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ABSTRACT

The green transition requires the preparation of clean, inexpensive, and sustainable strategies
to prepare controllable bimetallic and multimetallic nanostructures. Cu-Ag nanostructures, for
example, are promising bimetallic catalysts for different electrocatalytic reactions such as
carbon monoxide and carbon dioxide reduction. In this work, we present the one-step
preparation method of electrodeposited Cu-Ag with tunable composition and morphology from
choline chloride plus urea deep eutectic solvent (DES), a non-toxic and green DES. We have
assessed how different electrodeposition parameters affect the morphology and composition of
our nanostructures. We combine electrochemical methods with ex-situ scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS) to characterize the nanostructures. We have estimated the
electrochemically active surface area (ECSA) and roughness factor (R) by lead underpotential
deposition (UPD). The copper/silver ratio in the electrodeposited nanostructures is highly
sensitive to the applied potential, bath composition, and loading. We observed that silver-rich
nanostructures were less adherent whereas the increase in copper content led to more stable
and homogenous films with disperse rounded nanostructures with tiny spikes. These spikes
were more stable when the deposition rate was fast enough and the molar ratio of Cu and Ag

no greater than approximately two to one.
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Introduction

In our path towards a decarbonized chemical industry, novel electrocatalyst materials for
renewable energy conversion have been extensively explored in the last decades.[1-3] There
is an increasing demand for affordable and clean strategies to design new sustainable
nanomaterials while improving their electrocatalytic properties.[4-7] Nanomaterials account
for a high surface-to-area ratio which provides an enhanced number of active sites per unit area
for the electrocatalytic reaction to take place actively. The number of active sites per surface
area is commonly known as the electrochemically active surface area (ECSA).[8,9] While
monometallic nanostructures have been widely investigated, the design of new bimetallic and
multimetallic nanostructures is the focus of this study due to the possibility of creating new
catalysts with new properties by combining different metals. When combining different metals,
we can selectively tune the catalytic properties and binding energies of the key intermediates
through the modification of both ligand and strain effects at the catalyst surface.[10-13]
Among bimetallic catalysts, Cu-Ag nanocatalysts have shown promising properties towards
the oxygen reduction reaction (ORR) in alkaline media and, most commonly, the
electrochemical reduction of carbon monoxide and carbon dioxide (CORR and CO2RR).[14—

19] Controlling the size, shape, and composition of these NPs is crucial to enhance the activity
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and tune the selectivity towards the desired product. Multiple physical and chemical synthesis
methods have been studied to prepare Cu-Ag catalysts with controlled size, shape, and
composition.[10,18,20-23] These methods are often time and energy-demanding (i.e.
sputtering in ultra-high vacuum)[24] or need the addition of surfactant agents to control the
growth of the nanoparticles with its subsequent removal step (i.e. colloidal synthesis).[25,26]
Therefore, there has been an increased demand for developing new strategies to tailor the
properties of these nanostructures in a clean, fast, and economically competitive approach.
Metal electrodeposition from deep eutectic solvents (DES) has emerged as an inexpensive and
green strategy to prepare new bimetallic and multimetallic nanocatalysts in one single step.[27—

29]

DES are non-toxic solvents composed by the eutectic mixture of a quaternary ammonium salt
and a proton neutral donor molecule. They are soluble in water, have a wide electrochemical
window, and good conductivity.[30-32] In contrast to metal electrodeposition in aqueous
media, this solvent allows us to deposit most of the metals in a controllable way without the
addition of any additives and without solvent co-reduction.[28] Metal electrodeposition in
aqueous media has been widely explored to prepare multiple alloys and oxides.[33] However,
the electrodeposition in agueous solvents for metals with high negative reduction potentials is
often hindered by the hydrogen evolution from the solvent co-reduction, reducing the energy
efficiency of the electrodeposition.[34] In addition to that, due to fast deposition kinetics in
aqueous solution, undesirable growth mechanisms such as dendritic growth can occur, leading
to a non-homogenous deposit with low adherence.[34-36] For the electrodeposition of Cu-Ag
in aqueous media, cyanide-based electrolytes or different additives have been commonly used
to facilitate the deposition of both metals and to lead the growth of the NPs.[20,21,37] Since
cyanide baths are extremely toxic, ammonia-based electrolytes have been proposed as a

cyanide-free alternative for the electrodeposition of Cu-Ag.[38] However, even though

https://doi.org/10.26434/chemrxiv-2024-Ickq9-v3 ORCID: https://orcid.org/0000-0001-7208-7940 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-lckq9-v3
https://orcid.org/0000-0001-7208-7940
https://creativecommons.org/licenses/by-nc-nd/4.0/

ammonia toxicity is lower than cyanide, it is a water contaminant in comparison with the non-
toxic DES.[39]. Metal electrodeposition from DES is preferred because we can tailor the size,
morphology, and composition of our nanostructures by tuning different parameters and without
additional surfactant agents, as DES is both the solvent and the ligand agent. In addition, any
traces of DES after the electrodeposition process are easily removed by rinsing with hot water
as the DES is soluble in water, is non-toxic, and is biodegradable.[30,40-42] These advantages
make deep eutectic solvents suitable green solvents for the preparation of new bimetallic

nanostructures.

