' Aalto University

Herrala, Reima; Wang, Zulin; Vapaavuori, Jaana; Lundstrom, Mari; Yliniemi, Kirsi
Recovery of Gold as Nanoparticles from Gold-Poor Au-Cu-Cl Solutions

Published in:
Journal of Physical Chemistry C

DOI:
10.1021/acs.jpcc.3c03135

Published: 17/08/2023

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:

Herrala, R., Wang, Z., Vapaavuori, J., Lundstrém, M., & Yliniemi, K. (2023). Recovery of Gold as Nanoparticles
from Gold-Poor Au-Cu-Cl Solutions. Journal of Physical Chemistry C, 127(32), 16099-16109.
https://doi.org/10.1021/acs.jpcc.3c03135

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1021/acs.jpcc.3c03135
https://doi.org/10.1021/acs.jpcc.3c03135

Downloaded via AALTO UNIV on September 6, 2023 at 12:45:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Ho®

pubs.acs.org/JPCC

Recovery of Gold as Nanoparticles from Gold-Poor Au-Cu-Cl

Solutions

Reima Herrala, Zulin Wang, Jaana Vapaavuori, Mari Lundstrom, and Kirsi Yliniemi*

Cite This: J. Phys. Chem. C 2023, 127, 16099-16109

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Electrochemical methods for preparing functional
surfaces typically use optimized solutions where competing reactions
do not need to be considered. However, with the increased demand
for resource efficiency, selective deposition methods that can make use
of more complex solutions are gaining importance. In this study, we
show how gold recovery as nanoparticles from Au-Cu-Cl solutions can
be assisted by electrochemically generated Cu'® species. In the
electrochemically assisted reduction (EAR) method, a low-energy
electrochemical step is employed, followed by spontaneous gold
reduction onto the electrode. The studied solutions mimic challenging
hydrometallurgical process solutions where the ratio of gold (S ppm)
to copper (20 g/L) is low. In addition to selective gold recovery, by

No nucleation pulse

3CuCl2(aq,) +9Cl
AuCl;

*+ 3Cucz-

controlling the electrochemical pulse parameters, the loss of deposits
due to corrosion could be minimized, current efficiency improved from ~0 to >10%, and relatively narrow particle size distributions
achieved (43 + 10 nm), and this can be done even at a high (4.5 M) NaCl concentration.

Bl INTRODUCTION

More efficient utilization of existing resources is a key
component of sustainable development." With the increased
availability of renewable energy,2 replacing existing metal
recovery methods with electrically driven rather than chemical-
heavy processes may reduce their environmental burden. Thus,
electrochemical processes, where metals are reduced out of
solution through an applied current, will become more
attractive for recovery. However, selective and -effective
recovery of critical and/or valuable metals from hydro-
metallurgical solutions can be challenging when their
concentration is low relative to other metals present.

In hydrometallurgy, chloride solutions can be used for the
leaching of both primary and secondary metal-containing raw
materials.” > In particular, leaching gold with copper chloride
has been studied®” as a less toxic alternative to traditional
cyanide leaching. Since gold and copper are often found
together in ores in varying ratios,” the capability of chloride to
effectively leach copper ores increases the utilization potential
of this method on industrial scale.”'’ Due to the variation in
raw material, the gold concentration may often be too low for
its viable recovery. However, value may be found by using a
single recovery step to directly create a functional surface, as
gold can be deposited electrochemically as nanoparticles,'"'*
which have found apzplications especially in catalysis'*~' and
chemical sensing.'’~"" Compared to producing bulk metals,
nanostructures typically require relatively low amounts of
metal and therefore may be able to better take advantage of
resource streams where the concentrations are low.

© 2023 The Authors. Published by
American Chemical Society
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The electrochemical approach for nanoparticle synthesis
allows dynamic control of morphology by varying parameters
such as deposition potential, current density, and pulsing
behavior.”>™>° This can be advantageous, as the size of these
particles is often critical for functionality in part due to the
increased surface area. Furthermore, if these nanoparticles can
be produced electrochemically from existing solutions in
industry, then some of the environmental burden from
synthesis can be avoided.

A recently developed electrochemical method to recover
noble metals from solutions with large differences in
concentration is electrodeposition-redox replacement
(EDRR).”® In EDRR, a sacrificial layer is first electrodeposited
(typically using a metal that is abundant in the solution), after
which a spontaneous replacement reduction occurs between
the dissolved noble metals (also present at low concentration)
in the solution and the deposited layer. In a recent publication
studying the EDRR method for copper and gold in chloride
solutions, Korolev et al.”” noted that spontaneous corrosion of
deposited copper (eq 1) was followed by an aqueous

Received: May 12, 2023 PG
Revised:  July 17, 2023
Published: August 4, 2023

https://doi.org/10.1021/acs.jpcc.3c03135
J. Phys. Chem. C 2023, 127, 16099—-16109


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reima+Herrala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zulin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaana+Vapaavuori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari+Lundstro%CC%88m"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirsi+Yliniemi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.3c03135&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03135?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03135?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03135?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03135?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03135?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/127/32?ref=pdf
https://pubs.acs.org/toc/jpccck/127/32?ref=pdf
https://pubs.acs.org/toc/jpccck/127/32?ref=pdf
https://pubs.acs.org/toc/jpccck/127/32?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

cementation reaction between the dissolved aurous and
cuprous species (eq 2), resulting in additional gold deposition.

