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The electrodeposition-redox replacement (EDRR) process was studied to control the creation of copper and silver
containing particles on the surface of a carbon nanotube film. Synthetic solutions simulating typical hydrometallurgical copper electrolysis process solutions (40 g/L Cu, 120 g/L H2SO4) with different dilute concentrations of silver (1–10 ppm) were utilized as the source for particle deposition and recovery. Such process solutions
are currently underutilized for use as a potential source for the deposition of noble particles. The effect of
deposition voltage, deposition time, stirring, and redox replacement time between deposition pulses were investigated as the parameters affecting the morphology and composition of the deposited particles as well as
deposition kinetics. The results showed that pure copper particles can be deposited when the redox replacement
time between deposition pulses is very short (t = 2 s). By increasing the redox replacement time (t = 50 s and
more) the original copper particle composition transforms into a core-shell structure with an outer layer predominately consisting of silver or a bimetallic mix of copper and silver, depending on the deposition conditions.
The bimetallic Cu/Ag particle size could be controlled from 200 to 840 nm by the applied deposition voltage. At
high redox replacement times (t = 150 s and more) the resulting particles were shown to be pure silver with a
small diameter from 100 to 250 nm.

1. Introduction
In this paper a method is presented for depositing either Ag or Cu/
Ag particles on carbon nanotube (CNT) films from solutions mimicking
hydrometallurgical copper process solutions, such as those used in
copper electrorefining and electrowinning. In the industrial solutions
used in these hydrometallurgical processes, depending on the plant
operation, trace amounts of noble elements such as silver (in the ppm
range) are accompanied by a considerably higher concentration of less
noble metals (in the g/L range), such as copper, iron, nickel [1]. Currently utilized silver recovery processes from such dilute solutions include several different methods such as cementation [2–5], chemical
methods [6], precipitation [7], adsorption [8], membrane filtration [9]
and electrowinning [10–12]. The typical issues when recovering silver
from dilute industrial effluents by any method are in the solution
complexity, high cost, high consumption of chemicals or high energy
consumption of the process [13]. Unlike with the novel method presented here, the currently utilized removal processes do not directly

⁎

produce high added-value surfaces with desired silver particle composition and distribution, but are rather focused in the effective removal
of silver from the solution.
In the field of electrochemistry, redox replacement reactions have
been used to create precise monolayers of metals on wanted substrates
in a so-called surface-limited redox replacement (SLRR) process
[14–18]. This method has traditionally utilized underpotential deposition in a two-step procedure, mostly in two different deoxygenated
solutions consisting of noble and non-noble elements respectively, but
has also been conducted within a single solution containing both elements [19,20]. The composition of the solutions used in these studies is
carefully adjusted so that the redox replacement process can be precisely controlled in order to produce surfaces of desired composition.
The electrodeposition- redox replacement (EDRR) process is a versatile one-step approach for creating porous deposits or (nano)particles
from a single solution containing both the noble and non-noble elements. Recently, the EDRR process has been utilized to control the
deposition of Pt/Ni [21] particles and to recover films of valuable
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metals such as Au [22] and Ag [23] from various industrial waste
sources. Silver particles, and their more economical alternative bimetallic copper-silver particles, have been widely utilized in different
applications such as electronics [24–28] catalysts, [29–33] and antibacterial materials [34–37]. On the other hand, carbon nanotube based
materials have been utilized widely in electrochemical applications due
to their high surface area and conductivity [33,36,38,39]. For instance,
copper and silver particles supported on carbon nanotube (CNT) materials have been utilized to produce functional materials for applications as sensors [38,39], catalysts [33,40], antibacterial materials
[34,36] and conductors [41–45]. Thus, utilizing a CNT film as the
electrode material for the EDRR process offers the possibility of producing a functional surface of copper and silver nanoparticles directly
from the industrial copper process solution. The composition of the
typical industrial copper electrolysis solutions used in this study are not
optimized for silver particle deposition and have therefore not been
traditionally considered as a potential source for the creation of different types of CNT-Cu/Ag surfaces.
In this communication, the EDRR process was studied in a solution
with composition similar to those used in industrial copper electrolysis,
i.e. containing dilute amounts of silver (1–10 ppm) and a high concentration of Cu (40 g/L). By controlling the various EDRR parameters
the composition and morphology of deposited particles on carbon nanotube films could be tuned in order to produce a high-added value
surface. Combining the techniques of Field Emission Scanning Electron
Microscopy with Energy Dispersive X-ray spectroscopy (FE-SEM &
EDS), X-ray Photoelectron Spectroscopy (XPS), Field Emission Auger
Electron Spectroscopy (FE-AES) with electrochemical data, such as
open circuit potential (OCP) transient values allowed for the comprehensive study of the resulting deposits by the EDRR method. It was
found that the deposits could be tuned from pure Cu to bimetallic Cu/
Ag to highly pure Ag particles.