Several studies have proved the use of DES for the electrodeposition of bimetallic
nanostructures in the last years: CuAu[41], CoPt[43], Culn[44], CoNi[45], PdAu[42],
CuGa[46], Cuzn[47] and ZnNi[48]. In one of our previous works, we prepared CuAu
nanostructures with tunable morphology and composition by electrodeposition from DES.[41]
Malaquias et al. and Steichen et al. investigated the electrodeposition of Cu-In and Cu-Ga
alloys, respectively, on a Mo rotating disk electrode using a choline chloride and urea DES
solvent.[44,46] Other studies have reported the electrodeposition of CuSn[49], PdAg[50] or
AgSn[51] alloys from DES but after incorporating an additive to facilitate the mixture of the
metals. These works show that electrodeposition of bimetallic and multimetallic nanostructures
from different DES is still emerging, and multiple multimetallic materials with tunable
structures could be obtained from DES by changing several parameters such as the proton
donor molecule of DES, the temperature, the applied potential, or the bath composition without

the need of any additives.

The single Cu and Ag electrodeposition from different DES solvents have also been widely
studied. Different groups have shown how single Cu and Ag can be tuned and how they
mechanistically behave during electrodeposition from DES as well as on different non-metallic

and metallic substrates.[52—60]. Nevertheless, the CuAg electrodeposition from DES has been
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less explored. Herein, we report the co-electrodeposition of CuAg with tunable composition
from a choline chloride plus urea DES on glassy carbon. We have assessed in detail how
different parameters affect the morphology and composition of our nanostructures. For that
purpose, we have used three different Cu-Ag bath compositions and prepared different loadings
at two applied potentials (i.e. two deposition rates). We have used cyclic voltammetry (CV)
and chronoamperometry (CA) to electrochemically characterize the electrodeposition process.
The morphology and composition were evaluated through ex-situ scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS). Finally, we have estimated the ECSA and roughness factor (R) of each
nanostructure by lead underpotential deposition (UPD) following a similar protocol than in our
previous reports.[61] Herein, we present an easy and affordable method to prepare Cu-Ag

nanostructures with tunable morphology and composition in one electrodeposition step.

Experimental section

We have analyzed three different Cu-Ag bath solutions. Prior to dissolving the metal salts, we
prepared the DES from a mixture of choline chloride (ChCI, Across organics, 99%) and urea
(Sigma- Aldrich, 99%) with a molar ratio of 1:2. We applied constant manual stirring at 40°C
until both salts were completely dissolved and we obtained a colorless deep eutectic solvent.
Once the DES was ready, CuCl, (Sigma-Aldrich, 99%) and AgCl (Sigma-Aldrich, 99 %) salts
were dissolved in the DES by magnetic stirring at 60°C overnight. The DES itself acts not only
as the solvent but as a complexing agent. The high concentration of chloride species in the DES
allows to stabilize the metal precursors by forming chloro-complexes Cu(II)-Clx and Ag(I)-
Clx in its cation structure, as previously reported.[62,63] The formation of these stable
complexes increases the amount of electroactive species close to the substrate material favoring

a more controllable and homogeneous electrodeposition of the metals.[64] The three bath
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solutions prepared for the electrodeposition of bimetallic nanostructures were: (a) 0.075 M
CuCl / 0.025 M AgCl + DES solution, corresponding to 3Cu:1Ag molar ratio solution; (b)
0.086 M CuCl, / 0.014 AgCl + DES solution, corresponding to 6Cu:1Ag molar ratio solution;
(c) 0.05M CuCl> / 0.05 M AgCl + DES solution, corresponding to 1Cu:1Ag molar ratio

solution.

