn as the sacrificial metal (E; = —1.55 V vs. Hg/
Hg,S04). The chemical compositions—obtained by EDS—of the deposits
are also summarized in Table 1 while the related EDS spectra are pre-
sented in Fig. 2. As expected, the atom percentages of both Ag and Cu
increased with replacement time as more Zn was replaced by Ag™ and/
or Cu®" ions. Meanwhile, the competing oxidation of Zn by H' ions (Hy
formation) can also decrease the Zn content, thereby further increasing
Ag and Cu percentages. On the other hand, although the potential of the
redox pair Ag'/Ag is more positive than that of Cu?*/Cu, the Cu

Table 1

Parameters of EDRR experiments, the composition of Cu/Zn/Ag coatings by
EDRR using Zn as the sacrificial metal (E; = —1.55 V vs. Hg/Hg»S0,), and the
related current efficiencies.

Sample ID t; (s) tz (s) Composition (atom%) n (%)
Cu Zn Ag
S1 0.5 5 73.4 26.0 0.6 59.2
S2 0.5 10 79.7 18.9 1.4 50.4
S3 0.5 20 82.8 14.3 2.9 30.6
S4 0.3 5 80.9 18.2 0.9 51.8
S5 0.3 10 85.9 12.1 2.0 49.6
S6 0.3 20 86.8 8.8 4.4 27.9

contents within all the samples are significantly higher than Ag. This
finding is most likely due to the significant difference between the
concentrations of Cu** (200 ppm) and Ag™ (2 ppm) ions. As the kinetics
of redox replacement reactions are significantly affected by the con-
centration of the more-noble element [50], the markedly higher con-
centration of Cu?* ions compared to Ag™ ions facilitates the reaction rate
of redox replacement reaction between Cu?* ions and Zn, and conse-
quently more Cu was deposited on the electrode. Moreover, in order to
investigate the effects of increased EDRR cycles on the composition of
Cu/Zn/Ag coatings, the EDS analysis of EDRR samples with 400 cycles
has been conducted on two new samples prepared using the same Ej, t;
and ty as sample S1 and S2. The results (Fig. S2) show that the compo-
sition of the deposits remained relatively stable when the EDRR cycles
increased to 400.

Fig. 3(a-c) shows that for the samples with a deposition time t; = 0.5
s (§1-S3) fine nucleation grains were obtained with a short replacement
time t; = 5 s (S1), while with t; = 10 s (S2), the microstructure trans-
formed into fine particles with a clear space between the different par-
ticles and a further increase in tz 20 s (S3) resulted in a rough surface
with irregular projections. For the samples with a shorter deposition
time t; = 0.3 s (S4 — S6), fine particles were obtained with t; = 5 s
(Fig. 3d, S4) and a more compact/smoother microstructure was ach-
ieved with t, = 10 s (Fig. 3e, S5), while the surface with t; = 20 s has
coarse shapes (Fig. 3f, S6). In general, the samples with t; = 0.3 s (S4 —
S6) have more compact/smoother structures and smaller grain sizes
than those produced when t; = 0.5 s (S1 — S3). This observation can be
attributed to the following reasons: (i) Longer deposition times consume
higher levels of Zn?* in the ED step and consequently, more Ag™ or Cu®*
ions can replace in the RR step. This leads to severe mass-transfer lim-
itations during both steps, which results in spiky surfaces that can act as
nucleation sites for dendritic growth; (ii) a longer t; of 0.5 s allows the
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Fig. 2. (a)-(f) EDS spectra of Sample S1-S6.

nuclei formed in the initial stage to grow more extensively resulting in
the larger grain sizes obtained [51]; (iii) more hydrogen gas accumu-
lated in the samples with t; = 0.5 s, which can also lead to rougher and
more unconnected surfaces [52].

