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ABSTRACT: Ag/Zn and Ag.particlles h.ave been successfully - . ,{"‘r """""""""" :""
produced from electrolytes simulating zinc process solutions "

containing a high zinc concentration (65 g/L) and a negligible . :

silver concentration (0.5—S0 ppm) using a facile and sustainable / :

electrodeposition-redox replacement (EDRR) method. Results |~ 65g/LZn 4’ [

show that the particle size and chemical composition of the |2 0.5 ppmAg ! :g '3

deposited Ag/Zn and Ag particles can be readily controlled by a' o o oo I :é—r =

varying the operating parameters such as replacement time and | R N

agitation. Electrochemical quartz crystal microbalance (EQCM) 8 o °°, : :5 :

studies supported with SEM-EDS and TEM results indicate that gl. °° o ® o1 gl

the EDRR process consists of three regions: (I) zinc pulse |® : =

deposition; (II) redox replacement between the Ag" ions and the ————————— e e e e e

deposited Zn, formation of a Zn/Ag alloy structure, and competing

Zn oxidation by H" ions; and (III) further replacement between Ag” ions and Zn (alloy) formed in the previous stage and possible
silver reduction by hydrogen. The Zn (alloy) has a higher reduction potential which hinders the competing H* reduction and
sequentially improves the utilization efficiency of the sacrificial metal (Zn). Furthermore, by using the EDRR method, Ag/Zn
particles could be successfully obtained from solutions with an extremely low Ag concentration of 0.5 ppm. The promising results
demonstrate the feasibility of producing Ag-based functional materials utilizing trace amounts of Ag from zinc process solutions.

KEYWORDS: Electrodeposition, Redox replacement, Precious metal, Circular economy, Bimetallic particles

B INTRODUCTION electrodeposition and redox replacement (EDRR) method is
of great interest because it offers the possibility to control the
size and composition of bimetallic nanoparticles—which have
significant impact on their properties and functionalities—in a
facile manner. Moreover, EDRR does not involve the use of
additional chemicals like reductants, thereby decreasing the
potential environmental burden.

Redox replacement reactions have been investigated for
decades to create noble metal (Ag, Au, Pt, Pd) mono/
multilayers using a surface-limited redox replacement (SLRR)
method that combines the underpotential deposition (UDP)
of less noble metals (Zn, Cu, Ni, Pb)."*""” Introduced first by
Brankovic et al,”’ the SLRR approach has been used to
prepare functional materials with various applications in
catalysts, sensors, fuel cells, and thin films.”' Recent studies
have also demonstrated the feasibility of the production of

Metallic nanoparticles are currently the subject of intensive
research due to markedly different properties from their
counterparts of bulk materials. In particular, the production of
silver-based metallic nanoparticles has been an attractive field
due to their superior conductive,’ optical,2 catalytic,3 and
especially antimicrobial properties.” The possibility of
obtaining multifunctionality/enhanced properties by selecting
the appropriate metal combinations has intrigued the
investigation with broad bimetallic systems such as Ag/Pt,S
Ag/Au,6 Ag/Pd,7 Ag/Cu,8 Ag/Ni,9 Ag/Zn,lO’11 and Ag/Fe12
with the target of achieving new bifunctional or synergistic
effects. For instance, Ag/Zn doped TiO, photocatalyst was
found to have high efficiency toward ethyl phydroxybenzoate
removal by photocatalysis (99.1% degradation within 2 h)."'
Moreover, Reyes-Vidal et al. reported the potential of Ag/Zn
nanoparticles in antimicrobial applications that up to 98% of —
inhibition of bacterial growth was achieved after 30 min of Received: March 16, 2021 Sustalable
contact time.'” Various approaches have been proposed to Revised:  May 26, 2021 ;
prepare bimetallic nanoparticles including a galvanic replace- Published: June 8, 2021
ment reaction,” electrodeposition and redox replacement,'”"*

colloidal synthesis,6 calcination,’ electrodeposition,10 and

coreduction of metal ions.'® Among these methods, the

© 2021 The Authors. Published b
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precious metal-based nanoparticles using the one-cell electro-
deposition and redox replacement process.'”'* However, these
works are usually conducted under strictly controlled
experimental conditions such as deoxygenation and optimized
solution composition. On the other hand, the cost of
nanoparticle production using traditional sources is expected
to increase due to the ever-increasing demand of precious
metals and depletion of high-grade raw materials. For instance,
the consumption of silver has rapidly increased due to its
demand in numerous applications like photographic, medical,
electrical, electronics, chemical, jewelry, and especially recently
solar cells.””*® In order to obtain silver sources for these
industries, hydrometallurgical processes for silver separation by
solvent extraction,”’” ion exchamge,28 and sorption29 and for
silver recovery by electrowinnin%,m_32 chemical reduction,*
precipitation,”* and cementation®>~>* have all been studied for
both primary and secondary raw materials. Nevertheless,
application of these methods has become progressively difficult
due to the related economic and environmental concerns, like
depletion of high-grade raw materials and the increasingly
complex feedstocks utilized in silver production. For instance,
the specific energy consumption of electrowinning drastically
increases with reduced silver concentration,®”** whereas other
conventional processes usually involve the usage of additional
chemicals that may increase the related wastewater outputs.