2Cu + CuCly,, ) + 4CI” — 2CuCl;~ )

AuCl; + CuCl;™ — Au + CuCly, ) + 3CI” @)

The key difference in the method used by Korolev et al. to
traditional gold cementation”®*” is the use of a direct
electrochemical approach to create a reductant, either as
solid copper (EDRR) or as aqueous cuprous chloride near the
electrode.

In this work, for the first time, we have studied the aqueous
reduction approach to recover gold as nanoparticles, with the
aim of directly preparing functional surfaces from gold-poor
Au-Cu-Cl solutions. Unlike in the work by Korolev et al.,”” the
reductant (Cu™) for gold recovery is generated electrochemi-
cally according to eq 3. This approach is hereafter referred to
as electrochemically assisted aqueous reduction (EAR). In
addition, trivalent Au®* is used, according to eq 4. In real
solutions, the oxidation state of gold varies based on the
leaching process. For example, gold has been reported to leach
primarily as AuCl,” by chlorine,”® while leaching by cupric
chloride® produced AuCl,".

CuCly(,q) + CI” + ¢ — CuCly~ 3)

AuCl, + 3CuCl;” - Au + 3CuCl, + 7CI” (4)

It is expected that since EAR operates at a more positive
potential than EDRR and no solid sacrificial layer is deposited,
the purity of the resulting surface is higher. Despite both
reactants being in the solution phase, it is expected that gold
would accumulate onto the electrode due to the generally
lower energy requirement of heterogeneous nucleation
compared to homogeneous nucleation within the solution.*”
The possible downside of the reductant not being attached to
the electrode surface is that it will migrate away before reacting
with gold, and consequently the current efficiency may be
affected.

In chloride solutions, both cuprous (Cu*') and cupric
(Cu'?®) species are stable, which is essential for this process.
With increasing chloride concentration, the cuprous chlorides
become more stable,>*** which increases the reduction
potential of cupric chloride solutions and is therefore expected
to affect the driving force of the EAR process (eqs 2 and 4).

Here, we systematically demonstrate that EAR can be used
to recover gold as nanoparticles from copper chloride solutions
that mimic hydrometallurgical process solutions. The impact of
electrochemical parameters and NaCl concentration is shown
to affect the efficiency of gold recovery. Further, the applied
potential profile is shown to have a significant impact on both
efficiency and the size distribution of the recovered gold
particles on glassy carbon. Tailoring the electrochemical
parameters could therefore be used to control the functional
nanoparticle synthesis.

B METHODS

All solutions were prepared in deionized water (DI, 15 MQ-
cm), and the pH was adjusted with HCI (Merck, 37%) to just
below 2. The chemicals used were CuCl,-2 H,O (>99%, Alfa
Aesar), NaCl (>99%, Thermo Scientific), and gold standard
for AAS (999 + 4 mg/L, Sigma-Aldrich). All solutions in this
work contained 20 g/L Cu and S ppm Au, unless otherwise

specified. NaCl concentrations of 0.5, 2, and 4.5 M were
studied. All potentials in this work are reported against the Ag/
AgCl reference electrode, unless otherwise stated. All experi-
ments were carried out at room temperature. A WatchGas
UNIMP100 was used to detect possible Cl, evolution.

Electrochemical Setups. Two setups were used in this
work: a typical 50 mL three-electrode cell and an electro-
chemical quartz crystal microbalance (EQCM) cell (~100
uL). The SO mL cell was used for cyclic voltammetry (CV)
and for the deposition of particles for particle size
determination. The electrodes used in the 50 mL cell were a
platinum sheet as the counter electrode (Kultakeskus Oy), a
saturated calomel electrode (SCE, SI Analytics) as the
reference electrode, and a glassy carbon sheet (Alfa Aesar, 1
cm?) as the working electrode. Ivium CompactStat was used to
control the experiments. A magnetic stirrer (IKA C-MAG HS
7) was used to increase mass transport in experiments studying
the deposition of particles.

The glassy carbon electrodes were polished at 500 rpm
(Struers LaboPol-S) on a polishing cloth (Struers, MD Mol)
using water as a lubricant and 0.3 ym alumina. Polished
electrodes were rinsed with acetone, sonicated in ethanol (Etax
A, >94% ethanol), rinsed with DI water, and stored in ethanol.
Immediately after deposition, the electrodes were rinsed with
DI water and dried with air.