The error reported with the average OCP value is one standard deviation.
Field Emission Scanning Electron Microscopy (FE-SEM) was done
with a JEOL JSM-7100F, equipped with energy dispersive X-ray spectroscopy (EDS) to image and analyze the sample morphology and
composition. The acceleration voltage during imaging and EDS analysis
was 15 kV. At least 10 particles per sample were analyzed by EDS from
randomly selected points along the surface. The reported EDS Cu:Ag wt% ratios are calculated by the ratio of the average wt-% of Cu and Ag of
the analyzed particles. The wt-% ratios were calculated for all analyzed
samples to compare the trends of compositional changes between deposits. ImageJ software was used to analyze the particle sizes from SEM
images of 5000 (x5k) and 30,000 (x30k) magnifications with a
minimum of 100 particle measurements per sample. The error reported
with the average diameter is one standard deviation.
X-ray photoelectron spectroscopy (XPS) measurements were done to
measure CNT films with different copper and silver surface compositions up to ca. 10 nm in depth with a PHI-5600ci (Physical Electronics)
utilizing an Al Kα monochromatic X-ray source (1486.71 eV photon
energy) with a spot diameter of 800 μm for scanning large areas of the
CNT film surface. Each survey was conducted for 12 individual acquisition scans (14 min of total measuring time per spectrum) and 3 surveys were taken of each sample at different locations. The vacuum in
the analysis chamber was lower than 1 × 10−9 Torr. Survey scans were
recorded with a pass energy of 187.85 eV and energy step size of 0.8 eV.
The XPS data was analyzed with PHI Multipak software (V9.5). Nondeposited elements on some of the CNT film samples included Cl, S, Si
and N as a contamination. Survey scans for the pure CNT film and CNT
film with Cu, Cu/Ag and Ag particles are shown in Fig. S1. Relative
recovery values of Ag are calculated for samples with high replacement
time by dividing the total charge spent during the EDRR electrodeposition stages by the average concentration of Ag (atomic %, at-%)
at the CNT film surface. Importantly, in these samples no Cu could be
detected in the XPS and the particles were highly pure Ag by EDS. The
relative recovery efficiency of Ag was calculated using the surface
coverage of Ag (at.%) on the film surface from the XPS surveys and the
charge density (mC/cm2) during deposition of copper particles. The
relative recovery efficiency can be estimated by dividing the Ag (at.%)
amount (from three measurements on separate locations) on each
sample by the total charge density (mC/cm2) during deposition pulses
on that sample.
Field emission Auger electron spectroscopy (FE-AES) was done with
a JEOL JAMP-9500F to investigate the composition profile of individual
particles on the CNT film by utilizing argon ion sputtering. The sputtering rate was a constant 3.3 nm/min (according to the sputtering rate
of SiO2) for all samples.
As carbon-based material itself is known to be able to support redox
replacement of some noble elements, such as Cu [50] and Ag [51], a
reference test was made to observe that our results are truly due to the
EDRR process and no other redox replacement phenomena stemming
from the working electrode material. A CNT film sample was immersed
in a solution of 40 g/L of Cu, 120 g/L of H2SO4 and 100 ppm of Ag (ten
times higher Ag concentration than in our EDRR experiments) for one
hour and then rinsed with DI water. XPS analysis showed that after this
time no spontaneously deposited Cu or Ag could be found at the surface.

2. Experimental and methods
A three-electrode cell with a volume of 200 cm3 was used at room
temperature in the electrochemical experiments. The experiments were
controlled by an Autolab PG 302 potentiostat with Nova 2.1 software.
The reference electrode was a silver chloride (Ag/AgCl) in a 1 M sodium
sulphate (Na2SO4, EMSURE, Merck) salt bridge to avoid possible contamination of the electrolyte by chlorides. The counter electrode was a
Ti/RuO2 mesh anode with surface area an order of magnitude larger
than the geometrical working electrode area. The counter electrode was
in a U-shape around the working electrode to ensure an even current
distribution during experiments. The experiments were conducted in a
solution with background composition of 40 g/L (0.63 M) of Cu from
copper sulphate pentahydrate (CuSO4·5H2O, EMSURE, Merck) and
120 g/L (1.2 M) of sulphuric acid (H2SO4, Analytical reagent grade,
Fisher Chemical), hereby called the copper process solution. The Ag
concentration in copper process solutions was varied from 1 to 10 ppm
by diluting silver AAS standard (TraceCERT®, 39361, Sigma-Aldrich)
with original concentration of 1000 ppm Ag and 2 wt-% HCl. The solutions were made with Milli-Q water. The composition and pH of the
utilized solutions are selected to mimic the typical composition of
copper electrolysis process solutions [2,3,46]. The working electrode
was a free standing CNT film produced by the liquid suspension
method, shown in [47]. These films exhibit hydrophilic characteristics
[48,49], making them suitable for use as electrodes for aqueous solutions. CNT film samples used as the working electrode were cut with a
surgical blade to dimensions of ca. 1 × 2.5 cm. Due to the rigid nature
of the CNT film a crocodile clip was attached directly onto the film to
pass current during the experiments. After deposition the samples were
immediately removed from the solution and carefully rinsed with DIwater before placed in a desiccator. The reported average open circuit
potential (OCP) values have been averaged from the OCP value of the
working electrode at the end of each cycle during the EDRR process.