Based on green chemistry principles, we have introduced the
electrodeposition and redox replacement (EDRR) method to
the field of metal recovery—which has been proven successful
in the recovery of minute concentrations of valuable elements
(Ag, Au, Pt, and Te) from a variety of complex solutions.” "’
Nonetheless, research is still in progress to develop a cost-
effective and sustainable eco-efficient process for the valor-
ization of secondary raw materials that contain only minor
concentrations of precious metals. Our recent studies have
demonstrated EDRR as a promising approach for the
production of high value-added Ag/Cu nanoparticles from
copper electrolytes and Pt/Ni cocatalysts from nickel process
solutions.***” The combination of Ag with the base metal Zn
is of particular interest due to the currently underutilized low
levels of silver (ppb to ppm level) that exist in large-scale
industrial zinc process solutions.* Direct preparation of Ag/
Zn nanoparticles from these solutions not only enhances the
potential properties of the nanoparticles, but also improves the
efficiency of silver utilization as a further step toward enhanced
metal circulation within a global circular economy.

This study investigates the controllable preparation of Zn/
Ag vparticles from hydrometallurgical zinc process solutions
that contain minor concentrations of Ag (2—50 ppm) and a
high concentration of Zn (65 g/L) using the electrodeposition
and redox replacement (EDRR) method. The whole process
was performed in a one-cell configuration without the need for
the addition of extra chemicals. Deposited Zn/Ag particles
were characterized using different analytical techniques such as
scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS) and transmission electron micros-
copy (TEM). The results show that the composition and size
distribution of Zn/Ag particles can be determined by variation
of operating parameters like the replacement time and
agitation. Investigation with an electrochemical quartz-crystal
microbalance (EQCM) revealed that the composition of Ag/
Zn particles is affected not only by the redox replacement
reaction between Ag ions and Zn but also by an intermediate
Zn/Ag alloy formed during the replacement reaction and the

8187

competing dissolution of zinc by H' jons. Furthermore, the
successful and controllable production of Ag/Zn particles from
the solution that contain an extremely low concentration (0.5
ppm) of silver highlights the significant industrial application
potential for the EDRR method.

B EXPERIMENTAL SECTION

Solutions simulating industrial hydrometallurgical zinc solutions
consisted of 65g/L Zn and 10 g/L H,SO, while the Ag content
was varied (0, 0.5, 2, 10, SO ppm). Additionally, a blank solution
containing 50 ppm Ag and 10 g/L H,SO, was made to investigate the
redox behavior of the Ag*/Ag pair. All the solutions were prepared
with Millipore Milli-Q deionized water (DI water, >18 MQ-cm).
Electrochemical experiments were carried out in a standard three-
electrode cell (50 cm®) at room temperature. Glassy carbon (GC)
plates with a total surface area of 2 cm® (Alfa Aesar, U.S.A.) were
utilized as the working electrode, and a platinum sheet (10 cm?) was
utilized as the counter electrode (>99.5 wt % Pt, Kultakeskus Oy,
Finland), while the reference electrode was a saturated mercury—
mercurous sulfate electrode (Hg/Hg,SO,, +0.650 V vs a standard
hydrogen electrode (SHE), Mettler Toledo, Switzerland). All the
electrochemical measurements were controlled and monitored using
an IviumStat 24-bit CompactStat potentiostat (Ivium Technologies,
Netherlands). Prior to the electrochemical measurements, the GC
electrodes were cleaned using ethanol under sonication for 20 min,
rinsed with DI water, and cleaned in a 0.1 M H,SO, solution by 10
cycles of cyclic voltammetry between —1000 mV and +1000 mV vs
Hg/Hg,SO,, at a scan rate of 50 mV/s. After cleaning, the electrodes
were thoroughly rinsed with DI water and dried in air.

In order to confirm the occurrence of the redox replacement,
cementation experiments were carried out as a reference: zinc
particles were first deposited on glassy carbon using pulse deposition
from a zinc electrolyte in the absence of Ag" ions (65 g/L Zn and 10
g/L H,S0,), and the resulting surfaces—covered with Zn particles—
were immersed in electrolytes that contained various concentrations
of silver ions (65 g/L Zn, 10 g/L H,SO,, and 2—50 ppm Ag) for 200
s.

Ag and Ag/Zn particles were formed by 30 cycles (n) of repeated
electrodeposition and redox replacement (EDRR) steps. A single
EDRR event consisted of Zn particle electrodeposition (0.5 s
potential pulse) followed by a galvanic replacement between Ag
and Zn at the open circuit potential (OCP) for a desired replacement
time of 0.5-200 s (t). The deposition potential values (E, between
—1.55 and —1.60 V vs Hg/Hg,SO,) for zinc particle formation were
selected based on cyclic voltammetry (CV) investigations undertaken
in zinc solutions with similar Ag concentrations (0—S0 ppm) that
involved polarization sweeps initiated in the cathodic direction
starting from 0 V (vs Hg/Hg,SO,) within a potential window of
—1.700 V to +0.300 V (vs Hg/Hg,SO,) at a scan rate of 20 mV/s.
Cyclic voltammetry measurements in the blank solution (S0 ppm Ag
and 10 g/L H,SO,) were conducted between —0.5 and +0.3 V (vs
Hg/Hg,SO,) at a scan rate of 20 mV/s. In some experiments stirring
was applied during the EDRR process with a magnetic stirring bar at
200 rpm. Additional experiments with different EDRR cycles or
longer replacement times can be found in the Supporting Information.