A schematic of the EQCM (Biolin Scientific) cell is shown
in the supporting information (Figure Sla). Sensors (Biolin
Scientific, 0.97 cm?® area, S MHz) with Au/Ti as the working
electrode material were used. Other electrodes in the cell were
a Ag/AgCl reference electrode (World Precision Instruments)
and a Pt counter electrode (Biolin Scientific). The flow of the
solution was set to 200 yuL/min using a peristaltic pump
(Ismatec IPC).

Electrochemically Assisted Reduction (EAR) Parame-
ters. EAR is an electrochemical pulsed reduction method. In
this study, the potential applied during a pulse is termed E, and
the duration of this pulse is termed t,. After the potential pulse,
the system was allowed to be at open-circuit condition: a new
pulse begins when a certain time has passed (f,), or the
measured potential reaches a certain value (E,). Pulsing was
repeated in each experiment n times. The impact of pulsing
parameters was investigated by varying ¢, between 0.01 and 10
s and E; between 0 and 0.3 V vs Ag/AgCl, while E, was
typically 0.6 V in the EQCM cell and 0.55 V vs Ag/AgCl in the
S50 mL cell used for particle characterization. A schematic
representation of these parameters is shown in the Supporting
Information (Figure S1b).

Electrochemical Characterization. Initial CV experi-
ments were carried out to determine the relevant redox
potentials. Copper (20 g/L) and gold (20 ppm) solutions were
studied separately at three NaCl concentrations (0.5, 2, and 4.5
M). The potential ranges were —0.4 to 1 V for copper and 0 to
1.2 V vs SCE for gold, with a 20 mV/s scan rate. All reported
current density values are based on the geometric area of the
electrode.

The electrochemical surface areas (ECSAs) of particles
deposited on glassy carbon were measured through cyclic
voltammetry in 0.1 M H,SO, (VWR). The upper and lower
potential limits were 1.5 and 0.4 V vs Ag/AgCl, respectively,
and the scan rate was 50 mV/s. The ECSA was determined
from the area of the cathodic peak between 1.1 and 0.8 V. The
measured charge was compared to the theoretical charge
density for an oxide monolayer, which varies around 400 uC
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Figure 1. CV measurements showing the potential region of relevant reduction reactions for different NaCl concentrations. (a) Copper (20 g/L)

and (b) gold (20 ppm). Scan rate 20 mV s~".

cm™? in different studies based on crystal orientation.” Earlier
studies show that 390 + 10 uC cm™ is a good fit for
polycrystalline Au,*® and therefore 400 #C cm™> was used in
this work. The total deposition time in the ECSA measure-
ments was 100 s, divided into 1000 cycles of ¢, = 0.1 s for the
EAR samples to obtain a signal large enough for reliable
measurement.

EQCM Data Analysis. The process was studied in situ by
EQCM. The measured frequency changes were converted to
mass change using the Sauerbrey equation

Am = —Cg

y ()

where m is the electrode mass, f is the measured frequency, ny,
is the resonance harmonic, and C is the mass sensitivity
constant (17.7 ng/(cm*Hz) for the 5 MHz electrodes). The
average frequency change of the most stable harmonics (3, S,
7, and 9) was used to calculate the mass change. Current
efficiency was determined by comparing the ratio of measured
mass change to the theoretical value predicted by Faraday’s law
if only deposition of gold took place

AmkvxF
Q*M,, (6)

where v is the number of electrons transferred in the reaction
(1 or 3), F is the Faraday constant, Q is the total measured
charge, and M,, is the molar mass of gold.

Particle Size Analysis. The deposits on glassy carbon were
characterized using a scanning electron microscope (SEM,
Tescan Mira3, 10 or 15 keV accelerating voltage) with
integrated energy-dispersive X-ray spectroscopy (EDS, Ther-
mo Fisher UltraDry). All samples used for surface morphology
characterization were prepared using a solution with 2 M
NaCl.

Particle size distributions were determined from SEM
images (N > S) using Image], assuming spherical particles.
No image processing was done to separate agglomerated
particles, and therefore groups of multiple particles appear in
the data as larger particles if there is no empty space between
them.

current efficiency =

B RESULTS AND DISCUSSION

Defining EAR Parameters. Cyclic voltammetry was
performed to determine the potentials at which the key
redox reactions took place (Figure 1). Copper and gold
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chloride solutions were studied separately to determine the
effect of chloride concentration on both.