The effect of parameters on the OCP values (recorded during the RR
step in the absence of applied external potential or current) at the end of
different EDRR cycles was collected and presented in Fig. 4a. Pure
metals have different electrode potentials while alloys show a mixed
potential - which is closely related to the electrode composition ac-
cording to the mixed potential theory [53]. In general, the OCP values
are in accordance with EDS results, i.e., higher OCP values were recor-
ded with higher silver contents. On the other hand, the effect of mass-
transfer limitation is clearly reflected in the variation of OCP values
with the number of EDRR cycles within sample S1 (t; =0.55s, tz =5s5). At
the beginning of the experiment, Cu>" and Ag" in the vicinity of the
electrode were sufficient and thus the OCP reached relatively high
values due to the fast kinetics of the replacement reactions. Following
the first tens of cycles, the OCP was observed to drop significantly to
more negative values as Cu?" and Ag" ions were consumed and the
redox replacement reactions were slowed down by mass-transfer limi-
tations due to the short replacement time of 5 s. Similar results have also
been reported when preparing Cu/Ag and Zn/Ag particles using the
EDRR method from two components system [38,39] and Cu nanofilms
by the SLRR method [54]. For samples S2-S5, the working electrodes
showed more stable values with only slight variations due to improved
mass-transfer conditions, as less Zn was deposited or the replacement
times were longer for Cu?* and Ag™ to migrate towards the electrode

from the bulk solution. On the other hand, the higher OCP values with
increased replacement times can be attributed to the formation of a
surface passive layer [55]: a longer replacement time facilitates the
establishment of a more stable passive layer on the surface due to the
longer oxidation time and consequently, the observed OCP also shows
more stable and positive values.

Fig. 4b shows the anodic linear stripping voltammograms (ALSV)
together with the total stripping charge values of samples S1 — S6 in 0.1
M H,S04. Potentiodynamic dissolution of pure Cu, Zn and Ag in HoSO4
solutions normally comprises unimodal peaks located at different po-
tentials due to the distinct potentials of redox pairs Ag*/Ag, Cu?*/Cu
and Zn?*/Zn, however, in this case, only two stripping peaks (aj, ag)
were detected on the EDRR samples in Fig. 4b. This can be explained by
the fact that the dissolution of Zn and Cu appeared as only one peak (a;),
which is indicative of CuyZn(;.x) alloy phase formation [15,16]. Based on
the potential of redox pair Agt/Ag and voltammetric studies of earlier
studies, the stripping peak a; - starting from —0.1 V (vs. Hg/Hg>S04) -
can be associated with the dissolution of Ag [39]. The quantity of the
dissolved species is proportional to the stripping charge density (area
under the peak) of an anodic peak [15,16]. It can be seen that a; is not
visible in S1 (t; = 0.5 s, tz = 5 5), as it is overlapped with a; due to the
low Ag content (Table 1). When replacement time t; = 10 and 20 s, more
Ag accumulates on the electrode and peak ap starts to appear on the
ALSV curves of S2 and S3. A similar trend was also observed on the ALSV
curves of S4 — S6 when t; = 0.3 s. The values of current efficiency (1),
calculated based on the total stripping charge density, are also presented
Table 1. Results show that the highest current efficiencies were achieved
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Fig. 3. (a)-(f) SEM images of GC electrodes after 200 EDRR cycles using Zn as the sacrificial metal (E; = —1.55 V vs. Hg/Hg>S0,) in a solution containing 65 g/L Zn,

200 ppm Cu, 2 ppm Ag and 10 g/L H,SO4 with varying t; and t,.

for the samples with shortest replacement times (S1 and S4) and 7
decreased with the increase of replacement time as indicated by a clear
decrease in the total stripping charge density of a; and ap (Fig. 4b). The
factors consuming the charge during EDRR can be attributed to the
following side processes: (i) hydrogen evolution reaction (HER) during
ED steps, (ii) competing oxidation of Zn by H" during RR steps and (iii)
the non-faradic double layer established during every ED step in EDRR.
When using the Zn as a sacrifical element these side reactions cannot be
avoided as: (i) HER is inevitable due to the significantly lower Zn
deposition potential when compared to the reduction potential of H"/
Hy; (ii) in addition to being replaced by Cu?>* and Ag™", the deposited Zn
can also be oxidized by H" due to the potential difference between H'/
H, and Zn?*/Zn pairs, and (iii) the double-layer charging is a funda-
mental feature in electrochemistry that has also been observed for pulse
deposition [56]. The EDRR current efficency values are, however,
comparable with the previously reported values for traditional electro-
deposition (ED) in literature. While the optimum current efficiency
(59%) of this study was lower than ED from aqueous solutions with
cyanide (7 = 80%) [11], EDTA (90%) [14] or glutamate (72%) [15], and
from non-aqueous solutions like choline acetate electrolyte (74%) [20]
and deep eutectic solvent (90%) [19], it was higher than the values
reported in the presence of pyrophosphate (30%) [12], citrate (37%)
[13] and sorbitol (54%) [16]. Also, it is important to note that in case of
EDRR, no complexing agents were needed, hence lowering the overall
environmental impact of the this method.

