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ABSTRACT

The electrochemical reduction of carbon dioxide (CO2RR) to valuable C».+ liquid fuels and
oxygenates, such as ethanol and propanol, is a promising strategy to minimize the carbon
footprint and store renewable electricity. In this study, we investigate the CO2RR on
electrodeposited Cu-Ag nanostructures obtained using a green choline chloride and urea deep
eutectic solvent (DES). We show that Cu-Ag nanostructured electrocatalysts with tunable
composition, loadings, and size can be simply prepared in one step, without adding other
additives or surfactant agents. We investigate the intrinsic activity and selectivity of the CO2RR
by determining the electrochemically active surface area (ECSA) using lead underpotential
deposition (UPD). The analysis of the partial current densities normalized by the ECSA shows
that the addition of Ag on electrodeposited Cu primarily suppresses the production of hydrogen
and methane with respect to Cu nanostructures. At the same time, the production of carbon
monoxide (CO) slightly increases but, the partial current of the total C,+ products does not
considerably increase. Despite that the production rate of C+ is similar on Cu and CuAg, the
addition of Ag enhances the formation of alcohols and oxygenates over ethylene, in line with
previous reports. We highlight the potential of metal electrodeposition from DES as a
sustainable and inexpensive strategy for the development of bimetallic Cu-based nanocatalysts

towards CO2RR.
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Introduction

To reduce the negative effect of greenhouse gas emissions such as carbon dioxide, a broad
range of mitigation strategies coupled with renewable energy have been intensively
investigated in the last decade.[1] The electrochemical reduction of carbon dioxide (CO2RR)
is a long-term solution to produce renewable chemicals and fuels, and close the unbalanced
carbon cycle.[2-5] In particular, the design of new catalyst structures to convert CO2 molecules
into renewable liquid fuels such as ethanol and propanol has gained increasing interest. These
green fuels are compatible with current energy infrastructure, can be used in transportation,
and are easily and safely stored and transported.[6-11]. Moreover, the CO2RR also produces
other minor products, such as acetate, acetaldehyde, or ethylene glycol which are building
block molecules used in industry to produce further long-chain carboxylates or bio-based

chemicals.[12-17]

Copper and Cu-based materials have been the most investigated metallic electrocatalysts for
the CO2RR as they can reduce CO2 beyond CO and HCOOH and produce valuable multi-

carbon products.[6,18,19] Even though pure copper is capable of converting CO> to Ca+

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

products with relatively high activities, the reaction is still limited due to the competing
hydrogen evolution reaction (HER) and the low product selectivity. The reduction of CO> to
C2+ products on copper is mainly limited to ethylene (C2H4), whereas other Cz or C3 products
such as ethanol and propanol are often generated in lower amounts.[20] The formation of
ethylene and ethanol occurs via a C-C coupling reaction of two adsorbed CO molecules which
leads to a common hydrogenated dimer intermediate.[8] This intermediate first evolves into
ethylene and then is converted into ethanol after subsequent hydrogenation steps, or to propanol
if a third CO molecule is inserted.[21] As the number of electrons required to produce alcohols
on copper is higher than to produce ethylene, ethylene is generally favored on copper except

on some specific surface structures or single facets.[13,22-24]

Different strategies and types of copper-based surfaces with tailored structure and composition
have been prepared aiming to switch selectivity towards oxygenates and alcohols over
ethylene. The first strategy relies on tuning the surface structure or the shape and size of the
nanoparticles. Copper nanocubes of 44 nm with more (110)/(100) steps edges were found to
favor the C-C coupling enhancing the selectivity towards C2Ha up to 40% and over a 10% of
C2Hs0 and C3HgO.[25] Recently, Aran-Ais et. al. have also shown how applying pulses to
Cu(100) changes the surface structure increasing the production of ethanol to near 30%, similar
to the Cu(310) facet reported by Hori and co-workers.[26,27] Another strategy is based on
tandem catalysts, i.e. the reaction occurs in two steps catalyzed by two different
metals[18,28,29] Jaramillo et. al. presented a tandem catalyst of Au NPs on a polycrystalline
Cu foil, in which gold increased the CO concentration on the surrounding copper, where the
CO was selectively reduced to alcohols.[28] Finally, tuning the electronic structure by metal
alloying allows to favor alcohols production over CzHg4, e.g., by combining Cu with Zn, Pd or

Ag.[30-33] In particular, Cu-Ag are promising bimetallic catalysts to reduce CO> to liquid and
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oxygenated products such as ethanol, propanol, acetaldehyde and ethylene glycol as both

tandem catalysts and alloys.[29,34-36]