3. Results and discussion
3.1. Redox replacement between copper and silver
The redox replacement reaction between copper and silver in a
copper process solution is thermodynamically possible due to the difference in reduction potentials between this reduction - oxidation pair.
The electrode potential values for the investigated copper process solution were calculated with the Nernst equation from the
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concentrations of 40 g/L Cu and 10 ppm Ag:

Cu2 +

+ 2e

Ag + + e

Cu (s )

1
Eeq

Pure copper particles were deposited at −0.1 V for 500 ms (n = 20)
in copper process solution with 10 ppm Ag, Fig. 2a. These particles were
deposited with 2 s replacement time between deposition pulses. Due to
the short replacement time, no redox replacement took place (EDS
Cu:Ag wt% ratio of ca. 121) and thus 2 s replacement time was considered as the reference for creating highly pure copper particles on the
CNT film. The minor amount of silver detected in the particle is assumed to be due to co-deposition of silver with copper during the deposition pulse. Another reference sample was produced by immersing
the pure copper particles into copper solution with 10 ppm Ag for a
total of t = 3000 s and the resulting morphology is shown in Fig. 2b.
The deposits produced by this traditional, non-pulsed redox replacement method, called cementation in hydrometallurgy, were mostly
silver (3.6% Cu as impurity by EDS analysis) with a high degree of
agglomeration and a bimetallic surface structure of copper and silver.
The compiled analysis results of these particles are shown for comparison purposes, together with the results from EDRR experiments
with long replacement time (Table 1).

(1)

= 0.331 V vs. SHE

2
Ag (s ) Eeq
= 0.561 V vs . SHE

(2)

The overall reaction occurring during the redox replacement step
can be described as:

Cu (s ) + 2Ag + (aq)

2
2Ag (s ) + Cu2 + Eeq

1
Eeq
= 0.230 V

(3)

where each copper atom is being replaced by two silver atoms. The
difference in the calculated theoretical electrode potentials is then
0.230 V in the solution employed in this study.
To observe the redox replacement reaction in our solution in its
basic form between copper and silver, the following experiment was
conducted: a thick bulk copper surface on a CNT film sample was deposited at −0.1 V vs. Ag/AgCl for 1200 s in a copper process solution
without Ag, and then this Cu-CNT film was immersed in a copper
process solution containing 10 ppm Ag for 3000 s. As with all experiments, the solutions were not purged free of dissolved oxygen and thus
some corrosion of the bulk copper was expected to occur simultaneously with the redox replacement. The resulting surfaces are shown
in Fig. 1. In Fig. 1a, the surface of electrodeposited pure bulk copper is
shown. After immersion in 10 ppm silver containing copper process
solution, the copper starts to oxidize while silver particles (confirmed
by EDS analysis) of ca. 100 nm diameter deposit on the remaining bulk
copper surface, Fig. 1b. This result shows that in our solution with a
dilute silver content and no deoxygenation, the redox replacement reaction between copper and silver is thermodynamically favored.
The redox replacement system between copper and silver in an
electrolyte similar to the one utilized here, containing various concentrations of copper sulphate, sulphuric acid and silver, has been
scarcely studied to date with the exception of Sulka and Jaskula [2,3].
They studied the kinetics and mechanisms of redox replacement between a solid copper plates and silver ions in a copper electrowinning
electrolyte with a higher concentration of silver (between 20 and
100 ppm Ag) and ca. half the sulphuric acid concentration (0.5 M
H2SO4) employed in our study. To summarize their work, they showed
that in acidic sulphate based electrolyte silver can redox replace bulk
copper in various forms. Silver deposits as particles, dendrites and solid
films on the surface of existing bulk copper, depending on the applied
conditions and solution composition. In solutions not purged with
oxygen, the corrosion of copper occurs as a side reaction simultaneously
with redox replacement. Under this condition silver was shown to deposit preferentially on existing silver due to the higher surface area of
anodic sites. [2,3] It is worth noting however, that their study was not
done on copper particles but instead, bulk copper plates were immersed
into silver and copper containing solutions.