The electrodeposition was performed in a small volume three-electrode cell configuration with
a Pt wire as counter electrode, a Ag wire as pseudo reference electrode, and a glassy carbon
(GC) rod of 5 mm of diameter as the working electrode. The potential values were transformed
to the Ag | AgCl reference electrode scale.[52] The counter and reference electrodes were pre-
treated by flame-annealed and subsequent rinsing with Milli-Q water (18.2 MQcm, TOC < 5
ppm). A 30% diluted HNOj3 solution was used to remove metallic traces from the counter and
reference electrodes followed by rinsing with abundant milli-Q water before the flame-
annealing if needed. The GC was pre-treated by polishing with water-based a-alumina powder
0.3 um and 0.05 pum coarseness (Struers) until mirror finish. To remove any traces of alumina
in the surface, the GC was rinsed with milli-Q water before and after sonicating for a couple
of minutes in milli-Q water. Finally, the GC was dried with a nitrogen stream to prevent any
addition of water to the electrochemical cell during electrodeposition. Before starting any
electrochemistry, the DES solution was dried with an Ar stream for a couple of hours to avoid
the solvent co-reduction and reduce traces of water in the solvent which may affect the
deposition if the water content is above 6%. For all experiments carried out in DES, the cell
was kept at 70°C through a water bath circulator to decrease the viscosity of the DES and
increase the deposition rate but prevent the co-reduction of the solvent.[52] The
electrodeposition process was electrochemically characterized by cyclic voltammetry (CV)
from which we have chosen the potential to perform the electrodeposition. Subsequently, the

Cu-Ag nanostructures were prepared by applying a constant potential by chronoamperometry
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(CA) until reaching the chosen circulated charges (i.e. the deposit loading on the GC). For each
bath composition, we have deposited four different circulated charges: -7.5 mC, -10 mC, -18
mC and -25 mC. Due to the high similarity of the deposit at -7.5 mC and -10 mC, the
characterization of the samples at -7.5 mC are only shown in the Supporting Information (S.1.).
Once the Cu-Ag nanostructures were deposited, we only cleaned the surface with hot milli-Q
water to remove any traces of the DES as it is soluble in water.[27] A Bio-Logic potentiostat

was used for measurements and analysis of the data.

The morphological analysis was performed in two different scanning electron microscopes
(SEM). A JEOL 7800-F prime SEM at the Niels Bohr Institute at the University of Copenhagen
and a high-resolution Zeiss Gemini 500 field-emission scanning electron microscope (FE-
SEM) at Topsoe S/A. The images were acquired in both cases with a beam energy of 2 kV. A
higher beam energy of 15 kV was used for the compositional analysis of the energy dispersive
X-ray (EDS) spectroscopy analysis. The EDS data was collected with a Thermo Scientific

UltraDry silicon drift detector with Pathfinder Software at Tospoe S/A.

The surface compositional analysis was carried out by X-ray photoelectron spectroscopy (XPS)
from the Technical University of Denmark (DTU). A Theta Probe instrument (Thermo Qouite
Scientific) was used with an Al anode X-ray source (Ka line = 1486.6 eV) and a chamber’s
base pressure lower than 5.0 x 10 mbar. The beam size was 400 um and the pass energy was
100 eV. We measured the surveys and elements spectra before and after sputtering for 20
seconds (4 kV and 1.0 pA) with N6 Ar (1.1 x 1077 mbar). First, an average of 20 scans was
recorded for the surveys followed by 50 scans of each element spectrum in steps of 0.1 eV. We
recorded the spectra of Cls, Ols, Cu2p, and Ag3d peaks in all cases. The software for the
acquisition and analysis of the data was Thermo Avantage. A Shirley-type background was
applied for all instances and all peaks were fitted with a Gaussian-Lorentzian mix GL(100) line

shape with full-width half maximum (FWHM) below 3.5 eV.
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Metal UPD has been proven to be a surface-sensitive technique for the estimation of the ECSA
and the facet distribution of different surfaces including single crystalline electrodes and
monometallic and bimetallic nanostructures.[61,65—-68] Here, the Pb UPD experiments for the
estimation of the ECSA and R were performed in a conventional three-electrode glass cell
through voltametric analysis using the Bio-Logic potentiostat. UPD is a reversible surface
process which is sensitive to both the structure and active area of the catalysts. Previous works
have probed the use of UPD for the characterization of silver and copper surfaces among other
metals.[61,65] The counter electrode was a Pt wire, and the reference electrode was a calomel
electrode (SCE) from Crison placed on a Luggin capillary. The working electrode were the
prepared Cu-Ag nanostructures on GC. We employed a solution of 2 mM Pb(ClO4), (Sigma-
Aldrich, > 99.995%) + 0.1 M KClO4 (Sigma-Aldrich, > 99.99%) + 1 mM HClOg4 (suprapur
70%, Merck) in milli-Q water to carry out the lead UPD experiments. All the recorded
voltammograms were stable and reproducible after consecutive cycles. After recording the
voltammograms, an average of the integrated charges from the anodic and the cathodic scan
was calculated. Those values were then used to determine the ECSA and R of our

nanostructures using the following equation:

ECSA = Q (uC) / Q5" (uC cm™2) (1)
R = Agcsa (em?) / Aggo (cm?) ()
Where Q is the average integrated charge, ro wAJ is the average of the surface charge density

values of the lead UPD on polycrystalline extended Cu and Ag surfaces, Agcsais the calculated

electrochemically active surface area and Ageo 1s the geometric area of our electrode.
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Results and Discussion