On one side, pure Ag electrocatalysts are typically selective towards CO production under
CO2RR conditions.[37] Previous studies have shown how mixing Cu and Ag enhances the
production of C+ products by increasing the CO coverage on the surface or by blocking
specific sites that might produce the competing Hz instead.[29,38,39] A study on copper-silver
composites suggested that the CO availability is key to enhance the ethanol production, either
by *CO dimerization or via an alternative open pathway of *CO and *CHy coupling.[36] Cu-
Ag tandem catalysts also confirmed facet-dependent production of ethanol via *CO - *CHy
coupling at edges and corner sites adjacent to Ag atoms because of the *CO enrichment on the
surface.[29] On the other hand, a study on CuAg surface alloys presented the formation of
multi-carbon oxygenates due to compressive surface strain of the Cu atoms which selectively
suppresses the HER by weakening the adsorption energy of *H.[38] On a similar basis, through
a compressive strain and reduced electron density, CuAg multi-phase alloys were also proved

to be promising catalysts for the production of acetaldehyde.[35]

These Cu-Ag catalysts for CO2RR have been prepared through different chemical and physical
synthesis methods over the years.[38,40] Colloidal synthesis has been widely employed for the
preparation of NPs followed by their deposition onto the chosen substrate.[29,41] However,
they usually need surfactant agents or additives to control the growth of the NPs, which might
adhere on the surface inhibiting the electrocatalytic response, meaning that they need to be
removed in subsequent time and energy-consuming cleaning steps.[42] Co-sputtering of the
metals allows for the preparation of surfaces with controlled composition and has been further
scaled, although it requires the use of ultra-high vacuum which consumes a high amount of
energy.[8] Metal electrodeposition in green non-aqueous solvents has emerged as an easy

alternative for the preparation of new bi- and multi-metallic nanostructures.[43,44]
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Electrodeposition is a versatile and affordable technique widely employed in the plating
industry to prepare a broad range of materials such as metallic nanoparticles and think films,
metal oxides, composites, and alloys.[45] Metal electrodeposition in deep eutectic solvents
(DES) offers several advantages in contrast to aqueous media. DES present a wider
electrochemical window, good conductivity, and good stability, they do not require the addition
of any surfactants for a controllable deposition, they are soluble in water, non-toxic, and
facilitate the preparation of deposits with a homogenous distribution over the substrate

surface.[44,46-50]

In this paper, we use our sustainable and simple method from a choline chloride urea DES to
prepare electrodeposited Cu-Ag bimetallic nanostructured catalysts for CO,RR.[51] We have
prepared Cu and Cu-Ag nanostructures and rationally assessed how the introduction of silver
changes the product selectivity and intrinsic activity toward CO2RR. We have used two
different bath compositions and prepared different loadings to evaluate how small changes in
surface morphology, size of the nanostructures, and composition affect the performance. We
have evaluated our nanocatalysts for the CO2RR at different potentials in terms of product
selectivity. We have addressed how different Ag/Cu ratios influence the production of
oxygenates over ethylene, as well as the formation of hydrogen in the competing HER reaction
of our electrodeposited CuAg nanostructures. Finally, although CuAg produces valuable
oxygenated compounds, selectivity varies significantly between different reports, likely due to
the sensitivity of the reaction to composition, size, or morphology of the catalyst.[38] In this
regard, we want to highlight the importance of estimating the electrochemically active surface
area (ECSA) to separate the effects of having different structures and large areas in
nanoparticles and nanostructures from their intrinsic catalytic performance.[6] We have
recently shown that one valuable method to estimate the ECSA of copper and copper-based

catalysts is to record the voltammetric lead underpotential deposition (UPD) on copper.[52]
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Lead UPD provides intense and reversible features that correspond to the reversible
adsorption/desorption of a sub-monolayer of lead on copper and silver, thus providing
quantitative information on the number of surface active sites per unit area.[53,54] Thus, we
have determined the ECSA by using lead UPD to rationally address how the addition of
different amounts of silver modifies the intrinsic partial currents of the products formed during

the CO3 conversion.

2. Experimental section

Preparation of the nanostructured Cu-Ag deposits from DES:

The metal salts CuCl, (Sigma-Aldrich, 99 %) and AgCl (Sigma-Aldrich, 99 %) were dissolved
in a 1:2 choline chloride (ChCI, Across Organics, 99 %) and urea (Sigma-Aldrich, 99 %) DES
under magnetic stirring at 60°C following the procedure of precious publications.[46,52] Three
different baths were prepared for the electrodeposition of the metallic nanostructures: (a)
0.075M CuCl; / 0.025 M AgCl + DES solution, corresponding to 3Cu:1Ag molar ratio
solution; (b) 0.086 M CuCl, / 0.014 AgCI + DES solution, corresponding to 6Cu:1Ag molar
ratio solution; (c) 0.1 M CuCl; + DES solution. Prior to the electrodeposition, the bath solutions
were dried with a N2 or Ar stream for several hours to avoid the solvent co-reduction and reduce

the quantity of water on the solvent, facilitating the deposition.[55]