3.2. EDRR process with long replacement time
The EDRR process for silver particle deposition is shown schematically in Fig. 3. Here, the CNT film surface is first deposited with
copper particles by an electrodeposition (ED) pulse (during which a
minor amount of silver will also co-deposit). The morphology and
amount of the copper deposit before any redox replacement with silver
can be affected by the deposition voltage and deposition time. After the
deposition pulse, the system is left at open circuit potential (OCP) for a
desired time, hereby called replacement time, so redox replacement
reactions can take place between the deposited copper particles and
silver ions in solution while no external potential or current is being
applied. During this step, silver reduces on the working electrode surface while the copper deposits are oxidized and dissolved into the solution. This cycle of deposition and redox replacement is then repeated
for a number of times (n) to increase the amount of metal deposits at the
CNT film surface. The energy consumption of the process is related to
the deposition charge during pulsing and the amount of silver recovered. The main difference between EDRR and traditional methods
for performing redox replacement reactions (such as the one shown in
Fig. 2b) is that in EDRR the redox replacement takes place on a small
number of particles after each deposition cycle. Thus, the amount of
copper replaced by silver during one EDRR cycle is considerably smaller
than when replacing all copper particles at once. This is important to
note as the concentration of silver and other noble metals in copper
process solutions are typically very small, hence the mass transfer can
affect the replacement reaction considerably.
Fig. 4 shows a typical EDRR graph obtained when forming silver

Fig. 1. SEM images of bulk copper surface deposited from pure copper process solution without any Ag (a) after redox replacement for 3000 s in copper process
solution with [Ag] = 10 ppm (b).
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Fig. 2. SEM images of (a) copper particles deposited at −0.1 V vs. Ag/AgCl for 500 ms (2 s replacement time) in copper process solution [Ag] = 10 ppm, (b) silver
particles after copper particle immersion, i.e. cementation, in [Ag] = 10 ppm copper process solution for 3000 s.
Table 1
Production and characterization of pure Ag particles by EDRR (n = 20) and cementation from copper process solution with [Ag] = 10 ppm.
Deposition potential vs.
Ag/AgCl (V)

Deposition time
(ms)

−0.1
500
−0.5
500
−0.5
50
Traditional redox replacement i.e.
cementation

Replacement time
(s)

EDS, Cu:Ag (wt
%-ratio)

XPS, Cu:Ag (wt
%-ratio)

Deposit size (nm)

Ag recovery efficiency
(at.%cm2/mC)

Average OCP vs. Ag/
AgCl (mV)

150
600
300
3000

0.01
0.01
0.001
0.036

Pure Ag
Pure Ag
Pure Ag
Bimetallic Cu/Ag
(0.4)

247 ± 118
207 ± 65
96 ± 37
416 ± 102

0.05
0.08
0.29
0.04

297 ± 0.003
305 ± 1
268 ± 7
–

particles (using ED pulse for 500 ms at −0.1 V vs. Ag/AgCl and redox
replacement time of 150 s for a total of n = 20 cycles). The open circuit
potential was recorded during the redox replacement step (during
which no external potential or current was applied) and its increase is
due to the higher nobility of silver when compared with copper.
Fig. 5 shows the silver particles obtained by EDRR on CNT film, with
different deposition conditions. In Fig. 5a (20 EDRR cycles with 150
redox replacement time), the total redox replacement time was the
same as for the particles in Fig. 2b (cementation reference sample with
t = 3000 s redox replacement). The only difference is that in Fig. 5 the
silver particles were generated by one electrodeposition pulse – redox
replacement at a time, i.e. by the EDRR process. CNT film samples were
also deposited with silver with parameters of −0.5 V vs. Ag/AgCl for
500 ms with 600 s replacement time and 50 ms with 300 s replacement
time, Fig. 5b and Fig. 5c, respectively. In both cases the higher overpotential seemed to increase the density of the EDRR generated silver
particles. This is attributed to the higher coverage and number of
copper particles deposited at higher overpotential, which also leads to
more homogeneous distribution of the silver particles after redox replacement has taken place. Table 1 summarizes the results of creating
Ag deposits by EDRR and cementation from electrochemical measurements, SEM-EDS and XPS. The reported OCP values of the working
electrode in Table 1 are the average of all values at the end of EDRR

0.40

Replacement time

Voltage (V vs. Ag/AgCl)

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20

Deposition pulse

-0.25
0

500

1000

1500

2000

2500

3000

Time
Fig. 4. Typical time-potential graph for the EDRR process (n = 20) with deposition voltage of −0.1 V vs. Ag/AgCl for 500 ms and 150 s replacement time.