To identify the crystalline phases of the products, X-ray diffraction
(XRD) analysis was performed and the results are displayed in Fig. 4c. As
can be seen, samples with a short t; = 5 s (S1 and S4) primarily consist of
a Cu-rich brass phase (Cug.75Zng 25), while the XRD peaks related to an
independent Cu phase only begin to appear with prolonged replacement
times (S2, S3, S5, S6) as more Zn is replaced by Ag and Cu. In contrast,
peaks related to Ag with low intensity were only observed on the XRD

patterns of samples with t, = 20 s (S1, S4), and were almost invisible for
other samples due to the low Ag content.

Porous structures easily occur when using bulk galvanic displace-
ment (i.e. cementation) due to the dissolution of the less-noble elements
from the deposited matrix. To further investigate whether a similar
phenomenon occurs during EDRR, the cross-section SEM image (Fig. 4d)
for one of the Zn/Cu/Ag coating samples (S5) was undertaken, and the
sample (S5) has a relatively compact structure compared to the porous
structures using bulk galvanic displacement shown in the literature
[57]. Such a difference is speculated to stem from the more “layer-to-
layer” approach inherent to EDRR cycling where redox replacement
occurs primarily on the upper-most layer in each cycle, in contrast to the
selective dissolution of the matrix that occurs during bulk galvanic
displacement.

3.3. EDRR products using Cu as the sacrificial metal

When using Cu as a sacrificial element (6 samples, Table 2 and the
related EDS spectra are shown in Fig. 5), separated particles were ob-
tained on the deposit (Fig. 6, S7-S12, E; = —0.70 V vs. Hg/Hg>S04),
different to coherent layer when using Zn (Fig. 3). This is associated with
the considerable mass transfer limitation during the ED step due to the
low concentration of sacrificial metal Cu (200 ppm). This correlates also
with the cyclic voltammograms and EDRR profiles in Fig. 1. Since the
potential of Cu?*/Cu is significantly higher than that of redox pair Zn?*/
Zn, the redox reaction only occurs between the deposited Cu and Ag™
ions giving rise to the formation of Cu/Ag particles.

From Table 2 it can be determined that the particles formed at t; =5
s (S7 and S10) mainly consist of Cu (>65 atom%) due to the limited
mass-transfer Ag ions. A clear transformation from Cu-rich particles to
almost pure Ag particles (> 99 atom% Ag) is found with prolonged
replacement times to 10 s, which allows more Ag to be incorporated
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charge density; (c) XRD patterns of EDRR samples; (d) cross-section image of Sample S5, region (i) corresponds to resin, while regions (ii) and (iii) are the cross-

section and the bottom of the coating, respectively.

Table 2

Parameters of EDRR experiments, the composition of Cu/Ag particles by EDRR
using Cu as the sacrificial metal (E; = —0.70 V vs. Hg/Hg>S04), and the related
current efficiencies.