We performed the electrodeposition process by applying a constant potential until we reached
a specific charge by chronoamperometry on a thermostatic three-electrode glass cell with a
PTFE cap as shown in Figure 1S of the Supplementary Information (S.I). The counter electrode
for the Cu-Ag baths was a Pt wire, while we used a Ag wire as pseudo reference electrode.
Both were pre-treated by flame-annealing and rising with ultrapure water (Sartorius Arium
Pro). When necessary, a 10 % diluted HNO3 solution (Sigma-Aldrich) was used to remove

metallic traces. For the single Cu solution in DES, copper wires were used both as counter and
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pseudo reference electrodes. Here, they were pre-treated with a 10 % diluted HNO3 solution
and rinsed abundantly with ultrapure water. The working electrodes (WE) were Glassy Carbon
(GC) plates of 25*25 mm? and 3 mm thickness, one side diamond polished to mirror finish
(SIGRADUR G plates, HTW GmbH). All potential values were referenced against the
Ag|AgCI scale. Right before the electrodeposition, the GC electrodes were prepared by
polishing with water-based a-alumina powder of 0.3 and 0.05 um coarseness (Struers).
Subsequently, they were rinsed and sonicated with ultrapure water to remove all alumina traces
and dried with N2 stream. The temperature of the DES baths was always kept at 70°C with a
water bath to reduce the viscosity increasing the deposition rates and avoiding the solvent co-

reduction.[55] For the measurements and analysis, we used a NOVA potentiostat and software.

CO:z electroreduction (CO2RR) measurements and analysis:

The electrochemical reduction of CO was evaluated at ambient pressure CO- in a customized
polycarbonate H-cell fitted with Buna-N O-rings.[29,56] The chosen electrolyte was a 0.1 M
KHCOs obtained by bubbling CO, (Carbagas, 99.999%) through 0.05 M K>COs (Acros
Organics, 99+ %,) solution for 1 h. Each measurement was analyzed using a Biologic SP-300
potentiostat in a chronoamperometry regime for one hour at applied potentials between -0.8
VrHe and -1.3 Vrue. We calculated the ohmic drop at each sample by electrochemical
impedance spectroscopy (EIS) and corrected the chronoamperometry potential following the
equation E = Eap — iRq. The reference electrode was a Ag | AgCl electrode (Innovative
Instruments, Inc) which was tested against the master electrode prior to the measurements, and
the measured voltages were then converted to the reversible hydrogen electrode scale (RHE).
The working electrodes were the electrodeposited Cu and CuAg nanostructures on the GC
electrodes. The geometric area in contact with the solution was 1.39 cm?. The counter electrode

was a Pt foil pre-treated by flame-annealing and rinsing with ultrapure water. Both working
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and counter electrode were positioned in parallel to allow uniform potential distribution. The
anion exchange membrane separating the catholyte from the anolyte was a Selemion AMVN.
Each compartment was filled with 2 mL of electrolyte solution. During reaction, the electrolyte
of both compartments was constantly bubbled with CO, at a flow of 5 sccm to keep the solution
saturated with CO», ensure that CO> reaches the electrode surface, and allow a continuous
analysis of the gas products through the on-line gas chromatograph. The gas products were
detected by the SRI 8610C gas chromatograph (GC) with a HayeSep D porous polymer
column, thermal conductivity detector, flame ionization detector and, nitrogen (99.999 %) as
the carrier gas. Then, the calibration curves from standard gas mixtures were employed to
calculate the concentration of each gas product. The liquid products were analyzed by high-
performance liquid chromatography (HPLC) on a Thermo Scientific UltiMate 3000

instrument. The eluent for the HPLC analysis was a 5 mM H,SO4 solution.

Pb underpotential deposition (UPD) and estimation of the ECSA and Roughness factor:

The Pb-UPD measurements were carried out on a three-electrode cell like the one used for the
electrodeposition. We used a solution of 2 mM Pb(ClO.), (Sigma-Aldrich, > 99.995 %) +
0.1 M KCIOg4 (Sigma-Aldrich, > 99.99 %) + 1 mM HCIO4 (suprapur 70 %, Merck) in milli-Q
(18.2 MQcm, TOC < 5 ppm) water. The counter and reference electrodes were the same as for
the electrodeposition experiments. The working electrodes were our deposited Cu and Cu-Ag
nanostructures on the GC. UPD is a surface process sensitive to the structure and real area of
the catalysts as reported in previous works.[46,52,53] By integrating the involved charges of
the anodic and cathodic voltammetric scans of the Pb UPD cyclic voltammograms (CVs), we
can estimate the ECSA and roughness factor (R) of our nanostructures. An average from the
anodic and cathodic integrated charges is used for the calculations since UPD is a reversible

process.
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Morphological and compositional analysis:

Three different scanning electron microscopes (SEM) were used for the morphological analysis
of our nanostructures before and after reaction. A JEOL 7800-F prime SEM housed at the Niels
Bohr Institute at the University of Copenhagen, a high-resolution Zeiss Gemini 500 field-
emission scanning electron microscope (FE-SEM) at Topsoe S/A, and a Thermo-Fisher Teneo
using an in-lens (Trinity) detector at Ecole Polytechnique Fédérale de Lausanne (EPFL). The
first two microscopes were used to acquire the images with a beam energy of 2 kV while the

third used 5 kV.

The energy-dispersive X-Ray spectroscopy (EDS) analysis was carried out on two different
microscopes using two different EDS detectors. A Thermo Scientific UltraDry silicon drift
detector with Pathfinder Software was used for the EDS acquired from Topsoe, and a Bruker
XFlash Silicon drift EDX detector with Esprit software was used for the EDS analysis
performed at EPFL. In both cases, accelerating voltage of 15 kV was used to collect the EDS

data.

For a more insightful surface composition analysis, X-ray Photoelectron spectroscopy (XPS)
was performed at the Technical University of Denmark (DTU) by a Theta Probe instrument
(Thermo Scientific) using an Al anode X-ray source (Ko line = 1486.6 eV). The XPS
chamber’s base pressure was < 5.0 x1078 mbar. All measurements used a X-ray beam size of
400 um and a pass energy of 100 eV. Each survey recorded 20 scans while each element spectra
recorded 50 scans. We carried out a depth analysis by sputtering (4 kV and 1.0 pA) with N6
Ar (1.1 x 1077 mbar) the samples for 40 seconds, 20 seconds per level. The spectra were
recorded on each level, where level 0 means no sputtering. After the survey scans, C1s, O1s,
Cu2p, and Ag3d peaks were measured in steps of 0.1 eVV. We used Thermo Avantage Software

for the data acquisition and analysis with a Shirley type background for all instances.
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3. Results

To assess how the Ag/Cu ratio in the nanostructures affect the CO2RR, we electrodeposited
bimetallic nanostructured electrocatalysts with tunable composition by using two different bath
compositions: 0.075 M CuCl, / 0.025 AgCI + DES solution and 0.081 M CuCl> / 0.014 AgCl
+ DES solution. We named the nanostructures prepared from these solutions as 3Cu:1Ag and
6Cu:1Ag respectively, in which the number indicates the 3:1 and 6:1 molar ratio from the bath
solution of Cu and Ag, respectively. Pure Cu nanostructures were also prepared from a 0.1 M
CuCl; + DES solution and compared with the CuAg nanostructures. We have characterized our
systems by cyclic voltammetry (CV) and chronoamperometry (CA) to evaluate the optimal
potential range to perform the electrodeposition on a glassy carbon. In this range, the current-
time CA transients exhibit the characteristic shape of a nucleation and growth mechanism (Fig
2SA and 2SB).[48,52,57] We prepared the deposit at moderate rates by applying a moderate
applied overpotential in between the optimal range. For the Cu-Ag systems, at
electrodeposition applied potentials between -0.7 Vag|agcr and -0.8 Vag|agct We obtain a
homogeneous and stable surface, whereas high applied overpotentials lead to poorly adherent
deposits. A detailed description of the electrochemical characterization is explained in the
Supporting Information (S.I). The 3Cu:1Ag deposits were prepared at a potential of -
0.75 Vag| agcl, the 6Cu:1Ag deposit at a potential of -0.73 Vag | agct, and the single Cu deposits
at a potential of -1.05 Vag|agc1. At these applied potentials, solvent co-reduction does not
overlap with the metal electrodeposition. Therefore, we have assumed that the
electrodeposition has an efficiency of 100% and all the circulated charge is related to the

reduction of the metal ions in solution.