We have first electrochemically characterized the co-electrodeposition process of Ag and Cu
from a 0.075 M CuCl,: 0.025 M AgClI + DES solution (i.e., from a 3u:1Ag molar ratio solution)
by cyclic voltammetry (CV) and chronoamperometry (CA). The voltammograms inform us
about the processes happening on the surface at the different swapped potentials, providing the
optimal potential range to perform the electrodeposition. Figure 1A shows the recorded
voltammograms at different cathodic potentials limits between -0.8 Vag|agci and -1.35
Vag| agct- The reversible process of Cu?* to Cu'* appears in all CVs at 0.22 Vag | agc1 with its
oxidation counterpart at 0.43 Vag|agci. Following the cathodic scan, we observed an increase
in the negative current related with the onset of the electrodeposition at c.a. -0.6 Vag| agci. For
the shortest potential limit (black line) of -0.8 Vag|agcl, the reverse scan exhibits a loop
(arrows) characteristic of a nucleation and growth mechanism of metallic nanoparticles (NPs),
as reported in previous works. First, an overpotential is needed for the formation of stable
nuclei due to the weak glassy carbon-metal interaction. Then, the loop appears due to a higher
interaction of metal-metal when the formed stable nuclei grow. For the larger cathodic potential
limits of -0.95 Vag|agci and -1.35 Vag|AgCl, we only observed a single reduction peak,
suggesting that both metals are being electrodeposited at the same time or at similar potential
values. In the anodic scan, a first oxidation peak appears around -0.33 Vag | agc1 Which increases
in intensity while enlarging the potential limit. At the longest potential limits, these peaks
overlap with a new broad peak that appears at slightly more negative potentials. These peaks
are related with the oxidation of Cu’to Cu'* since copper oxidizes prior to silver. The second
main oxidation peak between -0.24 V and 0.0 Vag|agal corresponds to Ag and/or Cu-Ag
oxidation. The CVs recorded at larger potential limits present a more intense oxidation peak
since more metals have been electrodeposited and subsequently oxidized. After recording the

cyclic voltammograms to address the potential region where Cu and Ag co-deposits, we have
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recorded the CA transients aiming to find the most suitable potentials to perform the co-
electrodeposition of the metals on the glassy carbon (GC). Figure 1B shows the recorded j-t
transients at the different applied potentials. All curves display the characteristic nucleation and
growth shape with a potential-dependent current maximum at a certain time which then decays
and overlaps at longer times. When the current decays, the mechanism is not potential-
dependent anymore but diffusion-controlled. As the applied potential increases, the maximum
current peak is attained at lower times suggesting faster nucleation and growth. We only
observed a single maximum on all the recorded j-t transients, corroborating the co-

electrodeposition of the metals together.

1.4
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Figure 1. Electrochemical characterization of the electrodeposition process from a 0.075 M
CuCly: 0.025 M AgCl + DES solution (3Cu:1Ag) by (A) voltammetric analysis at different
cathodic potential limits and (B) j-t transients at different applied potentials. Scan rate: 50

mVy/s.

To prepare the deposits, we have selected moderate applied potentials between -0.65 V and -
0.75 V at which the nucleation and growth mechanism does not happen too slow nor too fast
as seen in the CAs. The selection of these potential values aims to avoid a poorly adherent

deposit or an uncontrollable deposition mechanism with dendritic growth that occurs if the
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deposition takes place too slow or too fast respectively. Additionally, we have prepared four
different coverages by controlling the time of deposition and circulated charge until reaching -
7.5 mC, -10 mC, -18 mC, and -25 mC. This way, we analyze how the coverage influences the
size, morphology, and composition of the nanostructures at the different applied potentials. Due
to the similarities of the sample at -7.5 mC and -10 mC, all measurements and characterization
of the samples at -7.5 mC appear in the supporting information (S.I.).

Figure 2 shows the SEM images of the prepared nanostructures from the 3Cu:1Ag bath solution
at different applied potentials and circulated charges. The formed nanostructures are distributed
over the whole GC surface. SEM images of the deposits at lower magnifications are added in
Figure S3 to appreciate a bigger area of the GC substrates where the NPs are formed without
clear areas differently uncovered. Figures 2A, 2B, and 2C show the nanostructures prepared at
-0.65 Vag|agar and -10 mC, -18 mC, and -25 mC, respectively. From visual inspection from
SEM, we precipitated rounded NPs with pores. Some tiny spikes are occasionally observed on
top of a few NPs for the samples at -18 mC. However, these spikes are not stable at -0.65
Vag| agcr and completely disappear for the -25 mC deposit. The size of the NPs increases with
the loading from 200 nm at -10 mC up to 500 nm at -25 mC. On the other hand, when preparing
the deposits at the faster deposition rate of -0.75 Vag| agc1 (Figure 2D, 2E, and 2F), the NPs do
not notably increase in size with the coverage, but tiny spikes appear on top of the rounded and
porous NPs of 200-300 nm. The spikes are observable in all the samples at this applied potential
being more notorious for the sample at -25 mC. In addition, we notice a clear increase in the
coverage of the NPs over the GC surface while increasing the circulated charge from -10 mC
to -18 mC and to -25 mC. These observations show that we can tune the size and morphology