Sample ID  t; (s) tz(s)  Composition (atom Particle size (nm) 5 (%)
%)
Cu Ag
S7 0.5 2 84.8 15.2 115 £ 41 61.6
S8 0.5 5 27.9 72.1 120 + 34 25.4
S9 0.5 10 0.6 99.4 170 + 43 23.0
S10 0.3 2 67.8 32.2 82 +13 50.6
S11 0.3 5 0.9 99.1 116 + 33 23.7
S12 0.3 10 0.5 99.5 152 + 40 21.6

within the particles. Nevertheless, lower Ag contents with t; = 0.5 s were
evident compared to those with t; = 0.3 s (S10-S12). This can be
attributed to the fact that due to the selected EDRR parameters there is
less Cu on the surface to be replaced, therefore the available Ag is suf-
ficient to allow full replacement and potentially also the smaller particle
size obtained with t; = 0.3 s favors the reaction kinetics [58]. In addi-
tion, the particle size was found to increase with replacement time ty,
which may be a result of the stoichiometric ratio of Cu: Ag (1:2) of the
replacement reaction as well as possible Ostwald ripening [38-40]. A
similar phenomenon has been reported [38] in two metal systems where
Cu is the dominant metal element (Cu 40 g/L, Zn 0 g/L) in the solution,
however, the particle size of the Cu/Ag particles in the current study are
clearly smaller (80-170 nm cf. 200-840 nm) due to the mass transfer
limitation in the ED step.

Fig. 7a shows the compiled OCP values at the end of EDRR cycles
when preparing S7 — S12 (i.e. using Cu as a sacrificial element). As can

be seen, the OCP values correlate with the chemical compositions: the
OCP of samples with bimetallic particles (S7, S8 and S10) reduced after
the first few cycles to the mixed potential between Cu and Ag, whereas
the other samples (S9, S11 and S12) have relatively stable OCP values
(ca. -0.17 V vs. Hg/Hg»S0y4) similar to pure Ag. Also, the higher OCP
values with increased replacement times during the formation of Cu/Ag
particles might be related to the surface passive layer similar to that
discussed when Zn was deposited as the sacrificial metal [55]. The ALSV
curves of samples S7 — S12 are presented in Fig. 7b and the results show
that two distinct peaks were detected for the dissolution of Cu (a;) and
Ag (ap) for samples S7, S8 and S10, which correlates with their bime-
tallic nature shown in Table 2. In contrast, only the Ag peak was
observed for the other samples (S9, S11 and S12) and this correlates with
the nearly pure Ag composition. It is indeed worth noting that even
though the Zn is the predominant species in the solution (65 g/L) it was
not detected within these samples, which clearly demonstrates how
optimization of EDRR parameters can enable excellent selectivity be-
tween metals deposition, and even tailoring the composition of the
surface. Compared to the samples with t; = 5 s (§7 and S10), the clear
increase in the peak area of a; with longer replacement times confirmed
the occurrence of redox replacement between the deposited Cu and Ag™*
ions, while the decrease of the overall stripping charge density indicates
the presence of galvanic corrosion [59]. Similar to the case with Zn as
the sacrificial element, the highest current efficiency was also achieved
with t; = 0.5 and tp = 5 s, resulting in optimum current efficiency of
62%. Considering the relatively positive deposition potential applied, it
is reasonable to assume that there is no hydrogen evolution reaction
(HER) during ED steps, but rather the rest of the charge is consumed by
non-faradic double-layer charging as indicated by the sharp increase of
current density at the beginning of each ER step and the galvanic
corrosion that occurs between Cu and Ag (i.e. re-dissolution of Cu) [60].
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Fig. 5. (a)-(f) EDS spectra of Sample S7 — S12.

The XRD patterns in Fig. 7c highlight that in the bimetallic particles
(S7, S8 and S10) Cu and Ag exist as independent crystalline phases,
while for almost pure Ag particles (S9, S11 and S12) only Ag peaks are
observed. Fig. 7d shows a high-resolution (magnification 30,000) SEM
image of Sample S9 and it is seen the almost pure Ag particles (Ag atom
% > 99%) appear in a relatively compact structure due to the afore-
mentioned “layer-by-layer” growth mode. This is in contrast to the
porous/hollow nanoparticles previously prepared by galvanic replace-
ment by Xia et al. [61] using prefabricated templates. Nonetheless, some
of the particles by EDRR exhibit also a rougher surface as a result of the
dissolution of Cu, both due to the redox replacement of the upper-most
layers and corrosion that occurs in the presence of oxygen within the
solution.