We prepared nanostructures with three different loadings by controlling the time of deposition
and circulated charge, aiming to address how the loading influences the morphology, size, and

composition of the nanostructures. We deposited nanostructures on the glassy carbon with 5.29
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cm? area using three circulated charges: Q = -200 mC, -270 mC, and -485 mC. Then we
characterized the CuAg nanostructures using SEM, XPS, and EDS. Figure 1A and Figure 1B
illustrate the characterization of 3Cu:1Ag at -200 mC and -485 mC respectively. We observed
rounded and rough Cu-Ag NPs. Figure 3S also shows higher-resolution SEM images of the
three loadings in which we can relate the roughness with visible porosity. At high coverages,
the nanoparticles become slightly bigger (from 200 nm up to 400 nm) likely due to surface
diffusion and progressive electrodeposition. The XPS spectrum of the 3Cu:1Ag sample at -
485 mC (Fig. 7SA and 7SB) shows that the surface composition is 1:1 after applying 20
seconds of sputtering to remove any traces of contamination. All details from the XPS
measurements are explained in the S.I. The EDS color maps show how both metals are
distributed all over the substrate with a bulk composition of 1.8:1 of Cu and Ag. We have
calculated the mass loadings based on the EDS results using Faraday’s law. We have obtained
a mass loading of 0.1 mg for -200 mC, 0.14 mg for -270 mC, and 0.24 mg for -485 mC, which
equals 19, 26, and 45 pg cm?, respectively. The EDS results have confirmed that the
composition of the deposits in bulk does not change while increasing the loading and there is
only a change in the NPs size. We ascribe these results to the fact that the deposition rates of
Cu and Ag are similar and both metals are well-mixed in the bulk. However, the surface
composition could change due to the lower surface energy of silver or because of air exposure
or dissolution/redeposition of copper after bringing the nanostructures to open circuit
potential.[58-60]

Before testing these nanostructures for CO2RR, we have determined the ECSA and roughness
factor (R) of each sample using voltammetric lead UPD, to assess their intrinsic activity or
activity normalized by surface active sites during the CO2RR. The roughness factor (R) gives
us the increase in the active area in relation to the geometric area.[61,62] Figure 1C shows the

Pb UPD voltammograms of the 3Cu:1Ag nanostructures from Figure 1A (black line) and 1B
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(blue line). The lead UPD on the 3Cu:1Ag nanostructures shows a pair of quasi-reversible
peaks, a single broad and intense peak centered at 0.12 Vrue in the cathodic scan, with its
counterpart at 0.15 Vrue in the anodic scan. The lack of sharp peaks indicates that we most
likely have deposited polycrystalline structures.[53] The Pb UPD current intensity increases
with the loading as well as with the size of the nanostructures, indicating that the larger
nanostructure deposited at -485 mC has a higher roughness factor than the sample at -200 mC.
The calculated ECSA and R are 4.86 cm? and 0.92 for the black line and, 8.18 cm? and 1.54
for the blue line, respectively. The fact that the R is close to one in both cases is likely because

we are only depositing a few dispersed nanostructures on the glassy carbon without covering

the substrate.

40 b
20 +
0 -
20 +
40 +
| 3Cu:1Ag at -0.75V|
-200mC
-60 | ——-485mC

-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
E/Vvs. RHE

0.75 Vag| agcr and (A) -200 mC, and (B) -485 mC with the corresponding EDS maps. The scale
bars on the inlet SEM images correspond to 500 nm. (C) Lead UPD of the nanostructures at
(A) and (B). The pH of the Pb UPD electrolyte is 3.2.

After preparing the 3Cu:1Ag nanostructures, we tested their performance toward CO2RR in a
0.1 M KHCO3 solution, using an H-cell setup connected to the online GC to investigate the

product selectivity, as described in the Experimental section. First, we investigated the product
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distribution at different reaction potentials from -0.8 Vrue t0 -1.2 VrrHe. Figure 2A shows the
faradaic efficiencies and current densities normalized by the ECSA of the 3Cu:1Ag deposit at
-485 mC. The data from the deposits at -200 mC and -270 mC is illustrated in Figure 8S of the
S.1. At the lowest overpotential of -0.8 VrrE, We only obtain Hz, CO, and formate, whereas no
liquid multi-carbon products are detected. At -0.9 VrrE, the H: already drops to 13%, the CO
production increases to 55% and we start detecting C,+ products i.e., CoHs and acetate. The
intermediate overpotentials of -1.0 V and -1.1 Vrue are the optimal potentials to produce liquid
C2+ products since Ha stays under 23%, the production of CO is reduced and CzH4 increases
together with the production of liquid C»+ products. When adding Ag to the Cu, the competing
HER is suppressed between -0.9 Vrue and -1.1 Vrue. Our results align with other works
reported in the literature on Cu-Ag catalysts which also show a decrease of the Hy, and an
increase in the production of both CO and liquid oxygenates (acetaldehyde, ethanol, and
propanol) compared to single copper NPs.[20,36,38,63] For higher overpotentials, H>
drastically doubles its value and the CH4 production becomes dominant as occurs on pure