In such high chloride concentration solutions, the
predominant Cu?* complex is suggested to be CuCl?,
whereas the most stable Cu'* complexes are CuCl, and
CuCl;>.*”*" For the copper solution (Figure 1a), two onset
potentials for reduction can be seen. These correspond to
Cu**/Cu'* around 0.4 V and Cu'*/Cu around —0.2 V vs Ag/
AgCl. As the chloride concentration increases, the potential
region between Cu®* to Cu'’ reduction and Cu'* to Cu
reduction widens. This is attributed to the stabilizing effect of
chlorides on cuprous species.”**’

Gold solutions were prepared with gold in the trivalent state
Au**. The dominant Au®*" chloride complex at low pH is
AuCl,~,* while for Au', it is AuCl,~.” Cyclic voltammetry
(Figure 1b) suggests that the NaCl concentration has much
less impact on gold species redox potentials in comparison
with copper solutions. The cathodic scan showed only one
clear reduction peak at approximately 0.55 V vs Ag/AgCl,
which was attributed to the reduction of aqueous to solid Au,
and its onset potential increased only slightly with increasing
NaCl concentration. During the reverse scan, a slight increase
in the anodic current was seen at >0.6 V, which peaked around
0.8—1 V vs Ag/AgCl. This peak was attributed to the oxidation
of gold back into the solution, and the low anodic current
compared to the reduction peak means that this oxidation
appeared to be inhibited, as has been reported in other
studies.”” A second anodic peak can be seen at >1.1 V vs Ag/
AgCl, which may be related to Au'*/Au®', overlapping with
oxygen evolution based on the bubbles appearing on the
electrode. However, the anodic behavior of gold in various
chloride concentrations has been explored extensively else-
where*"*"** and was not studied further here. For this work,
the most relevant information obtained from the CV
measurements is that aqueous gold is reduced to elemental
gold at potentials more negative than 0.55 V vs Ag/AgC],
showing that gold species remain slightly more noble than
cupric species in all of the NaCl concentrations studied, thus
supporting the use of the EAR method.

The aim of this work is to study the Cu'*-mediated path for
gold recovery as nanoparticles. Therefore, based on the CV
measurements presented in Figure 1, 0—0.3 V was chosen as
the potential (E;) region of interest since in this potential
region, Cu®*/Cu'* reduction can occur for all studied NaCl
concentrations, which is a requirement for EAR. The driving
force of gold reduction onto the electrode in this case (eqs 2

https://doi.org/10.1021/acs.jpcc.3c03135
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Figure 2. (a) Single EAR deposition cycle divided into four phases: dissolution (i), potential pulse for Cu** reduction to Cu'* (ii), reduction of Au
species by Cu'* and deposition of Au (iii), and redissolution (iv). (b) 100 cycles of EAR with and without gold. (c) The first 100 s of mass change
for gold- and copper-containing solutions during potential pulsing. (d) Ten cycles of EAR with an E, limit of 0.6 V vs Ag/AgCl results in an almost
linear mass increase. For all measurements, flow rate = 200 xL/min, E; = 0.3 V. For (a) and (d) t; = 10 s. For (b) and (c), t; = 1 sand , = 10 s.

Solutions contained S ppm Au, 20 g/L Cu, and 2 M NaClL

and 4) is the nobility difference between dissolved gold and
cuprous chloride complexes. Lowering the NaCl concentration
increases this driving force since it has a greater impact on the
reduction potential of Cu?*/Cu'* than that of Au**/Au.

Gold Recovery through EAR. Three features impede the
electrochemical reduction of gold from the cupric chloride
solutions studied in this work: the large concentration
difference between Au and Cu, the nearly overlapping
reduction potentials with copper, and the solution’s corrosive
nature toward gold. It has been demonstrated that cupric
chloride will effectively corrode gold and that the corrosion
potential is approximately 0.6 V vs SCE (~0.65 V vs Ag/AgCl)
for various cupric ion concentrations.”*> In addition, AuCl,”
has been shown to corrode metallic gold in the presence of
complexing ions.**> EQCM measurements were carried out
in order to better understand the relationship between gold
reduction and corrosion within these solutions.

EQCM measurements of pulsed potential showed that
material is deposited on the electrode both during and between
electrochemical potential pulses. Figure 2a shows how the
electrode’s mass changes during one pulse (t; = 10 s, E; = 0.3
V) can be divided into four phases. Before deposition (Phase
i), the mass of the gold electrode is reduced by corrosion.
During the potential pulse (t;, Phase ii), the electrode’s mass
increases sharply due to the direct deposition of gold. Then,
after the potential pulse, the electrode’s mass increases
gradually (t,, Phase iii) until it reaches a maximum and then

16102

is again decreased due to corrosion (Phase iv). Apart from
Phase ii, the cell is in the open-circuit condition where no
current passes through the cell, and so the buildup of mass
during Phase iii is attributed to the spontaneous reduction of
gold by cuprous species generated by the potential pulse.
Notably, this experiment shows that the EAR process can
indeed be used for gold recovery onto electrodes from cupric
chloride solutions at lower overpotentials than those which
have been shown for EDRR, as speculated by Korolev et al?’
The energy requirement of an electrochemical reaction is
directly related to the applied potential, and so developing
recovery methods that require less applied potential is central
to the green chemistry principle of Design for Energy
Efficiency.*

Gold was chosen as the working electrode material to avoid
contamination from other elements. However, it is important
to consider the contribution of dissolved gold to the measured
mass increase, and we found it to be minimal. Based on earlier
studies, gold is dissolved by cupric chloride as Au'* but can
then further react to form Au®* and metallic Au through
disproportionation.”