Electrochemical quartz crystal microbalance (EQCM) measure-
ments were undertaken using a Q-Sense E4 QCM System equipped
with a QEM 401 electrochemistry module (Biolin Scientific, Sweden)
in the 50 ppm Ag, 65¢/L Zn, and 10 g/L H,SO, solution (EDRR
parameters: 0.5 pulse deposition at —1.55 V, 50 s replacement time,
and 30 repetitive cycles). The working electrode was a S MHz gold
coated AT-cut quartz crystal (surface area (A) = 1.13 cm?). A
platinum sheet (A = 3.08 cm?) was used as the counter electrode, and
a Ag/AgCl electrode (sat. KCl, +0.197 V vs SHE) as the reference.
The mass (Am) of the deposited Ag and Ag/Zn particles was
determined using the Sauerbrey relation (eq 1), and the ratio M/z can
be calculated via eq 2:

Am = —(C; X Af) (1)

https://doi.org/10.1021/acssuschemeng.1c01789
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MzAmXF
Q (2)

z

where Cf is a constant, Cf = 20 ng/Hz for an AT-cut S MHz quartz
crystal with an active surface area of 1.13 cm? Af is the frequency
change, M is the molar mass of the deposit, F is Faraday’s constant
(96485 C/mol), and Q is the electric charge during the pulse
deposition.

From the perspective of silver recovery, the current efficiency (CE)
of n EDRR cycles can be calculated using the following eq 3

_ Am (measured)
Am (theoretical)

()

where Am (measured) is the estimated mass change of Ag from the
EQCM data (Zn is negligible according EDS results) and Am
(theoretical) is calculated from Faraday’s law:

QX MAg

Am (theoretical) =
z X F

(4)
where z is the valence of the atom reduced in the reaction (+1 for Ag*
reduction). Consequentially, the current efficiency (CE) of n EDRR
cycles can be estimated by eq 5, and the silver recovery efficiency
(RE) can be calculated via eq 6:

. Am, X F
QX My, )
_ Am,
B VXc (6)

where Am, is the mass change of Ag from n EDRR cycles, M, is the
molar mass of Ag (107.9 g/mol), V is the volume of the zinc process
solutions, and ¢ is the concentration of Ag (g/L).

The morphology and composition of the EDRR samples were
characterized using scanning electron microscopy (SEM, Mira®
Tescan GM, Czech Republic) equipped with energy-dispersive X-
ray spectroscopy (EDS, ThermoFisher Scientific Ultradry EDS
Detector, U.S.A.). The reported particle composition (Ag atom %)
was an average value of the EDS results from at least 10 particles per
sample. SEM micrographs with magnifications of 20 000 and 50 000
were selected for the particle size analysis using Image] software, and a
minimum of 100 particles were analyzed per sample. The variations of
the results are presented—where appropriate—as standard deviation.
Transmission electron microscopy (TEM, JEOL JEM-2800) with
large angle energy dispersive spectrometry (EDS) was also used to
further examine the microstructure and element distribution of
selected samples that were prepared by EDRR using carbon coated
copper grids as the working electrode.

Bl RESULTS AND DISCUSSION

Redox Replacement between Ag and Zn. The redox
replacement reaction spontaneously occurs between Zn° and
Ag" ions, and the driving force of the reaction under standard
conditions is attributed to the potential difference of 1.5614 V
between Zn>*/Zn and Ag'/Ag (eqs 7 and 8):

Zni:r + 2e” = Zn(s) E’=

—1.4118V vs Hg/HgZSO4
(7)

Ag:Cl +e — Ag(s) E°=+0.1496V vs Hg/Hg SO,

(8)

Nevertheless, the equilibrium potential of the redox pair will
exhibit a shift from the standard values under actual
experimental conditions. For instance, the deposition potential
of Zn is usually more negative than the standard potential of
the Zn>*/Zn pair due to a nucleation overpotential.*’ In order
to investigate the redox replacement reaction between Zn° and
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Ag® ions and identify the suitable deposition potential (E)
required for the EDRR protocol, cyclic voltammograms (CV)
of a GC electrode were measured in zinc electrolytes in the
absence and presence of Ag" ions (2, 10, and SO ppm) (Figure
1). Additional CVs were also carried out in the blank solution
with a potential range of —0.5 V to +0.3 V (vs Hg/Hg,SO,) to
investigate the redox behavior of the Ag+/Ag pair.

1 a ——0ppmAg, 65 g/L Zn
e —— 2 ppm Ag, 65 g/L Zn
°"E —— 10 ppm Ag, 65 g/L Zn
G 104 —— 50 ppm Ag, 65 g/L Zn
E s —— 50 ppm Ag, 0 g/L Zn
> ]
2 o]c ——
a : b 1.5 e !
c -5 1
[
= 0.5
3 10 o
-15 '0'5l'l‘dl'l'|'
[ . . . 03 02 010 01
16 14 12 41 08 06 -04 -02 0 0.2

Potential (V) vs. Hg/Hg,SO,

Figure 1. Cyclic voltammograms (scan rate: 20 mV/s) of a glassy
carbon electrode in a blank solution (S0 ppm Ag and 10 g/L H,SO,)
and zinc electrolytes containing 65 g/L Zn, 10 g/L H,SO,, and
various concentrations (0, 2, 10, and S0 ppm) of Ag" ions. Peak “a” is
the zinc dissolution peak, point “b” is the crossover potential, point

¢” is the nucleation potential, “d” is the Ag deposition peak, “e” is the
stripping of the Zn/Ag alloy, and “f” is the stripping of Ag.