Fig. 3. Schematic for a single cycle of electrodeposition-redox replacement for creating Ag nanoparticles on CNT film.
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Fig. 5. SEM images of silver particles deposited by 20 EDRR cycles in 10 ppm Ag copper process solution with the parameters (a) deposition potential of −0.1 V vs.
Ag/AgCl for 500 ms with 150 s of replacement time, (b) deposition potential of −0.5 V vs. Ag/AgCl for 500 ms with 600 s replacement time and (c) deposition
potential of −0.5 V vs. Ag/AgCl for 50 ms with 300 s replacement time.

cycles.
The differences between silver deposits by EDRR and cementation
are shown to be numerous. The silver deposits recovered by EDRR are
up to ca. 4.3 times smaller, while covering the CNT film surface more
homogeneously. Typical to redox replacement processes [14,17,20]
some copper remains in all of the deposits, but the silver deposits recovered by EDRR were considerably higher in purity (0.1–1% Cu
compared with 3.6% Cu by cementation). When comparing the silver
recovery efficiencies from XPS measurements, all the EDRR experiments showed a higher amount of recovered silver by XPS surveys (0.3
to 7.3 times more) per consumed charge than by cementation. These
results show that the EDRR process is an efficient and controllable way
to deposit silver from metallurgical process solutions with very a dilute
concentration of silver and high concentration of copper. The results for
copper process solutions with even lower Ag concentration (1 ppm Ag)
are reported in Table S1 and Fig. S3, which show similar trends for the
creation of silver deposits.
Field Emission Auger Electron Spectroscopy (FE-AES) equipped
with argon ion sputtering was used on the sample deposited at −0.1 V
vs. Ag/AgCl for 500 ms with 150 s replacement time (n = 20) (same
conditions as used to form pure Ag particles shown in Fig. 5a). With this
technique the composition of individual particles could be observed.
The particle composition profiles by sputtering time for four particles
are shown Fig. 6. It has to be noted that the sputtering speed is calibrated to the sputtering rate of SiO2 and will thus vary slightly from the
actual sputtering depth of pure silver. All the particles show a pure
silver structure throughout the particles with no copper peak being
visible. This result further confirms the high purity of the particles as
shown by the EDS and XPS results. It is assumed that the decrease in the
silver peak intensity for the 1st particle after 1500 s is due to the
sputtering reaching the bottom of the silver particle as this particle was
also the smallest of the four particles analyzed. Importantly, no oxygen

could be detected on any of the deposits.
3.3. EDRR process with low replacement time
Particles (in the size range of 10 nm to 10 μm) with a Cu core and Ag
shell as well as bimetallic Cu/Ag particles (with a mixed composition of
both elements) have been previously investigated for a variety of applications in the form of powders [24–28,35,37,52] or as particles
supported on another material [29–32]. Particles containing both Cu
and Ag are often used due to their lower cost, while maintaining or
improving on the properties of pure Ag and Cu. The simplified process
often utilized in literature for the creation of these particles is by cementation, i.e. immersion of existing copper powders or copper particles pre-deposited on a substrate, in a silver containing solution. The
utilized solutions are typically synthetic and purged free from oxygen
while containing additives such as oleylamine, sodium citrate and
EDTA to control the particle synthesis. It is known that the amount of
redox replaced silver is a function of the replacement time and its
structure is related to the morphology of the copper particles being
replaced. The concentration of silver ions to copper particles is also an
important parameter due to its effect on the overall redox replacement
process and is for this reason typically optimized to ensure specific type
of particle formation [32,52]. In our study, the solution composition
was not optimized for bimetallic or pure silver recovery, rather a selected range of EDRR parameters were investigated so as to tune the
deposition of various types of particles.
To create Cu/Ag particles by the EDRR method from the copper
process solutions containing 10 ppm Ag the replacement time between
deposition pulses was decreased so as not to redox replace all of the
deposited copper. Due to the short replacement time the silver could
not redox replace all of the existing copper but both elements remained
in the deposited particles. Three different deposition conditions were
309
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Fig. 6. Field emission Auger electron spectroscopy depth profiles of particles from copper process solution with [Ag] = 10 ppm for deposition of −0.1 V vs. Ag/AgCl
for 500 ms and 150 s replacement time.