As a result of these corrosion processes, there may be both
Au'* and Au’* species in the solution when deposition begins.
Therefore, longer measurements were conducted to determine
the contribution of the gold in the initial solution and the gold
dissolved from the electrode to the measured mass increase
during Phase ii. Pulsed EAR was carried out for 100 cycles

https://doi.org/10.1021/acs.jpcc.3c03135
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Figure 3. Measured mass increase per charge for gold recovery as a function of (a) pulse time and (b) pulse potential. For (a), the pulse potential
was kept at 0.3 V vs Ag/AgCl, and for (b), the pulse duration was kept at 0.01 s. The dashed red line represents 100% current efficiency for a three-
electron process (valence of Au v = 3, eq 6). Pulse duration was determined by an OCP limit of 0.6 V. Error bars represent standard error.

from copper chloride solutions with and without the addition
of gold (Figure 2b). Potential pulsing in the absence of gold
did not result in any mass buildup on the electrode, whereas a
significant mass increase was seen when gold was present in
the solution. Also, any gold dissolved from the electrode before
the measurement was likely to be spent or to have flowed out
of the cell during the first few cycles, but the recovery rate
remained nearly constant throughout the measurement. This
confirms that it is indeed the gold in the solution, rather than
the gold dissolved from the electrode, that is responsible for
most of the mass increase, i.e., gold recovery. It also shows that
not only Au'* but also Au’* solutions are suitable for recovery
through spontaneous reduction by Cu'’, such as the EAR
method presented here. Since Au®* is present as AuCl,, we
posit that the mass increase between potential pulses proceeds
mostly according to eq 4. However, it is still unclear whether
Au*" is reduced to metallic gold directly or if it is first reduced
to Au'* and then further to metallic gold according to eq 2.

To further investigate the role of copper in the EAR process,
pulsed deposition at 0.3 V was carried out in solutions
containing no copper, but only S ppm Au** and 2 M NaCl
(Figure 2c). These solutions were also corrosive toward the
gold electrode, which shows that Au®* also significantly
contributes to the corrosion in our system. In these solutions,
the deposition proceeds rapidly during the potential pulse and
corrodes between them. Under the same pulsing conditions in
the solution containing only copper and no gold, the mass of
the electrode remained relatively constant. This was attributed
to the Cu'" species generated by the potential pulse between
the electrode and the corrosive bulk solution. When the
solution contained both gold and copper, the mass of the
electrode increases steadily, without distinct periods of
deposition and corrosion.

The spontaneous buildup of mass on the electrode during
Phase iii (Figure 2a) coincided with increasing OCP (open-
circuit potential), which reflects the changing conditions at the
electrode/solution interface caused both by the reduction of
gold onto the electrode and the flow of the solution. As can be
seen from Figure 2a, OCP reaches equilibrium at the same
time as the electrode starts to corrode. Based on these findings,
the cuprous species act as a barrier that prevents the corrosion
of the electrode by cupric species. Therefore, limiting the OCP
between each pulse is an efficient way to maximize the gold
recovery of each cycle without risking corrosion. By setting an
OCP limit (E,) at 0.6 V vs Ag/AgCl as the starting condition
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for a new pulse, a steady buildup of gold on the electrode can
be achieved (Figure 2d) by applying a pulsed potential profile.

An important difference can be observed between the EAR
measurements of Figure 2 and the EDRR measurements
reported by Korolev et al.”” Each EDRR cycle includes the
deposition of metallic copper followed by its oxidation by
cupric species according to eq 1. From the gold recovery point
of view, all of the deposited copper that does not react with
gold can lower the current efficiency. In the EAR process, on
the other hand, current efficiency is determined by the ratio of
the generated cuprous species that react with gold. Therefore,
the dependence of this ratio on the process parameters was
studied further.

The impact of NaCl concentration, pulse time (), and
pulse potential (E;) on current efficiency is shown in Figure 3.
Since the exact ratio of Au*" to Au'* was unknown, mass
change per charge was used as the figure of merit, where 0.68
mg/C corresponds to 100% current efficiency for a three-
electron process. The real current efficiencies are likely closer
to Au valence v = 3 (eq 6), since gold is added as a trivalent
when making the solution, and due to the flow of the solution,
the corrosion products should not accumulate in the cell. The
average measured mass change, charge, and current efficiencies
(CE) calculated according to eq 6 can be found in Supporting
Information Tables S1—S3: the calculations are done for
varying NaCl concentrations, ie, 0.5 M (Table S1), 2 M
(Table S2), and 4.5 M (Table S3). Even if we assume that the
most likely scenario in this study is v = 3, the current efficiency
values are presented for both valence states, v = 1 or 3.