copper.[36,64]
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Figure 2. Product selectivity of 3Cu:1Ag during 1h of CO2RR (A) depending on the potential
(from -0.8VRrHe to -1.2VrrHe) at -485 mC and, (B) the optimal potentials (-1.0Vrxe and -1.1
Vrhe) for the three coverages (-200 mC, -270 mC and -485 mC). (C) Product selectivity of Cu
nanostructures at -485 mC and the optimal potentials after 1h CO2RR.
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We have addressed the catalytic performance of our deposited nanostructures at the applied
potentials of -1.0 Vrue and -1.1 Vrre and under one hour of CO2RR, to assess the selectivity
changes of ethylene versus liquid C+ products, as well as the stability of the nanostructures.
Figure 2B represents the faradaic efficiencies and normalized current densities of the 3Cu:1Ag
at the three prepared loadings of -200 mC, -270 mC, and -485 mC. We present the average of
three different measurements of each sample with their corresponding standard deviations from
triplicate measurements. For a more in-depth analysis, we have summarized in the S.I. the
average faradaic efficiencies (%) and the intrinsic partial currents normalized by the ECSA
(mMA cm?) in Table S2, Table S3 and Table S4 for -200 mC, -270 mC and -485 mC,
respectively. The three samples exhibit a similar product selectivity which we attribute to the
fact that the surface and bulk composition are similar. Only the sample at -485mC shows a
slight decrease in intrinsic activity which could be related with the differences in size and
structure. At both potentials, the H2 keeps suppressed below 23% while the CO goes up to 46
% at -1.0 Vrue and decreases to between 16 and 24% at -1.1 Vrre. Ethanol is the most produced
liquid C»+ product. Both ethylene and ethanol are more favored at -1.1 Vrye With an average
of 16% CzHa4 and 12% C;HsO in contrast to 11% and 9% at -1.0 Vrre. The other liquid Co+
products, i.e., propanol, acetate, and ethylene glycol vary in low proportions between both
potentials. The production of liquid C»+ products reaches 20% at -1.1 Vrue While it remains at
17 % at -1.0 Vrue. However, if we evaluate the relationship between C.+ products and ethylene,
the liquid C2+/C2Hg4 ratio is 1.5 at -1.0 Vrue While it is 1.2 at -1.1 Vrue. Our production
distribution results and the intrinsic currents after one hour of CO2RR at the 3Cu:1Ag
nanostructures are close to the values of several Cu-Ag systems from the literature.[35,36] We
observed that the H> and the CO production drops down whereas the Co+ products become
higher, with C2H4 stopping being the dominant product and liquid Cz+ products equaling its

Faradaic efficiency.
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To assess the effect of silver in the production rate of C>+ products as well as on the selectivity
towards liquid oxygenates, we electrodeposited pure Cu nanostructures from DES at -
1.05 Vag| agc1 With the same loadings and, carried out CO2RR. Figures 4SA and 4SB show the
Cu nanostructures at -200 mC and -485 mC respectively. The NPs present a flower shape with
a diameter close to 300 nm. The size remained the same while the coverage of the deposit
clearly increased from -200 mC to -485 mC. This morphology is in good agreement with
previous works on Cu electrodeposition from DES in GC.[57] Similarly to the 3Cu:1Ag, the
Pb UPD current intensity also increases with the loading of the nanostructures. Figure 10SA
shows the Pb UPD of the Cu nanostructures. The calculated R and mass loadings are 0.47 and

0.07 g for -200 mC, 0.64 and 0.09 g for -270 mC and, 1.04 and 0.16 g for -485 mC.

Figure 2C illustrates the CO2RR efficiencies and total intrinsic current densities at the optimal
potentials of -1.0 Vrue and -1.1 Vrue of our Cu nanostructures at -485 mC. The values and
partial intrinsic currents of each product for the sample at -485 mC are also summarized in
Table S5. At both chosen overpotentials, we have observed a huge increase in the Hz production
compared to 3Cu:1Ag nanostructures. A 58% and 66% of H, were detected at -1.0 VrHEe and -
1.1 Vrhe, respectively. On the contrary, CO production has decreased to a 4% at -1.0 VrHe
while it was mainly negligible at -1.1 Vrue. The faradaic efficiency of ethylene stayed near 8%
at both potentials, far from the 16% and 22% from 3Cu:1Ag at -1.1 VrHe. At -1.0 VRrHE, We
have detected 1 % of acetate and no ethanol, propanol, or ethylene glycol. The main product
after H, was formate. At -1.1 Vrug, 3 % of ethanol was detected, but propanol or ethylene
glycol have not been detected. These efficiency values are far from the efficiency value of 20
% for C»+ liquids obtained on the 3Cu:1Ag at -1.1 VrHe. We have noticed that while copper
nanostructures prepared at -270 mC and -485 mC have exhibited similar results, the sample at
-200 mC has produced no ethanol at -1.1 Vrye and more CO and formate production. We

attribute this change in selectivity to a possible dissolution when the coverage is too low. This
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can be expected from the poor coverage and different NPs sizes observed from the SEM image
at -200 mC before reaction, and the changes in size and morphology of this sample after
reaction (Figure S4). Studies on small copper NPs have reported the possible dissolution or
redeposition of the copper once the catalyst is in contact with the alkaline electrolyte when

there is no potential control or when first applying a reduction potential.[59,60,65]