of Cu-Ag nanostructures by simply adjusting the circulated charge and applied potential.

12

https://doi.org/10.26434/chemrxiv-2024-Ickq9-v3 ORCID: https://orcid.org/0000-0001-7208-7940 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-lckq9-v3
https://orcid.org/0000-0001-7208-7940
https://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 2. SEM images of the 3Cu:1Ag nanostructures at (A-C) -0.65 Vag|agc1 and (D-F) -0.75

Vag| agcl. Each potential at circulated charges of -10mC, -18 mC and -25mC from left to right.

After the SEM analysis, we analyzed the composition of the 3Cu:1Ag nanostructures by EDS.
Figure 3 shows the EDS color maps of the 3Cu:1Ag samples at -18 mC. We have verified that
Cu and Ag together are homogeneously distributed over the glassy carbon substrate in both
cases. The semi-quantitative EDS analysis of the sample prepared at the lower potential of -
0.65 Vag|agar indicates a Cu and Ag mass relation of 1.8:1. Similarly, the sample at -0.75

Vag| agcrhas only a slightly lower Cu and Ag relationship of 1.6:1.
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Figure 3. EDS color maps analysis of the 3Cu:1Ag samples at -18 mC and (A) -0.65 Vag| agcl,

and (B) -0.75 Vag|agc1. The grey scale images on the left correspond to the areas analyzed.

Blue maps correspond to copper and yellow maps correspond to silver.

Intending to assess how the bath composition affects the size, shape, and composition of the
nanostructures, we have characterized two Cu-Ag systems from bath solutions of 1Cu:1Ag and
6Cu:1Ag molar ratio solutions. The electrochemical characterization is shown in Figure S1. In
both cases, we have found a single reduction peak starting at a similar potential than for the
3Cu:1Ag molar ratio solution. The CV of the 1Cu:1Ag solution in Figure S1A shows that the
first Cu oxidation peaks on the anodic scan mainly disappear while the second oxidation peak
increases in intensity (Fig. S1A). When enlarging the potential limit (blue line), this Cu
oxidation peak can be better identified. These observations suggest that Ag is probably
electrodeposited at less negative potentials than Cu as it can be inferred from the studies of
single Cu and single Ag in the literature.[52,53,57] These studies show that the onset potential
for the Cu electrodeposition is at c.a. -0.8 Vagagct whereas we have shown the electrochemical

characterization for single Ag electrodeposition in the S.I. with the onset potential located at
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c.a. -0.3 Vagagct. Consequently, the kinetics of the silver electrodeposition becomes faster,
leading to less copper and more silver being electrodeposited in accordance with the increase
of silver in the bath solution. Figure S1C shows the CV for the 6Cu:1Ag bath solution. In
contrast to the 1Cu:1Ag, the first Cu oxidation peak overlaps with the second oxidation peak
and becomes broader. At the largest potential limit, a set of broad and lower peaks between -
0.5 Vag|agc and -0.24 Vag|agar overlap with the main oxidation peaks. All these peaks are
likely related to the oxidation of both Cu and Ag, suggesting that more copper is being
electrodeposited and subsequently oxidized in the reverse scan. In addition, the increase in
intensity of the Cu'* to Cu®* peak also suggests an increase of the amount of deposited copper.
Figures S1B and S1D show the CA curves of the 1Cu:1Ag and 6Cu:1Ag with the characteristic
shape of the nucleation and growth mechanism with a single potential-dependent current

maximum peak.