investigated: −0.1 V vs. Ag/AgCl for 500 ms, −0.5 V vs. Ag/AgCl
500 ms and −0.5 V vs. Ag/AgCl for 50 ms. The replacement time between pulses was varied from 2 to 300 s to produce CNT films with
different deposit sizes and compositions. The morphologies of deposits
on CNT films after EDRR (n = 20) in this low replacement time regime
are shown in Fig. 7, where the replacement time is shown in the upper
left corner. Compiled results of EDS analysis, XPS surveys, OCP values
and deposit sizes are also shown in Table 2. The reported average OCP
values in Table 2 are the average of recorded values at the end of EDRR

cycles. XPS analysis was also conducted on all samples to observe for
possible differences between the surface composition (analysis depth up
to ca. 10 nm) and bulk composition (from EDS analysis) of the CNT film
prepared with different types of Cu/Ag deposits.
Tests with 2 s replacement time were done to observe the resulting
morphology during deposition of pure Cu particles with very low silver
loading as the short replacement time does not allow for redox replacement to take place (EDS Cu:Ag wt% ratios ˃120). As expected, all
the copper particles deposited with 2 s replacement time show a pure
310
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copper surface from XPS surveys no matter the deposition conditions.
Thus, these particles show the typical morphology of copper deposited
before redox replacement has occurred within a single cycle of EDRR.
The copper particles deposited with −0.1 V and −0.5 V vs. Ag/AgCl for
500 ms are round with some particles growing together, typical of
pulsed electrodeposition [53]. For deposition with −0.5 V vs. Ag/AgCl
for 50 ms, the copper deposit morphology is clearly different, exhibiting
a mixed structure of cuboidal and round particles, similar to previously
published results [32,54]. The deposition charges during deposition of
pure copper particles with 2 s replacement time are shown in Fig. 8.
Due to the high overpotential and time, deposition at −0.5 V vs. Ag/
AgCl for 500 ms deposited up to 10 times more copper in a single
electrodeposition pulse (equaling ca. 50 monolayers of copper, assuming a copper monolayer charge of 324 μC/cm2 [55]) than the other
conditions. The deposition charge in Fig. 8 is assumed to be increasing
in successive cycles due to an increase in the electroactive surface area
as the electrical conductivity and surface roughness increase with the

amount of deposit [17,18,56].
The Cu:Ag wt%-ratio evolution from EDS analysis at different replacement times is plotted in Fig. 9. As expected, when increasing the
replacement time the silver loading onto the CNT film working electrode increased in all cases as more copper was replaced with silver and
possibly as some copper was corroded. Thus, the Cu:Ag wt%-ratio obtained by EDRR shows a wide range of possible deposit compositions as
a function of the replacement time. All of the OCP values show an increase as the amount of silver, i.e. replacement time, is increased due to
the higher nobility of silver, consistent with previous work on SLRR
with Pb and Pt [20]. The diameter of the deposits also show a trend of
decreasing as a function of the replacement time, as multiple silver
particles are formed from a single original copper particle [32,52].
According to the XPS results, all samples with 50 s replacement time
and higher have significant amounts of silver on the surface of copper
particles (surfaces of either pure Ag or bimetallic Cu/Ag).For instance,
with 50 s replacement time the samples deposited at −0.1 V vs. Ag/

Fig. 7. SEM images of Cu/Ag particle morphology after 20 cycles of EDRR in [Ag] = 10 ppm copper process solution and different replacement times (shown in
images) for (a) −0.1 V vs. Ag/AgCl for 500 ms, (b) −0.5 V vs. Ag/AgCl for 500 ms and (c) −0.5 V vs. Ag/AgCl for 50 ms.
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AgCl for 500 ms and −0.5 V vs. Ag/AgCl for 50 ms show a bimetallic
surface structure of both Cu and Ag, while the sample deposited at
−0.5 V vs. Ag/AgCl for 500 ms shows a pure Ag surface, i.e. core-shell
structure. As the sample deposited at −0.1 V vs. Ag/AgCl for 500 ms
showed the smallest copper particle size before redox replacement (and
thus the highest copper surface area per particle), redox replacement
was kinetically favored on the copper particles of this sample. This
conclusion is also supported by the lowest Cu:Ag wt%-ratio of 6 at 50 s
replacement time from EDS analysis. The bimetallic deposits of this
sample, shown in Fig. 7a, exhibit a high degree of porosity/roughness
due to the extensive redox replacement that has taken place. Due to the
mixed growth of cuboidal and spheroidal copper particles on the CNT
film when depositing at −0.5 V vs. Ag/AgCl for 50 ms (Fig. 7c), the
redox replacement that occurred during the 50 s replacement time did
not proceed to homogeneously cover the copper surfaces with silver.
This is likely due to the differences in redox replacement rate on copper
particles of mixed morphologies, which results in an uneven silver
surface at low replacement times [32]. Conversely, XPS analysis of the
CNT film deposited at −0.5 V vs. Ag/AgCl for 500 ms with 50 s replacement time shows deposits with a pure Ag surface. The diameter of
the deposits does not show considerable decrease from the original pure
copper particles at 50 s replacement time, while the Cu:Ag wt%-ratio
has decreased drastically from 174 to 33 due to the increase in silver
loading at the copper particle surfaces. Thus, while the bulk of the
particle is at this point pure copper, the outermost layer is pure silver
and the deposit is core-shell structured.
When magnetic stirring was applied (300 rpm) during the EDRR
process for the sample deposited at −0.1 V vs. Ag/AgCl for 500 ms with
50 s replacement time, the mass transfer of silver to the copper surface
was increased considerably, resulting in deposits with considerable
higher purity than when no stirring was applied. SEM images of these
deposits are shown in Fig. S2, which exhibit considerable agglomeration compared with the other pure silver deposits after long replacement times and no stirring (Fig. 5).
The sample deposited at −0.1 V for 500 ms with 50 s replacement
time and no stirring was also studied with FE-AES by depth profiling to
further characterize the individual deposit structures. Three depth
profiles were made by argon ion sputtering coupled with elemental
analysis, shown in Fig. 10. Here, two of the particles showed clear coreshell nature with the outer layer consisting of silver and the subsequent
inner core of copper. The third particle showed the presence of silver
only at the particle surface before showing a pure copper inner core and
thus this type of deposit is classified as bimetallic Cu/Ag. As mentioned
previously, the exact depth of the silver surface is difficult to establish
from FE-AES profiles as their sputtering rate is referenced to SiO2. XPS