Our Cu nanostructures have not exhibited a high efficiency towards liquid Cz+ products;
instead, they are selective toward H. production. These results could be explained by a high
number of edges and/or defect sites which have been proven to promote the formation of H»
production in comparison with other facets.[66,67] Even though ethylene is the major Co+
product obtained on our Cu nanostructures at -485 mC, its faradic efficiency is lower (7.9 %)
than in Cu-Ag nanostructures (18% at -485 mC). In contrast, the partial intrinsic current for
ethylene in Cu is higher than that on 3Cu:1Ag, whereas the partial currents of the generated
C2+ products are similar in both Cu and Cu-Ag electrocatalysts. These results suggest that the
suppression of the H, on Cu-Ag compared to Cu is one key aspect that improves the product
selectivity when adding silver to copper. These results are in line with previous reports which
suggested that a suppression of the HER induced by a compressive strain effect when silver is

added to copper, enhances the product selectivity.[38]
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Figure 3. SEM and EDS characterlzatlon after 1h of reactlon of 3Cu 1Agat (A) -200 mC and
(B) -485 mC. The scale bars on the inlet SEM images correspond to 500 nm.

Figure 3 shows the SEM images and EDS maps of the 3Cu:1Ag nanostructures at -200 mC and
-485 mC after one hour of CO2RR. Neither the morphology nor the composition changed after
reaction according to the low-resolution images. Interestingly, despite the high surface
diffusion on glassy carbon, we do not observe coalescence or agglomeration of the
nanostructures after one hour of reaction. Figures 4SB and 4SD exhibit the SEM images of the
Cu samples at -200 mC and -485 mC after one hour of reaction at -1.1 Vrre. The size, shape,
and distribution of the NPs remain mainly the same. Even though the NPs did not agglomerate
under reaction conditions, we noticed a slightly more rounded shape in the sample at -200 mC
which confirms our hypothesis of dissolution and poor stability when the coverage is too low,
in agreement with other works.[59,68—70]

To evaluate the changes in the CO2RR efficiency with the Cu/Ag ratio, we have prepared
nanostructures richer in Cu using a 6Cu:1Ag molar ratio bath solution and by applying a

potential of -0.73 Vrue. Like the 3Cu:1Ag nanostructures, we have prepared three loadings of
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-200 mC, -270 mC, and -485 mC with the 6Cu:1Ag bath composition. Figure 4A shows the
SEM image and EDS maps at -485 mC before reaction. The morphology of the NPs has the
same rounded shape with porosity as the 3Cu:1Ag. The size is slightly smaller, and the diameter
is around 300 nm. The XPS spectra of this sample can also be found in Figure 7SC and 7SD
of the S.1, with a surface composition of 1.7:1 of Cu and Ag after 20 seconds of sputtering. The
calculated mass loadings based on the EDS results are 0.1 mg for -200 mC, 0.13 mg for -270
mC, and 0.23 mg for -485 mC. Figure 4B shows the SEM and EDS maps after 1 hour of CO2RR
at -1.1 Vrre Where the morphology did not change. The EDS analysis shows that the bulk
composition varied between 4:1 and 2.5:1 Cu to Ag ratio before (obtained by quantification
from EDS color maps from Figure 4A) and after one hour of CO2RR (color maps from Figure
4B). The SEM images of the 6Cu:1Ag deposits at -200 mC and -270 mC can be found in
Figures 5SA and 5SB of the S.I. At lower loadings, the NPs presented the same morphology
but a smaller diameter of 200 nm. We have also estimated the ECSA and R of the 6Cu:1Ag

nanostructures by Pb-UPD, as shown in Figure 10SB. The ECSA and R from the sample of