A clear trend could be observed: decreasing t, increased
current efficiency. For the 2 M NaCl solution, the change was
from approximately 0.002 mg/C (CE 0.3% for v = 3) for t, =
10 s to 0.24 mg/C (CE 35% for v = 3) for t; = 0.01 s.
Changing E; had a similar effect, as minimal overpotential
resulted in the best current efficiency. For the 2 M NaCl
solution, the current efficiency changed from 0.24 mg/C at 0.3
V to 0.17 mg/C (CE 25% for v = 3) at 0 V vs Ag/AgClL
Finally, increasing the concentration of NaCl in the solution
significantly lowered the current efliciency for all deposition
parameters, with the best efficiency of ~0.5 mg/C (CE 74% for
v = 3) measured for the 0.5 M NaCl solution at ¢; = 0.01 s and
E, =03V vs Ag/AgCL

All of the results point to better current efficiency when the
reactions are kept minimal, i.e., minimizing the cuprous
chloride generation per cycle. For the reduction of gold onto
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Figure 4. Increasing the pulse duration lowered the rate of recovery and increased the rate of dissolution once polarization ended. (a) Mass change
and (b) rate of recovery as a function of time for EAR using various ¢,. For (b), the average rate and standard error are calculated from N > 3
measurements. E; was 0.3 V vs Ag/AgCl, and all measurements consisted of 10 cycles of deposition, except for EW 180 s, for which the potential

was kept at 0.3 V (electrowinning). [NaCl] = 2 M.

the electrode, it is sufficient to maintain a region of cuprous
species near the electrode. A longer pulse or increased
overpotential seems to increase the portion of cuprous species
that migrate away from the electrode and therefore never
contribute to the measured gold recovery. Similarly, since
increasing the chloride concentration promotes the Cu** —
Cu'* reduction reaction (Figure la), the same potential pulse
will generate more cuprous species in higher chloride
concentration solutions. Furthermore, the nobility difference
between aqueous cuprous and gold chloride species is also
greatest at low salt concentrations. Nevertheless, spontaneous
deposition with over 10% current efficiency (v = 3) was shown
to occur between pulses even at 4.5 M NaCl concentration.

Current efficiencies for electrochemical metal recovery from
dilute solutions reported in the literature vary significantly due
to the variation in the solutions and processes studied. For gold
recovery via electrowinning, Kasper et al.*’ reported a ~3%
current efficiency from ammoniacal thiosulfate, and Brandon et
al.™ and Barbosa et al.*’ reported less than 1% current
efficiency for dilute cyanide solutions. In this work, the current
efficiency of electrowinning was even lower (<0.1%, Table S2)
since the copper reduction reaction dominated at all studied
potentials due to the large concentration difference between
gold and copper. Thus, electrowinning is only suitable for the
narrow potential region where there are no competing
reactions, and this limits its ability to be used for fabricating
functional surfaces from complex solutions. Pretreatment, i.e.,
purification of leaching solutions, is usually a necessity for
industrial EW processes to obtain high-purity products.”*~>* In
contrast, EAR can use suitable impurities such as copper to
achieve greater current efficiency while operating in the
potential region where competing reactions occur.

It was also observed that the recovery rate of gold decreased
when t, increased, which indicates that the Cu®*/Cu'* reaction
hinders gold deposition (Figure 4). If this were not the case,
the highest recovery rate would be expected for electro-
winning, where the constantly applied potential reduces all
gold flowing past to the electrode. As with current efficiency, a
likely explanation is that longer pulses generate more excess
cuprous species, which then migrate away from the electrode.
These may then react with gold in the bulk solution or near
another surface, thus hindering the flow of gold to the
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electrode. To support this argument, the current efficiency and
rate of recovery were also measured with a solution containing
four times more gold (20 ppm Au, 2 M NaCl, 20 g/L Cu). In
this experiment, more gold can be transported to the electrode
before the cuprous species have transferred away, and so both
current efficiency and rate of recovery are expected to increase.
Indeed, compared to the solution with 5 ppm Au, the recovery
efficiency increased from 0.1 to 0.18 mg/C for ¢, = 0.1 and
from 0.24 to 0.43 mg/C for t; = 0.01 s. Likewise, the rate of
recovery increased to ~10.8 ng/s for t, = 0.1 and to ~11.2 ng/
s for t; = 0.01 s. The measured mass change profiles can be
found in the Supporting Information (Figure S2).

In addition, longer pulse times lead to more rapid
dissolution once polarization ended (Figure 4a). Since small
changes in pH should not affect the dissolution rate,>’ the
cause is likely the generation of corrosive species on the anode.
Indeed, the OCP increased sharply during the corrosion
(Figure S3), indicating the presence of a strong oxidant such as
aqueous chlorine, which could negatively affect the process
efficiency by oxidizing the generated cuprous species.”” As
such, low pulse times were found optimal for process
efficiency, rate of recovery, and stability.