Fig. 7. (continued)

Table 2
Production and characterization of core-shell and bimetallic Cu/Ag particles by EDRR (n = 20), OCP value is an average of values after each cycle. All solutions
contained 10 ppm Ag.
Deposition potential vs.
Ag/AgCl (V)

Deposition time
(ms)

Replacement time (s)

Stirring
(rpm)

EDS, Cu:Ag
(wt%-ratio)

XPS, Cu:Ag
(wt%-ratio)

Deposit size (nm)

Average OCP vs. Ag/
AgCl (mV)

−0.1
−0.1

500
500

2
50

–
–

121
6

539 ± 106
207 ± 88 nm

67 ± 1
126 ± 73

−0.1
−0.1
−0.5
−0.5
−0.5

500
500
500
500
500

50
100
2
50
300

300
–
–
–
–

0.02
0.02
174
33
9

330
270
817
837
843

299 ± 1
282 ± 9
58 ± 1
67 ± 1
73 ± 3

−0.5
−0.5

50
50

2
50

–
–

164
34

−0.5

50

150

–

0.01

Pure Cu
Bimetallic Cu/Ag
(0.2)
Pure Ag
Pure Ag
Pure Cu
Pure Ag
Bimetallic Cu/Ag
(0.5)
Pure Cu
Bimetallic Cu/Ag
(1.2)
Pure Ag

312

±
±
±
±
±

142
74
191
323
313

840 ± 227
637 ± 144

65 ± 3
69 ± 2

211 ± 62

212 ± 85
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Charge (mC/cm2)

3.4. Open-circuit potential transients during EDRR

-0.1V 500ms, 2s replacement time
-0.5V 50ms, 2s replacement time
-0.5V 500ms, 2s replacement time