Following the same analysis than for the 3Cu:1Ag nanostructures, we have prepared 1Cu:1Ag
and 6Cu:1Ag deposits at two applied potentials and at four circulated charges. Figure 4A and
4B show the SEM images of the -18 mC 1Cu:1Ag nanostructures at -0.65 Vag|agc and -0.75
Vag| agal, respectively. The NPs exhibit a less rounded (or irregular) and less porous structure
than for the 3Cu: 1 Ag nanostructures. The morphology of the 1Cu:1Ag nanostructure resembles
the one shown in Figure S12C from a single silver nanostructure, suggesting a higher
contribution of silver in these bimetallic nanostructures. For the same circulated charge, the
NPs decrease in size from 500 nm to 300 nm with the applied potential. Even though the formed
NPs are bigger at -0.65 Vag|agcl, the GC is less covered compared to the sample prepared at -
0.75 Vag|agal. The images for the circulated charges of -7.5 mC, -10 mC, and -25 mC are
shown in Figure S4 of the S.I. For both applied potentials, the NPs have increased in size with
the circulated charge being more notorious for the samples prepared at -0.65 Vag|agci. The

shape does not significantly change.
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Figure 4C and 4D illustrate the SEM images of the -18 mC 6Cu:1Ag nanostructures at -0.68
Vag|agar and -0.73 Vag|agcl, respectively. They have a similar morphology to the 3Cu:1Ag
nanostructures. Figure 4C shows rounded and porous NPs up to 300 nm and with no spikes
while Figure 4D exhibits the rounded NPs of the same size but seem less porous and have tiny
spikes on top of most of them. In contrast to the 3Cu:1Ag nanostructures, these spikes are
notably smaller. If we analyze the samples at the other circulated charge in Figure S5, we
observe how at -0.73 Vag|agcl these spikes are not stable at higher circulated charges and do
not appear yet at -7.5 mC. These changes on the spikes appearance suggest that they are not
stable when the amount of copper on the bath solution is too high. The size of the 6Cu:1Ag
nanostructures does not substantially change at any of the two potentials with the circulated
charge. We do not observe coalescence of the particles, which distribute homogenously and
cover more areas of the GC surface when the circulated charge increases from -7.5 mC to -25
mC. To appreciate the distribution of the formed nanostructures over the GC surface, Figure
S6 shows lower magnification SEM images of the same samples and areas than the images

from Figure 4.

Our nanostructures are smaller and better distributed without agglomeration in comparison
with the particles obtained in the literature from electrodeposition in aqueous media. Cu-Ag
deposits from aqueous media commonly form films covering the whole substrate with particles
of irregular shape and agglomerated due to faster and uncontrolled deposition
kinetics.[20,21,37,38] One of these studies also shows the formation of voids induced by
hydrogen embrittlement.[37] Nevertheless, we must consider for comparison that Cu-Ag
electrodeposition from aqueous media often employs metallic and/or Si working electrodes
instead of carbon electrodes.[20,37,38] A study using a gas diffusion layer of carbon paper for
the electrodeposition of Cu-Ag from aqueous media exhibited the formation of wire-shaped

large particles covering the substrate. They observed that the presence of an additive provoked
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the wires to become porous and thinner, increasing the ECSA. These wire-like structures also

differ completely from the ones we obtained from DES.

Vag|aga and, of the 6Cu:1Ag nanostructures at (C) -0.68 Vag|agciand at (D) -0.73 Vag|agcl.

All samples have a circulated charge of -18 mC.

The EDS analysis of the 1Cu:1Ag and 6Cu:1Ag nanostructures prepared at -18 mC (Figure 4)
at -18 mC are shown in Figure S7 and Figure S8 of the S.I. The color maps have confirmed the
presence of Cu and Ag homogeneously distributed over the GC surface. The semi-qualitative
mass composition analysis obtained for the 1Cu:1Ag nanostructures at -0.65 Vag|agc and -
0.75 Vag|agar are 1: 3.3 and 1: 5.5, respectively. For the 6Cu:1Ag nanostructures at -0.68
Vag|agar and -0.73 Vag|agcl, the mass relation from the EDS analysis are 4.3: 1 and 2.5: 1,
respectively. The composition of the deposited nanostructures does not follow the bath molar

ratio of Cu and Ag as Cu and Ag have different deposition kinetics. However, the composition
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is influenced by it, with a clear increase of either Ag for the 1Cu:1Ag and Cu for the 6Cu:1Ag,
showing that we control the Cu/Ag molar ratio in the nanostructures by adjusting the bath
composition.