All of the EQCM measurements were run with solution flow
(200 pL/min) through the cell. Many commercial electro-
winning processes also operate with flow.>* In our case, the
mass transport of gold and copper species from the electrode is
therefore influenced both by flow and diffusion. Without flow,
the recovery of gold by EAR was found to proceed significantly
slower (Supporting Information Figure S4). Barbosa et al.*’
also found that controlling the flow rate could enhance the
effectiveness of gold extraction from diluted cyanide solutions.
Agitation of the solution to enhance mass transport is therefore
important when considering scale-up of the process since it can
minimize the dwell time of the solution, which still contains
many valuable elements that can in turn can be recovered
downstream.

An important consideration is also the underpotential
deposition (UPD) of copper on the Au electrode. The
galvanic replacement of such a deposited monolayer could also
explain a gradual increase of the measured mass. However, in
our case, cyclic voltammetry on the Au/Ti electrodes (Figure
SS) showed no evidence of UPD, which would typically result
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Figure S. (a—c) SEM images of the impact of pulse time and potential on gold deposition onto glassy carbon. (a) EAR at 300 mV, #; = 0.1 s, 1000
cycles; (b) 0 mV, ¢, = 0.1 s, 1000 cycles; (c) electrowinning at 300 mV for 100 s. Deposition solution: S ppm Au, 20 g/L Cu, and 2 M NaCl. (d)
CV measurements in 0.1 M H,SO, of samples (a—c) showing gold oxidation and reduction peaks, scan rate S0 mV/s.

in a distinct peak on the anodic scan.”*° EDS analysis of the
QCM electrodes after polarization at 300 mV also showed no
copper deposition (Figure S6). Finally, the shape of the
measured mass increase profile would be expected to be
different for UPD: each pulse would be expected to rapidly
increase the mass of the electrode. Instead, only a small mass
change is seen from each potential pulse, which can also result
from the direct deposition of gold. These results support the
aqueous Cu'* mediated process.

Deposition of Gold Particles and Particle Size
Control. The ability to directly create functional surfaces,
rather than recovering metal for further refinement, could
make the processing of low-concentration solutions more
attractive. Therefore, gold was deposited onto glassy carbon
electrodes by the EAR process to determine the impact of
electrochemical parameters on deposit morphology. To
determine the impact of E;, 1000 cycles of EAR at E, = 300
and 0 mV vs Ag/AgCl were compared, with ¢, = 0.1 s and E, =
550 mV (Figure Sa,b). Also, in order to compare EAR to direct
electrowinning, deposition was carried out at a constant
potential (Figure Sc) for the same total deposition time of 100
s. The electrochemically active surface area (ECSA) of
deposited gold was measured with cyclic voltammetry in 0.1
M H,SO, since this parameter can be used for both comparing
the recovery efficiency and the suitability of the resulting
surface for electrochemical applications such as sensing or
catalysis.

First, the results show that EAR was significantly more
effective than EW at these potentials. SEM images of the
electrode after 100 s of EW at 300 mV vs Ag/AgCl showed
practically no gold deposition, whereas after EAR at the same
potential, gold particles were observed (Figure Sac, EDS
analysis in supporting information Figures S7—S10). Measure-
ments of the ECSA showed almost no reductive peak for

samples prepared by EW at 300 mV (Figure Sd). The ECSA
values for the different deposition approaches are shown in
Table 1. These results are in line with the findings of EQCM
measurements, where EAR outperformed EW for gold
recovery.

Table 1. Electrochemical Surface Area after EAR and EW
Deposition at Different Potentials”

deposition nucleation
method E, (mV vs Ag/AgCl) pulse ECSA (cm?/cm?)
EAR 300 0.18
EAR 0 0.42
EW 300 7.3 %x107*
EW 0 7.0 X 1073
EAR 300 —500 mV 0.53

“Total deposition time of 100 s for all samples, divided into 1000
cycles of t; = 0.1 s for EAR. The ECSA value is the average of three
measurements.

Second, increasing the overpotential resulted in more
deposition. EAR with E; = 0 mV resulted in significantly
higher particle coverage than with 300 mV. The measured
ECSA was also over two times larger (0.42 vs 0.18 cm?/cm?).
For comparison, deposition was also carried out by EW at 0
mV for 100 s. Again, EW deposition was less effective than
EAR. However, some particles were seen covering the
electrode surface (Supporting Information Figure S11),
although they were too small for EDS analysis. Nevertheless,
the ECSA measurement showed a small reductive peak,
indicating that these features were gold particles. This signal
was an order of magnitude greater than for EW at 300 mV
(Table 1). As such, deposition at a larger overpotential was
more effective for both EAR and EW approaches.
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Figure 6. Addition of a 0.1 s nucleation pulse at =500 mV before deposition has a large impact on gold recovery with EAR on glassy carbon. SEM

images of samples prepared (a) without and (b) with a nucleation pulse. Other deposition parameters: E; = 300 mV, ¢, = 0.1 s, E, < 550 mV vs Ag/
AgCl.
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Figure 7. SEM images and particle size distributions of samples prepared with (a, b) a nucleation pulse at —S00 mV for 0.1 s, E; = 300 mV, and (c,
d) no nucleation pulse, E; = 0 mV. For both samples, t, = 0.1 s, E, = 550 mV vs Ag/AgCl, and cycles = 100.