In the cathodic scan, zinc reduction starts to appear at point
“c”—known as the nucleation potential—while the anodic
peak at point “a” corresponds to the dissolution of zinc
deposited during the reverse scan. The potential difference
between the nucleation potential and crossover potential
(point “b”) is known as the nucleation overpotential (NOP),
and high NOP values indicate strong polarization.””>" Tt can
be seen from the CV curves that Ag" ions have marked
depolarization effects on the cathode. For instance, the Zn
nucleation potential is shifted toward the anodic direction from
—1.62 V (vs Hg/Hg,SO,, NOP = 170 mV) in the absence of
Ag* to —1.51 V (vs Hg/Hg,SO,, NOP = 60 mV) with the
addition of 50 ppm of Ag. In the more positive potential range,
a cathodic peak corresponding to Ag reduction was detected at
—0.12 V (vs Hg/Hg,SO,) (d), even though it becomes less
noticeable with lower Ag concentrations. Moreover, a clear
difference was observed in the anodic scans between the zinc
solution (65 g/L Zn and SO ppm Ag) and the blank solution
(50 ppm Ag only). The anodic peak (f) in both solutions is
due to silver oxidation, while the second anodic peak (e) in the
Zn solution (65 g/L Zn and 50 ppm Ag) is believed to be
associated with the stripping of the Zn—Ag alloy. A similar
phenomenon has also been found in a previous study with
platinum substrates,* which indicates that the alloy structure
formation is independent of the electrode material used.

Metallic zinc powders are commonly used as an electron
donor for the recovery of silver from hydrometallurgical
streams via traditional, nonpulsed redox replacement (i.e.,
cementation).ss_sg’52 However, the redox replacement process

https://doi.org/10.1021/acssuschemeng.1c01789
ACS Sustainable Chem. Eng. 2021, 9, 8186—8197
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between as-prepared zinc particles and Ag" ions has not been
the subject of any intense investigation. Moreover, cementa-
tion processes in previously published studies are usually
practiced with relatively high concentrations of silver
(hundreds of ppm to g/L level).”™>*>* In order to investigate
the redox replacement reaction in solutions with only minor
amounts of Ag (as low as 2 ppm), the following investigation
was conducted: Zinc particles were first deposited on GC
electrodes from a silver-free zinc electrolyte using 20 cycles of
pulse deposition, where one cycle of pulse deposition consists
of 0.5 s of potential pulse at —1.65 V, followed by an open
circuit potential for 0.5 s. As shown in Figure 2A, zinc particles

196 + 96 nm
Zn at-% Ey%

61+ 24 nm
Ag at-% 298 %

28 + 13 nm
Agat-%295%

43 + 18 nm
Ag at-%2 95 %

Figure 2. SEM micrographs of (A) Zn particles by 20 cycles of pulse
deposition (—1.65 V followed by the open circuit potential for 0.5 s)
from Zn electrolyte (65 g/L Zn, 10 g/L H,SO,) and samples by
cementation from solutions containing 65 g/L Zn, 10 g/L H,SO,, and
varying concentrations of Ag for 200 s: (B) S0 ppm, (C) 10 ppm, and
(D) 2 ppm.

(Zn atom % > 99.5%) obtained via pulse deposition were
found to have a hexagonal structure. A similar morphology has
been commonly observed during zinc deposition, and this is
possibly due to a lower thermodynamic free energy related to
the exposed closest packed plane in hexagonal close-packed
(hcp) metals.** ™ The GC electrodes deposited with Zn
particles were immersed sequentially in solutions containing
50, 10, and 2 ppm of silver for 200 s (i.e., cementation). The
subsequent EDS results indicate that the samples were mostly
silver particles with a spherical morphology as shown in Figure
2B—D. A decrease of particle sizes with lower silver
concentration was observed, and similar phenomena have
been reported previously for Ag/Cu particles.”’ This
observation is possibly due to the competing reduction of
H" shown in eq 9, as the potential of the Ag"/Ag pair shifted to
the negative direction according to Nernst equation, whereas
the potential of H"/H, remained unchanged.

2HY, +2¢7 — H,(g) E’ = —0.650 V vs Hg/Hg SO,

9)

Ultimately, these results confirmed the occurrence of the redox
replacement reaction of zinc particles with solution that
contained as low as 2 ppm Ag" ions. On the other hand, this
cementation process is carried out with a two-step config-
uration: Zinc is deposited first in a cell before a separate
immersion to obtain silver particles, which leads to a relatively
laborious operating procedure.