We also performed XPS analysis to investigate the chemical composition and chemical states
of the elements on the surface layers because the EDS analysis provides information about the
bulk composition. The spectra of the nanostructures at -18 mC have been recorded after 20
seconds of sputtering to remove the first surface layers to avoid any traces of contamination.
Figures 5A, 5B, and 5C show the Cu2p and Ag3d peaks from the XPS spectra of the 3Cu:1Ag,
1Cu:1Ag, and 6Cu:1Ag nanostructures at the faster electrodeposition applied potentials (-0.75
Vag|agal, -0.75 Vag|agar and -0.75 Vag|agcl, respectively). The surveys before and after
sputtering are also illustrated in Figure S9 of the S.I. The CuZp region presents split spin-orbit
components identified as CuZp;» and CuZps, with an energy separation of 20 eV. To identify
the chemical states of copper, the spectra present characteristic satellite features. All samples
from Figure 5 show the weak satellite features at c.a. 945 eV which are related to the oxidation
state of Cu'*. In contrast to Cu**, neither Cu’ nor Cu'" present the pronounced double satellite
peak found at c.a. 943 eV. This oxidation state is in good agreement with the binding energies
of the two CuZp;» components from our fitting at c.a. 933 eV. Both metallic copper and Cu2O
appear close to this binding energy while CuO usually has the CuZp peaks broader and shifted
to higher binding energies.[69—71] The right panels of Figure 5 show the main Ag3d region
which also exhibits well-separated split spin-orbit components: Ag3ds» and Ag3ds.. The
metallic silver is located at a binding energy of 368.2 eV, close to the value of 368.5 eV we
have obtained from the fitting of our nanostructures. Metallic silver is often accompanied by
characteristic weak loss features at higher binding energies of each component, where silver
presents plasmon losses, as indicated in Figure 5A with arrows. These specific energy losses

on metallic silver appear when the photoelectrons interact with other electrons. The applied
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Shirley background has not subtracted these specific losses since it only assumes a constant

energy loss function due to the inelastic scattering events.[72,73]
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charge of -18 mC at each level 1: 20s surface etching.

From the CuZp and Ag3d peaks intensity, we have observed that the CuZp intensities increase

while the Ag3d intensities decrease following the order of 1Cu:1Ag, 3Cu:1Ag and 6Cu:1Ag
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bath solutions. We have estimated a surface Cu:Ag atomic relation of 1.1: 1 from 3Cu:1Ag
(Fig. 5A), 1: 1.6 from 1Cu:1Ag (Fig. 5B), and 1.7: 1 from 6Cu:1Ag (Fig. 5C) for the samples
prepared at -18 mC. The amount of Cu and Ag in the surface layers of our nanostructures are
closer to 50/50 i.e., they are richer in silver at the surface than at the bulk electrode. We ascribe
the differences between the bulk and the surface composition to the fact that the kinetics of the
most abundant metal in the bath becomes favorable at the beginning of the electrodeposition
while during the growth of the NPs, the metallic nuclei facilitate the electrodeposition of both
metals together. The need for more Cu in the bath solution to reach a 50/50 Cu and Ag
composition is also attributed to the lower overpotential of the Ag electrodeposition.
Nevertheless, more mechanistic studies are necessary to fully understand the different stages
of the electrodeposition process. Another plausible explanation for the higher amount of silver
on the surface might be the lower surface energy of silver compared with copper which causes
silver to migrate to the surface.[74] Figure S10 shows the XPS analysis of the Cu2p and Ag3d
peaks of the 3Cu:1Ag, 1Cu:1Ag, and 6Cu:1Ag nanostructures at the slower deposition rates (-
0.65 Vag|agcl, -0.65 Vag| agar and -0.68 Vag | agcl, respectively). They present the same features
as in Figure 5. The estimated surface weight relation of Cu and Ag from the XPS fitting of
Figure S10 are 0.9: 1 for the 3Cu:1Ag deposit, 1: 1.9 for the 1Cu:1Ag deposit, and 1.7: 1 for
the 6Cu:1Ag deposit. These values are similar to the ones from Figure 5. Only small variations
are observed. When the deposition rate is slower and there is less copper in the bath, the
deposition kinetics of silver might be slightly more favorable, due to the lower applied potential
for electrodeposition. Nevertheless, the differences in composition vary little with the applied
potential conditions and could be more related to a more surface effect if the GC has small
irregularities originating from the mechanical polishing. It is important to mention that both

the EDS and XPS analysis are carried out ex-situ, meaning that the surface composition can
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change with respect to the bulk composition when the samples are brought to open circuit

potential or exposed to air.
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Figure 6. Pb UPD of the Cu-Ag nanostructures at (A) -0.65 Vag|agal for 3Cu:1Ag and
1Cu:1Ag and -0.68 Vag|agci for 6Cu:1Ag and, (B) -0.75 Vag|aga for 3Cu:1Ag and 1Cu:1Ag
and -0.73 Vag|aga1 for 6Cu:1Ag. The black lines correspond to the 3Cu:1Ag, red lines to the

1Cu:1Ag and blue lines to the 6Cu:1Ag nanostructures at -18 mC. Scan rate: 5 mV s,