3.4. Targeted surface modification by EDRR based on sacrificial element
selection

The results outlined above show that by careful selection of the pa-
rameters, EDRR in multimetal solutions permits the final composition
and morphology of surfaces to be easily regulated by control of the
sacrificial element. This allows surfaces with different functionalities to
be formed from the same solution without any further system modifi-
cations such as the addition of complexing agents, etc. When Zn is

utilized as a sacrificial element, more uniform coatings are formed,
which have the potential to provide increased corrosion resistance. In
contrast, the use of Cu leads to the formation of nanosized particles that
can potentially be beneficial in optical applications based on surface
plasmon resonance (SPR).

In order to examine the corrosion performance of the Cu/Zn/Ag
coatings formed by EDRR, potentiodynamic polarization measurements
were conducted for the relevant samples in a 3.5 wt% NaCl solution at
room temperature (Fig. 8), whereas related corrosion potentials (Ecorr)
and corrosion current densities (jcorr) Were evaluated by Tafel extrapo-
lation (Table 3). Selected corrosion results from commercial brass
samples and electrodeposited (ED) brass previously reported in the
literature are also summarized in Table 3 for comparison.

In general, the corrosion potential of brass is closely related to the
chemical composition as the E ., decreases with increased content of
zinc [18] and such a trend also correlates with the brass by EDRR. For
instance, the lowest E,, was observed on sample S1 which has the
highest Zn percentage. Conversely, the sample with the lowest Zn con-
tent (S3) had a relatively higher jco (e.g. poorer resistance) than the
other samples due to the coarse morphology and the galvanic corrosion
that takes place between the brass phase (Cug7sZnggs) and the
increased amount of independent Cu and Ag phases present [62]. When
compared to brass produced by ED from sulfate/chloride solutions
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Fig. 6. (a)-(f) SEM images of GC electrodes after 200 EDRR cycles using Cu as the sacrificial metal (E; = —0.70 V vs. Hg/Hg>S04) in a solution containing 65 g/L Zn,

200 ppm Cu, 2 ppm Ag and 10 g/L H,SO4 with varying t; and t,.

containing trisodium citrate, commercial brass (Cu60-Zn40) and com-
mercial brass (Cu65-Zn34 with trace impurities), the Cu/Zn-based de-
posits formed by EDRR exhibited an enhanced corrosion resistance
(lower jeorr) [13,63,64], due to the presence of the Cu-rich phase,
Cug.75Zng 25 (Table 3). Moreover, brass samples containing 43.4-83.8
Cu atom% obtained by ED from a ChCl/urea mixture also showed a
similar corrosion resistance [18].

It is worth noting that potentiodynamic studies show only the sus-
ceptibility of a material to dissolve and are by no means a definitive
proof of either corrosion performance or any related mechanisms.
Consequently, the results outlined here for Cu/Zn/Ag coatings are
indicative, therefore a more detailed investigation, using techniques like
electrochemical impedance spectroscopy (EIS), would be needed to
more fully elucidate the coating characteristics and related corrosion
mechanisms—which is beyond the scope of this study. Nonetheless,
these findings are promising in terms of corrosion prevention and when
combined with the facts that EDRR requires no additional chemicals and
can be performed at room temperature, there are significant advantages
over traditional ED processes.

On the other hand, silver-based monometallic/bimetallic functional
particles with unique optical properties that originate from the excita-
tion of localized surface plasmon resonance (LSPR) can be used in
different applications such as biological imaging and biosensing
[65-68]. In order to explore the possible applications of the Cu/Ag and
Ag particles produced by EDRR, the optical properties of samples S7 —
S12 were characterized by UV/VIS spectroscopy (Fig. 9). From the re-
sults, it can be seen that clear absorption bands are present in the spectra
of the EDRR samples due to LSPR, whereas no characteristic peak was
detected on the blank GC substrate due to the characteristic black sur-
face. The UV/VIS spectra of sample S7 exhibit a single absorption band
at ca. 570 nm, which can be associated with its high Cu content (84.8
atom%) as absorption peaks in the range of 500-600 nm have been
reported for pure Cu nanoparticles synthesized by chemical reduction