EDRR with Varying Redox Replacement Times. A
typical potential—time profile recorded during the EDRR
measurements is displayed in Figure 3A. Potential transients of
6 EDRR cycles from a total of 30 EDRR cycles are presented
here for the purpose of clarity. In each EDRR cycle, Zn is first
deposited on the GC substrate using a short potential pulse
(ED step); this is succeeded by a redox replacement step (RR
step) when the external voltage is removed for a desired
duration (replacement time), and the system is left at the open
circuit potential (OCP). During the RR step, Ag" ions are
spontaneously reduced to the metallic form (Ag’) by the
deposited Zn due to the potential difference between the redox
pairs Ag'/Ag and Zn>*/Zn. Several EDRR cycles (1) were
repeated to form more particles on the surface of the GC
electrodes. Particles with different compositions (Ag and Zn
content) and morphologies can be obtained by controlling the

A 1st
0.2 1 5(h
< th
O -0.4 0
- B
T 06 Zoth
S 25
h
T 08 30*
0
>
S
©
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c
3
o i
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"Ep! RR |
-1.8 T T T T T T
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02 WW“WWM
I. ..
0.4
L L
0.6 - 00‘
-l. ’0“
081 @ ® 05s -....--lllllrm
m50s .,
11 ¢ 100s
¢ 200s
1.2 30.0s
500s
141 %000000000000000000000000000
-1.6 T T T T T T
0 5 10 15 20 25 30

Number of EDRR cycle (n)

Figure 3. (A) Typical potential—time graph of the EDRR protocol in zinc solution with S0 ppm Ag (E = —1.55 V vs Hg/Hg,SO,, t, =0.5s,t, = S
s, and n = 30). (B) Open circuit potential (OCP) values at the ends of the EDRR cycles with varying replacement times.

8189 https://doi.org/10.1021/acssuschemeng.1c01789

ACS Sustainable Chem. Eng. 2021, 9, 8186—8197


https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig3&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c01789?rel=cite-as&ref=PDF&jav=VoR

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

.50 nm

100 nm

Figure 4. (A-F) SEM micrographs of GC electrodes after EDRR in solution containing 65 g/L Zn, 10 g/L H,SO,, and S0 ppm of Ag with varying
replacement times (E = —1.55V, t; = 0.5 s, n = 30 cycles); (G and H) TEM and EDS mapping images of EDRR samples with 5 and 50 s

replacement times, respectively.

operating parameters such as the pulse potential (E), pulse
deposition time (%), redox replacement time (t,), and number
of cycles (n).

Ag/Zn and Ag NPs were first prepared on GC electrodes
using the EDRR method from zinc electrolytes (65 g/L Zn and
10 g/L H,SO,) containing SO ppm Ag. The effect of the
replacement time was investigated initially, and Figure 3B
shows the compiled results of the OCP value at the end of each
cycle from EDRR experiments with a replacement time of 0.5,
5, 10, 20, 30, and 50 s (E = —1.55 V vs Hg/Hg,SO,, t; = 0.5 s,
and n = 30). The micrographs (SEM and TEM) of the
particles produced by EDRR are shown in Figure 4, and the
corresponding results of the particle size (average diameter)
and chemical composition (Ag/(Ag + Zn) atom %, from the
EDS results) are presented in Table 1 (N.B. particles from the
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0.5 s replacement time are not clearly separated, and therefore
the particle size was not analyzed).

As can been seen from Figure 4A, electrodeposition—with
the minimal 0.5 s replacement time—results in almost pure Zn
particles. A minor content of Ag was detected possibly because
of a low level of replacement and/or the codeposition during
the ED steps, and these results are in accordance OCP values
as shown in Figure 3B. For the shortest RR time (0.5 s = red
circles in Figure 3B), only the OCP of the first three cycles
showed a mixed potential, i.e., the value between the potentials
of pure Zn (ca. —1.45 V vs Hg/Hg,SO,) and pure Ag (ca.
—0.09 V vs Hg/Hg,SO,) as observed from the CV
measurements (Figure 1), while the rest have a similar OCP
to pure Zn (ca. —1.45 V vs Hg/Hg,SO,). Furthermore, the
related Zn particles also have a clearly different morphology
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Table 1. SEM-EDS Quantitative Results of Particle
Composition after EDRR Experiments with Varying
Replacement Times (0.5—50 s) in Solution Containing 65
g/L Zn, 10 g/L H,SO,, and 50 ppm of Ag (E=—1.55V, t, =
0.5 s, n = 30 cycles)

Ag/Zn (atom

replacement time particle size

(s) (nm) Ag (atom %) ratio)
0.5 - 2.1 +0.8 <0.1
S 39 + 16 67.1 £ 5.5 2.0
10 46 + 22 87.8 + 2.1 7.2
20 102 + 40 89.8 + 2.2 8.8
30 10§ + 48 949 + 1.3 18.6
50 186 + 100 969 + 2.4 31.2

than those from the solution without silver (Figure 2A), and
this could be attributed to the influence of Ag on the zinc
nucleation process as also noted from the CV results in Figure
1. Clearly separated particles were obtained with longer
replacement times (5—50 s) as shown in Figure 4B—F. This
higher level of segregation between particles could result from
some dissolution of the deposited material back into the
solution due to the competing corrosion driven by H' ions. A
comparable phenomenon has been observed in the formation
of bimetallic Au/Cu nanorods using a galvanic replacement
reaction.”” As expected, the silver content in the particles
increases as a function of the replacement time (Table 1). For
instance, a material produced with a replacement time of S s
contains 67.1 atom % of Ag, while a 50 s replacement time
results in nearly pure Ag particles (96.9 atom %). The TEM
images and high-resolution EDS mapping results are in good
agreement with the SEM-EDS results and confirm that the
silver content increases (as the Zn content decreases) with
longer replacement times. Additionally, the OCP values of the
working electrode showed a marked increase in the positive
direction with extended replacement times, and this correlates
with the higher silver content in the particles. A similar
relationship between the particle composition and the OCP
has also been found previously with Ag/Cu particles.”” On the
other hand, the reaction between Ag" and Zn shows much
faster kinetics than that between the Ag* and Cu pair, which is
probably due to the higher driving force (potential difference)
between Ag" and Zn. Furthermore, unlike the core—shell
structures with Ag/Cu nanoparticles by EDRR, the evenly
distributed elements in individual particles (Figure 4G)
suggests that the Ag/Zn particles formed with short
replacement times have a mixed alloy structure.