After the characterization of the Cu-Ag nanostructures, we conducted lead underpotential
deposition (UPD) to assess the electrochemically active surface area (ECSA) and roughness
factor (R) of the deposited samples. The ECSA is an important parameter in electrocatalysis
because it allows to address the intrinsic activity of the NPs and gives key information to
elucidate the structure-property relationships. Figure 6 shows the voltammetric responses of
our Cu-Ag nanostructures at -18 mC for the studied applied potentials. The voltammograms
show similar groups of features which are quasi-reversible. In Figure 6A, we have identified
one broad peak in the anodic scans centered at c.a. -0.30 Vsck Its counterpart in the cathodic
scans 1s broader with a main peak centered at c.a. -0.31 Vsce. Figure 6B also exhibits one

intense and broad anodic peak for the three samples, which is centered at the same potentials
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as the samples from Figure 6A. Another important aspect that we have noticed is the decrease
in intensity of the samples of 1Cu:1Ag, especially for the samples prepared at -0.65 Vag|agcl.
We ascribe the decrease in current of the 1Cu:1Ag sample to the fact that the deposits with
more silver are less adherent and easily get detached during the UPD measurements or after
carrying out electrochemistry on them. The SEM and UPD analysis of silver electrodeposition
on GC in Figure S12 have confirmed the poor adherence of silver on GC due to a high surface

diffusion (more detailed explanation in the S.I.).

Table 1. Summary of the estimated ECSA (cm?) and R from the Pb UPD analysis.

Bath Applied E ECSA /cm? Roughness factor (R)

composition | /Vag|aga | -10mC -18mC -25mC -10mC -18mC -25mC
+ + +
-0.65 0.18 0.18 0.29 061+ | 091+ | 141+

1Cu:1Ag 0.01 0.03 0.08
- -0.75 019 0.27 0.36 0.98 + 141+ 1.87

' ' ' ' 0.04 0.06 0.04
+ + +
-0.65 0.22 0.29 031 103+ | 147+ | 171%

3Cu:1Ag 0.07 0.06 0.1

' ' ' ' 0.06 0.01 0.08
113+ 139+ 1.69 +

6Cu:1Ag 008 022 027 033 0.08 0.04 0.05
- 0.73 0.22 0.31 0.36 113+ 1.57 1.82+

' ' ' ' 0.01 0.01 0.05

By integrating the charge under the cathodic and anodic curves, we estimate the ECSA of the
deposits (cm?) as explained in the experimental section. To calculate the ECSA, we divide the
integrated charges by the surface charge density values of the lead UPD on polycrystalline
extended Cu and Ag surfaces which are reported in the literature.[61,65,67] The Pb UPD of the
other Cu-Ag nanostructures at -7.5 mC, -10 mc, and -25 mC are shown in Figure S11 of the

S.I. Table 1 summarizes the ECSA and R of all the Cu-Ag nanostructures of this work. In good
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agreement with the lower voltammetric intensity of the low coverage 1Cu:1Ag deposits, they
present R below 1, attributed to the low adherence of the silver-rich deposits. For the rest of
the deposits, we have obtained R up to 2 and particles of similar size and homogeneously
distributed. However, we could not prepare surfaces on GC with higher R due to the high
surface diffusion and low adherence of the deposits. The ECSA and R increase with the

circulated charge and applied potential.

Conclusions

We described, in detail, the preparation of Cu-Ag nanostructures by metal electrodeposition
from a choline chloride plus urea DES. The morphological and compositional analysis by SEM,
EDS, and XPS confirmed the formation of Cu-Ag NPs homogeneously distributed over the
surface. The silver-rich deposits formed irregular NPs with lower porosity whereas the samples
richer in copper formed rounded and porous nanostructures with tiny spikes, and the particles
were more homogeneously distributed on the surface. In both cases, we observed that the
surface composition was richer in silver than the bulk composition, and the concentration of
copper increased by raising the concentration of copper in the bath solution. We show that the
molar Cu/Ag ratio can be tailored by adjusting bath composition and applied potential
conditions. Finally, we have determined the ECSA and roughness factor of the samples using
lead UPD. Under electrochemical conditions, we have noticed that silver-rich deposits have
low adherence, suggesting that a minimum amount of copper is required to obtain stable and
homogeneous nanostructures. We have shown that this method allows to prepare Cu-Ag
bimetallic nanostructures with tunable size, morphology, and composition tailoring the
different experimental parameters. Future works should focus on addressing the first stages of
the nucleation and growth mechanism. We also highlight that future studies should focus on
evaluating the use of other substrates such as metallic substrates and their effect on the active

area and stability of the deposits.
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A detailed electrochemical characterization of the 1Cu:1Ag and 6Cu:1Ag electrodeposition
from DES by CV and CA analysis is included. Additional ex-situ characterization of the Cu-
Ag nanostructures with SEM images, EDS, and XPS analysis are added. Finally, lead UPD
voltammograms of the Cu-Ag nanostructures for all circulated charges and applied potentials
have been represented and further analyzed. The analysis of the single silver electrodeposition

with its morphological characterization by SEM and the Pb-UPD voltammetry is added.
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