20

Pure copper and silver have different electrode potentials as shown
in Eq. (3) and therefore the differences in the CNT film surface composition during and after redox replacement can be observed from the
open circuit potential (OCP) transients recorded directly following the
copper deposition pulse, shown in Fig. 11. This reasoning is also supported by the experimental data shown in Tables 1 and 2, where the
silver loading from EDS analysis increases with the OCP values and
replacement time. The slope of the OCP transient at a given moment
during redox replacement reflects the kinetics of the replacement reaction. For the purposes of analyzing the OCP transients the actual
potentials of pure silver and pure copper deposits can be seen from
Tables 1 and 2, respectively. The potential of pure copper deposits on
the CNT film is calculated as the average of Table 2 values at 2 s replacement time at OCP = 63 mV vs. Ag/AgCl. The potential of pure
silver deposits on the CNT film is calculated as the average of Table 1
values (from the values of highly pure Ag particles formed by EDRR) at
OCP = 290 mV vs. Ag/AgCl. The dashed lines in Fig. 11 represent these
potentials of pure copper and silver particles and are used to classify the
evolution of the OCP transients in different stages, depending on the
chemical composition of the deposits on the surface of the CNT film. In
Stage I, right after the electrodeposition pulse, the deposits are pure
copper (Cu/Ag wt%- ratio of > 121 from Table 2). In Stage II, redox
replacement takes place at the surfaces of copper particles and thus the
OCP value rises with time while reflecting the mixed potential between
copper and silver. In Stage III the particles have been transformed into
highly pure silver with very small concentration of Cu remaining (ca.
0.1–1% by EDS, depending on the employed deposition parameters and
replacement time). OCP transients for samples with a deposition pulse
of −0.1 V vs. Ag/AgCl for 500 ms and replacement times of 50 s and
150 s for 20 cycles are shown in Fig. 11. For the sake of clarity, only the
first, fifth and last OCP transient during EDRR are shown.
The obtained OCP transients in Fig. 11 can be explained as following: When the replacement time is set to 150 s without stirring or
50 s with stirring, the redox replacement process fully proceeds into
Stage III during all cycles and the surface of the CNT film consists of
highly pure Ag deposits after each cycle. In other words, enough Ag has
been transferred from the solution to the particle surfaces in order for
all of the deposited Cu to be replaced by Ag. In the beginning of the
redox replacement reaction, the whole copper particle surface is
available and thus the kinetics of the replacement reaction are fast [32].
This is reflected by the steep rise in potential after ca. 20 s in Stage II as
silver covers more and more of the copper deposit surfaces. The potential then begins to stabilize at higher replacement times near Stage
III as the silver deposits reach a high degree of purity. The general
shapes of the OCP transients are similar to those typically seen in SLRR
processes, where individual monolayers of atoms are being replaced
[14–18,20].
The results for the sample with 50 s replacement time and no stirring are markedly different. For this sample the final recorded OCP
values during all cycles are within Stage II, corresponding with a mixed
surface potential of copper and silver. From the previously shown XPS
results (Table 2) and FE-AES depth profiles (Fig. 10) of the sample it is
known that these deposits are both bimetallic and core-shell structured.
Analysis of the OCP data shows that during the first 6 cycles the transients exhibit similar behavior as the sample with 150 s replacement
time, with a steep rise in potential after an induction period of ca. 20 s.
However, the potential never reaches values in Stage III and all the
formed deposits contain both silver and copper. After the first 6 cycles
the OCP transients are still within Stage II, but show a smaller rise in
potential with time, i.e. the speed at which redox replacement is taking
place slows down. This decrease could be due to diffusion limitations
during the short replacement time due to small concentration of noble
Ag, similar to results with the SLRR method [15]. Thus, with a replacement time of 150 s the silver ions have enough time to diffuse to
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10
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20

Cycle
Fig. 8. Evolution of deposition charge during EDRR processes in copper process
solution with [Ag] = 10 ppm.

Copper process solution (40g/l Cu and 10 ppm Ag)
1000
-0.1V, 500 ms
-0.5V, 50 ms
-0.5V, 500 ms

100
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10
1

300 rpm
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0.1
0.01
0.001
1E-4
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100
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300
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500
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Fig. 9. Cu:Ag wt%-ratios of deposits from copper process solution with
[Ag] = 10 ppm by EDRR (n = 20) under different deposition parameters.

analysis of large areas of the same sample showed a similar result with
both Ag and Cu being present at the sample surface. Importantly, no
oxygen could be detected at the outer silver containing surface or in the
inner copper core.
The compiled results of EDRR from the copper process solution with
1 ppm Ag are reported in the supplementary information (Fig. S3 and
Table S1). The results from those experiments followed the same general trends observed for the 10 ppm Ag solution: silver content and OCP
values increased with higher replacement times. After redox replacement, the obtained pure silver particles were slightly smaller or the
same size (ca. 110 nm) as from the solution with 10 ppm Ag. This result
shows that the EDRR method with the investigated parameters is applicable for the creation of a CNT film surface functionalized with pure
Ag particles and Cu/Ag deposits from solutions where the concentration
of copper (40 g/L) is up to 40,000 times higher than the amount of
silver (1 ppm).
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Fig. 10. Field emission Auger electron spectroscopy depth profiles of bimetallic particles from copper process solution with [Ag] = 10 ppm with parameters of
−0.1 V vs. Ag/AgCl for 500 ms and replacement time of 50 s (n = 20).

Fig. 11. Open circuit potential transients during EDRR in copper process solution with [Ag] = 10 ppm with deposition pulse of −0.1 V vs. Ag/AgCl for 500 ms during
1st, 5th and 20th cycles for samples with replacement time of 50 s and 150 s.

the CNT film surface during all cycles. Conversely, with a replacement
time of 50 s the vicinity of the electrode surface is depleted of silver ions
during the first 6 cycles. Thus, after this point the diffusion of silver ions
to the CNT film surface becomes the rate-limiting step in the redox

replacement reaction between copper and silver.
The results suggest that the progress of the EDRR process could also
be observed by the open circuit potential, which indicates the in-situ
deposit composition on the CNT film during EDRR. For a further study
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of EDRR in the CueAg system the experiments could be controlled by
potential limits instead of replacement time during the redox replacement step.

Appendix A. Supplementary data

4. Conclusions
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