An increase of particle size with replacement time was also
noticeable, although the particles themselves have a less
homogeneous distribution—highlighted by the higher stand-
ard deviation in Table 1. Conversely, a lower deviation of the
particle distribution on the substrate surfaces was determined
with a decreased replacement time, which can be associated
with Ostwald ripening, and similar phenomenon has been
observed in our previous studies about the preparation Ag/Cu
particles and Pt/Ni particles.***’ Nevertheless, it is worth
noting that the silver concentration in the solution is relatively
low, and sequentially diffusion processes can have a marked
influence on the reaction. For example, the diffusion of Ag"
ions takes time, whereas H" ions are relatively abundant in the
electrolytes and therefore the competing oxidation of Zn by H*
during redox replacement cannot be ignored—hence, some
particles might be oxidized by H* and dissolved back into the
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solution, which might also lead to a decrease in the electron
transfer efficiency from Zn to the Ag" ions.

Our earlier study with Ag/Cu nanoparticles found that
stirring can significantly improve the mass transfer of the
EDRR process and sequentially increase the product purity
(Ag content) from the silver recovery point of view. Therefore,
to investigate the effects of the diffusion process, further EDRR
experiments were performed under agitation. Figure 5 shows
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Figure S. SEM of the working electrode after EDRR with 200 rpm of
stirring (E = —1.55 V, £, = 0.5 s, n = 30 cycles, and replacement times
of (A) S's, (B) 10 s, and (C) S0 s) and corresponding OCP values
(D) in solution containing 65 g/L Zn, 10 g/L H,SO,, and 50 ppm of
Ag.

the compiled EDRR results obtained with 200 rpm of stirring
speed, and it is clear that the faster mass transfer improves the
overall EDRR process as indicated by the rise in the silver
concentration in the particles shown in Table 2 for samples

Table 2. SEM-EDS Quantitative Results of the Particle
Composition after EDRR Experiments with Varying
Replacement Times with 200 rpm Stirring in Solution
Containing 65 g/L Zn, 10 g/L H,SO,, and 50 ppm of Ag (E
—1.55V, t, = 0.5s,n =30 cycles, and t, = 5, 10, and 50 s)

replacement time (s) particle size (nm) Ag (atom %) Ag/Zn (atom)

N 114 + 52 82.7 + 3.9 4.8
10 134 + 54 91.9 £ 3.7 114
S0 252 + 196 96.6 + 1.2 28.4

with a short replacement time (S and 10 s). For instance, the
silver content of particles with a S s replacement time increased
significantly from ca. 67 atom % (no agitation) to 82 atom %
(200 rpm stirring). The recorded OCP values are also in
agreement with the particle composition as the OCP of the
working electrode with a short replacement time (5 and 10 s,
Figure SD) has significantly higher values compared to the
results in the absence of stirring (Figure 3B). Without

https://doi.org/10.1021/acssuschemeng.1c01789
ACS Sustainable Chem. Eng. 2021, 9, 8186—8197


https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01789?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c01789?rel=cite-as&ref=PDF&jav=VoR

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

agitation, slightly more positive OCP values were recorded
with a longer replacement time.

Nearly pure silver particles were obtained when the
replacement time was further increased to 50 s, with OCP
values slightly fluctuating at ca. —0.08 V vs Hg/Hg,SO,.
Likewise, a further increase in the average particle size was also
observed with agitation when compared to those obtained
without stirring. One of the assumptions is that, with an
enhanced mass transfer, a higher amount of zinc nuclei is
deposited during the ED step, resulting in larger particles in the
subsequent redox replacement step. On the other hand, when
the stoichiometry of the redox replacement reaction—where
two Ag" ions are required to replace one Zn’—is considered,
more Ag atoms are produced than previously deposited Zn
atoms with a more complete reaction. Consequently, larger
particle sizes are expected as shown previously with EDRR
produced Ag/Cu nanoparticles.*”

Process Mechanism. The previous section shows that Ag
and Ag/Zn particles with various compositions and morphol-
ogy can be prepared by the facile EDRR protocol through
control of operating conditions like replacement time and
agitation. Nevertheless, the underlying reaction mechanism
responsible for these observations requires a more thorough
investigation. Consequently, an additional investigation with
the electrochemical quartz crystal microbalance technique
(EQCM)—which can monitor the extremely sensitive mass
variation during electrochemical processes—was utilized to
further understand the mechanistic details during EDRR
measurements.