While in the EQCM measurements greatest current
efficiency was achieved with the lowest overpotential (Tables
S1-S3), on glassy carbon, using higher overpotential resulted
in higher particle coverage. A likely explanation for this
difference is the electrode material, which was gold for EQCM.
It has been shown that nucleation depends on the over-
potential and the substrate material.”” If gold recovery through
EAR (egs 2 and 4) occurs preferentially on gold, then the
reaction on glassy carbon may be limited by the amount of
suitable nucleation sites.
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Indeed, the particle size distribution of EAR at 0 mV vs Ag/
AgCl is clearly broad (Figure Sb). This is typical behavior in
the pulsed electrodeposition of particles, as each cycle results
in both new nucleation and the growth of previously deposited
particles.”* By contrast, the particle size of EAR at 300 mV vs
Ag/AgCl appears more uniform and the coverage is less dense
(Figure Sa), indicating that nucleation may have been the
limiting factor. It was also found that the particle density was
reduced when going from 100 to 1000 cycles, which indicates
that Ostwald ripening occurs during the process (Supporting
Information Figure S12).
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Based on these findings, a nucleation pulse of high
overpotential may improve the efficiency of EAR on glassy
carbon by populating the surface with sites for growth. To test
this, samples were prepared with the addition of a single 0.1 s
potential pulse at —500 mV followed by EAR at 300 mV for
1000 cycles (same parameters as in Figure Sa). The addition of
this single nucleation potential pulse was shown to have a
significant impact on the recovery (Figure 6). This effect is also
reflected in the measured electrochemical surface area (Table
1) which was more than doubled by the inclusion of a
nucleation pulse (0.18 to 0.53 cm?/cm?). As the difference in
these samples only occurred in the first 0.1 s, we can determine
that the role of the surface material is significant for EAR. Also,
as the pulse potential of 300 mV is more positive than the
oxidation potential of metallic copper (Figure 1a), any copper
that may be deposited during the nucleation pulse will be
oxidized back into the solution as Cu'" instead of remaining as
an impurity on the surface.

Since effective nucleation on glassy carbon appears to
require a high overpotential, the approach of starting with a
nucleation pulse followed by low overpotential EAR could in
effect separate the nucleation and growth of the particles. This
is a classic approach for the preparation of uniform-sized
nanoparticles and demonstrated for electrodeposition by
Penner et al.”* Here, samples were prepared with 100 cycles
of growth to measure the particle size distribution. Two
approaches were compared: the first being a nucleation pulse
at =500 mV for 0.1 s followed by EAR at 300 mV (Figure
7a,b) and the second being no nucleation pulse and E; = 0 mV
(Figure 7¢,d).

The particle size distribution was noticeably different
between the approaches of a nucleation pulse with low
overpotential growth (43 + 10 nm) and using a high
overpotential each cycle (29 #+ 10 nm). Smaller particles
(radius < 25 nm) especially were less common on the samples
prepared with a nucleation pulse, indicating that the separation
of nucleation and growth was at least partially successful.
Importantly, these results demonstrate that the particle size
and size distribution can be controlled in the EAR process by
the applied potential.

Like EDRR, EAR was shown to be able to selectively recover
gold without added chemicals from relatively low concen-
trations. Operating at a more positive potential than EDRR,
EAR demonstrated some advantages for nanoparticle deposi-
tion: distinctive particles which can be tailored with the applied
potential, and higher purity since no copper is reduced to the
surface.

B CONCLUSIONS

This study demonstrated the selective deposition of gold
through electrochemically assisted aqueous reduction in
cupric-gold chloride solutions. This EAR process was found
to be sensitive to changes in pulse time, pulse potential, and
surface material. The spontaneous reduction between Cu'* and
aqueous gold species was observed at all studied NaCl
concentrations (0.5, 2, and 4.5 M), but the process was the
most efficient at the lowest NaCl concentration where the
nobility difference and thus the driving force for gold reduction
by Cu'* was also greatest.

On glassy carbon, populating the substrate with gold by first
applying a 0.1 s nucleation pulse at —500 mV greatly enhanced
gold recovery at 300 mV (ECSA after 1000 cycles 0.53 cm?*/
cm?® with and 0.18 cm?/cm?® without a nucleation pulse). By

changing the applied potential profile, the particle size
distribution and shape of the recovered gold particles could
be influenced.

It is likely that EAR is suitable for metal pairs other than the
copper and gold studied in this work. As such, future research
should also consider other metals commonly present in
metallurgical solutions. Overall, understanding how the
products of certain competing reactions can be harnessed for
the deposition of noble metals can lead to more efficient
utilization of complex metal solutions.
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