[69-71]. In contrast, two absorbance peaks (ca. 320 nm and 420 nm,
respectively) can be observed in the UV/VIS spectra of samples S8 and
S10 due to the increased Ag content and similar dual-peak SPR phe-
nomena have been found for similar Cu/Ag nanoparticles produced by
chemical reduction [69,71,72]. When compared to previous in-
vestigations, the distinct absorption peak wavenumbers of these surfaces
reflect the different properties, like particle size and dielectric envi-
ronment, due to the EDRR method. Samples S9, S11 and S12 show a
single-peak absorbance band at approximately 320 nm, that correlates
with their almost pure Ag chemical composition [68-71]. Overall, these
findings clearly demonstrate the ability to control SPR behavior by the
variation of the selected EDRR parameters, thereby offering the possi-
bility to produce desirable surface characteristics for a broad range of
technological applications like surface-enhanced Raman scattering
(SERS) [71] and water treatment [72].

4. Conclusions

This paper demonstrates the creation of multiple functional material
surfaces directly from a Zn-based process solution (65 g/L Zn) con-
taining minor concentrations of Cu (200 ppm) and Ag (2 ppm) using a
one-cell electrodeposition-redox replacement approach. The EDRR
method consists of repetitive steps of pulse-deposition of a less-noble
sacrificial metal (ED) and the redox replacement (RR) by more noble
metal ions. Coherent Cu/Zn/Ag coatings (Sample S1 — S6) controllable
properties like chemical composition, surface morphology, crystalline
phases could be obtained when Zn was selected as the sacrificial metal
with 200 cycles of EDRR, whereas separate Cu/Ag particles (Sample S7 —
S12) with tunable chemical composition, crystalline phases, and particle
size (82-170 nm) were deposited from the same solution with an iden-
tical number of cycles when using Cu as the sacrificial metal. The whole
process can be operated at room temperature without any complexing
agents. In the case of Zn as the sacrificial metal, by controlling the
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Fig. 7. (a) Open circuit potential (OCP) values at the end of the EDRR cycles; (b) anodic linear stripping voltammograms (ALSV, 5 mV/s) and the total stripping
charge density; (c) XRD patterns of EDRR samples; (d) high-resolution SEM image of Sample S9.
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Fig. 8. Potentiodynamic polarization curves in a 3.5 wt% NacCl solution of the
Cu/Zn/Ag coatings by EDRR using Zn as the sacrificial metal (S1 - S6, E; =
—1.55 V vs. Hg/Hg>S0,).

operating parameters like deposition time and redox replacement time,
the Cu/Zn/Ag coatings can be tailored to a range of corrosion potential
(Ecorr) from —683 to —634 mV vs. Hg/Hg>SO4 and related corrosion
current density (jcor) from 1.6 to 4.1 pA/cmz. Alternatively, when Cu is
utilized as the sacrificial metal, the Cu/Ag particles formed exhibited
tunable surface plasmonic resonance (SPR) through the variation of
operating parameters. The optimum current efficiencies were 59% for
the formation of Cu/Zn/Ag coating and 62% for Cu/Ag particles, as

10

Table 3

Corrosion characteristics of Cu/Zn/Ag coatings by EDRR using Zn as the sacri-
ficial metal (E; = —1.55 V vs. Hg/Hg»S04) summarized from potentiodynamic
polarization tests in 3.5 wt% NaCl solution.

Sample ID Eorr (mV vs. Hg/ Jeorr (PA/
Hg>50,) cm?)

S1 —683 2.6

S2 —654 2.2

S3 —634 4.1

sS4 —655 2.1

S5 —647 1.6

S6 —639 2.6

Brass by ED from ChCl/urea mixture [18] —1270 to —831 1.9-12.2

Brass ED from sulfate/chloride solutions —1003 to —903 19.0-42.0

containing trisodium citrate [13]
Commercial brass (Cu60-Zn40) [63] —644 10.7
Commercial brass (Cu65-Zn34 with trace —-721 8.7

impurities) [64]

some of the current is consumed by side processes like double-layer
charging, Hy evolution and competing oxidation (corrosion) by H
ion. Overall, these results establish EDRR as a promising approach to
exploit currently underutilized hydrometallurgical process solutions as a
versatile solution for the manufacture of high value-added functional
materials.
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