Figure 6 shows EQCM results that combine the potential
and mass change as a function of time during EDRR
measurements (0.5 s pulse deposition at —1.55 V with a
replacement time of S0 s and 30 cycles of repetition). As can
be seen in Figure 6A, the steady increase of the deposited mass
during 30 cycles of EDRR experiments confirms the enrich-
ment of Ag on the electrode. Three distinct regions can be
identified in an enlarged single EDRR cycle (Figure 6B). Zinc
deposition occurs in Region 1 (ED), indicated by a significant
mass increase in the beginning 0.5 s. The molecular mass of
the species involved in the ED step can be estimated by means
of the mass/charge ratio (M/z). The side reactions can be
characterized by the deviation between experimental M/z
values and the expected theoretical value of hypothesized
reaction. The experimental M/z values of the ED steps of 30
EDRR cycles are 23.9—28.1 g/mol (Figure 6C) and are lower
than the theoretical value of zinc deposition (32.7 g/mol).
This observation is commonly reported for zinc electro-
deposition and is associated with the side reaction of H,
evolution as well as electrical double layer formation, as the
electric charge does not result in a mass increase in either
process.”®

The redox replacement of the zinc deposits to form Ag and
Ag/Zn particles commences when the external potential is cut
off. Considering that the zinc particles are replaced by heavier
Ag atoms in a stoichiometric ratio of 1 to 2 (mass ratio Zn:Ag
= 1:3.3), the deposit should have shown a steady positive mass
increase assuming the electron transfer rate from Zn to Ag is
100% in the RR step. However, the RR step is split into two
distinct regions according to the mass change: the mass shows
a rapid decrease within a short time in Region II. The
quantitative composition analysis of EDRR products with short
replacement time (5 s) confirmed the occurrence of the
replacement reaction between Zn and Ag*, whereas the net
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Figure 6. Mass change and potential transient during (A) 30 EDRR
cycles; (B) one single EDRR cycle in solution containing 65 g/L Zn,
10 g/L H,SO,, and SO ppm of Ag; and (C) M/z values during the
electrodeposition steps (E = —1.55V, t; = 0.5 s, n = 30 cycles, and t, =
50 s).

mass decrease in Region II indicates a considerable amount of
zinc is consumed by the competing H' reduction reaction
(zinc stripping). The positive mass change in the following
stage (Region III) further increases complexity of the
mechanism details. In previous work with Au—Cu chloride
solutions, the formation of copper(I) species after copper
stripping can lead to a gradual mass increase in the latter stage
of the RR step.43 Nonetheless, when compared to the well-
recognized copper(I) species—even if it has been found that
the stripping of zinc consists of two consecutive steps (Zn’ —
Zn* — Zn?*)*’—the accumulation of a stable Zn (1) species in
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sulfate solution has yet to be reported. Therefore, the
possibility of Ag" reduction by accumulated Zn (I) species in
Region III is relatively unlikely, and the cyclic voltammetry
results suggest that a Zn—Ag alloy structure is formed during
the replacement reaction. Additionally, the Zn (alloy) has a
higher redox potential than H,/H*, which hinders the
oxidation (corrosion) of Zn (alloy) by H* ions and thus also
hinders the relative speed of the mass decrease. Consequently,
the net mass increase in Region III is believed to be primarily
associated with the redox replacement between the Ag* and
the Zn (alloy) on the surface. This is also supported by the
further decrease of the Zn content (and increase of the Ag
content) in Region IIl. Moreover, Ag reduction by hydrogen
(H,) in the solution phase can also occur proximal to the
electrode surface, followed by the deposition on the surface as
suggested by earlier surface limited redox replacement studies
that used H, as an alternative reduction agent.60 The
mechanism of Ag particle formation using electrodeposition
and redox replacement based on the EQCM study is presented
schematically in Figure 7.

Zn/Zn*

Ag/Ag"
e O o]

Electrodeposition

Redox Replacement

Figure 7. Schematic for the mechanism of Ag/Zn particle formation
using electrodeposition and redox replacement (EDRR). Zn particles
are deposited in region (I) (ED), followed by a redox replacement
step (RR) at an open circuit potential comprising of regions (II) and
(1II): In region (II), redox replacement between Ag* and Zn° takes
place simultaneously with the competing H" reduction to form a Ag/
Zn alloy structure. Zn (alloy) is further replaced by Ag" in region
(111), Ag* may also be reduced by H,, and particles with high Ag
content can be obtained.

The molar ratio between sacrificial metals and the noble
metals is one of the most important parameters for the process
evaluation of traditional cementation. For the EDRR process,
the molar ratio of Zn deposited in the ED step and Ag
obtained from each EDRR cycle is 2.3—2.6 (Zn:Ag), which is
lower than most of the previously reported values for
cementation.>>***® In traditional cementation, the solution
pH value is normally strictly controlled (>3), and the noble
metal concentration typically varies from hundreds of ppm to
the g/L level; in contrast, the acid concentration during the
EDRR process in this study is significantly higher and the silver
concentration is only at a ppm level. These results suggest that
although the purpose of this study is to prepare high value-
added functional particles, the EDRR process also shows many
significant advantages and a degree of flexibility for silver
recovery when compared to regular cementation. From the
perspective of silver recovery, the current efficiency (CE) over
30 EDRR cycles was 16.3%, and the silver recovery efficiency
(RE) was 1.6% taking a 50 mL zinc solution with 50 ppm Ag
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as an example. It is worth noting that both current efficiency
and recovery efficiency can be significantly improved when
EDRR parameters are optimized specifically for silver
recovery.*

Ag/Zn Particle Formation with a Minor Concen-
tration of Ag. The industrial feasibility of the EDRR process
was further investigated using zinc electrolytes with a lower
silver concentration (10 ppm, 2 ppm, and extremely low to 0.5
ppm). As discussed in the previous section, agitation has
significant impacts on the EDRR process with 50 ppm silver.
Therefore, to improve the mass transfer condition, all the
experiments with these lower silver concentrations were
conducted with 200 rpm stirring. The compiled results of
SEM images and OCP values are shown in Figure 8, while the
particle composition and sizes are outlined in Table 3. As can
be seen, Ag and Ag/Zn particles were successfully prepared
using the EDRR method from solutions containing either a 10,
2, or 0.5 ppm Ag concentration. Like the results with 50 ppm
Ag, the increase of the silver content and particle size with the
greater diameter deviation was observed with longer
replacement times. The OCP values also shift to the positive
direction with longer replacement times for all the solutions
with 0.5 to 10 ppm Ag, which is in accordance with the
composition analysis gained from EDS. On the other hand, the
reaction rate of redox replacement clearly shows a decreasing
trend with a lower silver concentration. For instance, a 5 s
replacement time is sufficient to obtain particles with a high Ag
content (>90 atom %) from a SO ppm Ag solution, whereas
the minimum replacement time required to achieve a similar
silver percentage increases to 30 and 200 s for solutions with
10 and 2 ppm Ag, respectively. These slower reaction rates
with much lower Ag concentrations can be attributed to the
relative limitations of diffusion. In contrast, the potential of the
Ag*/Ag pair shifts to a negative direction with lower Ag
concentration according to the Nernst equation, which
decreases the driving force (potential difference of Ag'/Ag
and Zn®*/Zn pairs) of the replacement reaction between Zn
and Ag’, which may have an impact on the reaction rate. It is
worth noting that the content of silver can be further increased
with a longer replacement time (Figure S2). Overall, these
results demonstrate the feasibility of Ag and Ag/Zn particle
formation using the EDRR method from hydrometallurgical-
type solutions with dilute silver concentrations as low as 0.5

B CONCLUSIONS

This study presents a comprehensive investigation of Ag/Zn
particle formation using repetitive EDRR cycles from simulated
zinc process solutions with 65 g/L Zn, 10 g/L H,SO,, and
0.5-50 ppm Ag. A single EDRR cycle consists of two
consecutive steps: (i) The sacrificial metal Zn is deposited by a
0.5 s potential pulse at a potential E which is determined from
cyclic voltammetry studies. (ii) The external potential control
is then disconnected for a time duration (i.e., replacement
time), and the redox replacement between the more noble Ag*
ions and the Zn particles spontaneously takes place due the
potential difference of Ag'/Ag and Zn*'/Zn pairs. The effects
of operating parameters including deposition voltage, replace-
ment time, and stirring on the chemical composition and
morphology of Ag/Zn particles were investigated through
comprehensive experiments and analysis such as SEM-EDS,
TEM, and OCP values.
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Figure 8. SEM micrographs of GC electrodes after EDRR experiments with a solution stirred at 200 rpm containing 65 g/L Zn, 10 g/L H,SO,, and
(A—C) 10 ppm Ag, (D—F) 2 ppm Ag, and (G and H) 0.5 ppm Ag and (I) the corresponding OCP value of each EDRR cycle (E = —1.60 V, t, =

0.5 s, and n = 30 cycles).

Table 3. SEM-EDS Quantitative Results of the Particle
Composition after EDRR Experiments with Varying
Replacement Times: 200 rpm Stirred Solution Containing
65 g/L Zn, 10 g/L H,SO, and 0.5—10 ppm of Ag (E = —1.60
V, t, = 0.5 s, and n = 30 cycles)

Ag/Zn
Ag concentration  replacement  particle size Ag (atom
in solution time (s) (nm) (atom %) ratio)
10 ppm 10 55+ 120 48.7 £ 2.6 0.9
30 131 + 36  87.1 +£3.1 6.8
NU 147 £ 87 923 £ 2.5 12.0
2 ppm S0 37 £22 49.1 £ 4.6 1.0
100 126 + 33 §7.3 £33 1.3
200 138 + 63 85.7 £ 2.4 6.0
0.5 ppm 100 93 +£25 542 £ 49 12
200 109 £ 34 825+ 32 4.7

By controlling the replacement time, the deposited zinc
particles can be tuned to create bimetallic Ag/Zn particles with
a mixed alloy structure and ultimately almost pure Ag particles.
Longer replacement times also result in a larger particle size
and more positive OCP values, while agitation can improve the
mass transfer process and therefore increase the EDRR process
kinetics. Further investigation of the process mechanism with
EQCM revealed that three distinct regions (I)—(III) were
present during a single EDRR cycle: the mass increase in
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region (I) confirmed the zinc deposition during the short
potential pulse; the rapid mass decrease in region (II) indicates
that redox replacement between Zn and Ag' ion took place
simultaneously with competing reduction of H' ions (resulting
in zinc stripping); and a gradual mass increase was recorded in
region (III), which is believed to be associated with the redox
replacement between Ag' and Zn (alloy) formed in the
previous stage. Moreover, the possible Ag reduction by
hydrogen (H,) may also increase the mass change in region
(I10).

Overall, the successful and more sustainable production of
Ag/Zn particles from solutions with extremely low Ag
concentration (0.5 ppm) highlight the potential industrial
feasibility of the EDRR process. Furthermore, these results
demonstrate that the EDRR process is a promising technology
for the valorization of trace amounts of valuable metals from
base metal dominated process solutions and offers a facile
route to the furtherance of the circular economy of metals.
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