Figure 4A are 7.48 cm? and 1.42, respectively.
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Figure 4. SEM and EDS characterization of 6Cu:1Ag at -485 mC, A) before reaction (EDS at
Topsoe), B) after 1h of reaction (EDS at EPFL). The scale bars on the inlet images correspond
to 500 nm. C) Product distribution at -1.1Vrne for -200 mC, -270 mV and -485 mC.
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Figure 4C exhibits the CO2RR efficiencies and total intrinsic current density at -1.1 Vrne Of
the 6Cu:1Ag nanostructures at the three loadings. Tables S6, S7 and S8 in the S.I. show the
faradaic efficiency values and partial intrinsic current densities of each product for the -
200 mC, -270 mC, and -485 mC, respectively. The results at -1.0 Vrre are illustrated in the S.1.
We did not add the results at -1.0 VrnEe here since no ethanol, propanol, or ethylene glycol were
detected at this potential when the amount of Cu slightly increases on the nanostructure. At -
1.1 Vrhe, propanol and acetate are detected although ethylene glycol was not detected. This
remarks the importance of controlling the Cu/Ag ratio in the nanostructures to increase the
production of liquid C+ products over ethylene. Additionally, H2 remains suppressed between
17 and 21%, similar to the results on 3Cu:1Ag nanostructures. We have also observed that the
product selectivity toward CO and CH4 changes with the loadings. CO decreases with the
loadings from 19% to 9% while CH4 increases from 9% to 16%, approaching more to the
behavior of pure copper. We ascribe this fact to that copper electrodeposition is slightly faster
than silver for this bath composition, and the amount of copper at the surface may be slightly
higher than at lower loading. Ethylene slightly increases as well with the coverage from 15%
to 22%. The liquid Cz+ products represent a 19% to 17% from -200 mC to -485 mC. Ethanol
remained the major liquid Co+ product with an average of 10%. If we compare these results
with the selectivity trends found for the 3Cu:1Ag nanostructures, Hz remained suppressed, CO
became slightly lower, and CoHs and Et-OH were still the major C,+ products. We attributed
the lower CO and higher C2Ha values to the lower silver content. The 6Cu:1Ag deposits behave
more similar to pure copper in which it was proven that less CO is available, and ethylene is

the most favored C»+ product.[18,25,29,36]
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4. Discussion of the results:

In this section, we aim to gain a deeper understanding on the structure-activity-selectivity
relations and assess the effect of silver on our nanostructures. Figure 5 shows an overview of
the partial intrinsic current densities, i.e., the current densities in relation to the number of active
surface sites (normalized by the ECSA), of 3Cu:1Ag, 6Cu:1Ag and pure Cu at -485 mC after
one hour of CO2RR at -1.1 Vrue. Figure 5A shows CoHs versus the rest of the liquid Co+
products. When adding silver, the ethylene partial current starts to decrease since the surface
stops behaving like pure Cu, which promotes ethylene production. Cu-Ag facilitates the
pathway towards the formation of liquid alcohols and oxygenates.[38] Concerning the
production of liquid Co+ products, there is not a huge change in the intrinsic partial current
densities within the different Cu/Ag ratios. Ethanol and acetate intrinsic partial current densities
remain close in the 3 samples while propanol is promoted in the samples richer in silver.[16]
Figure 5B illustrates the intrinsic partial current densities of all the CO2RR products and H, on
the three different Cu and Cu-Ag nanostructures. From Cu nanostructures to 6Cu:1Ag and
3Cu:1Ag, we have noticed a clear suppression of the Ha, an increase of CO, and a decrease of
CHas and formate. However, the partial current densities of the total production of C2+ molecules
remain similar in the three deposits. The main effect of adding silver in the copper
nanostructures is a suppression of the production of hydrogen. A plausible explanation might
be that Ag is sited on the Cu undercoordinated sites, which are attributed to promoting Ho,
blocking its production.[29,66] An alternative explanation might be a weakening of the *H
adsorption energy by a compressive strain effect induced in Cu when Cu and Ag are mixed.
Jaramillo, Bell, and co-workers previously reported that the main effect on their Cu-Ag alloys
was the suppression of HER. Additionally, they have not observed an improvement in the Co+
products, although multi-carbon oxygenates were favored, in line with our results.[38] We

attribute the reduction of CHs production to the lower availability of adsorbed *H, necessary
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for the hydrogenation of this molecule as it has been already discussed by Hori and co-
workers.[64]

The similar intrinsic partial current densities of Co+ products for all the samples might indicate
that the limiting step that controls the reaction rate to produce C.+ products is not affected by
the pH or hydrogen production. Instead, it might be related to the formation of a carbon-carbon
dimer through the C-C coupling step, as discussed by Koper and co-workers in previous
reports.[4,71,72] The dimer is the precursor and common intermediate in the production of
ethylene, acetaldehyde, ethanol, and also propanol after the insertion of a CO
molecule.[8,12,20,73] Although Ag does not change the partial rates of C,+ products formation,
likely because it does not substantially affect the carbon-carbon dimerization step energetics,
it promotes the pathway toward the formation of alcohols and oxygenates over ethylene. The
groups of Calle-Vallejo and Yeo already observed an increase of ethanol over ethylene when
adding Ag to Oxide Derived-Cu NW.[36] Sargent and co-workers have also shown a Cu/Ag
electrode which destabilizes the ethylene reaction pathway promoting ethanol instead.[8]
Interestingly, we can smoothly tailor the product distribution towards ethylene and liquid
alcohols by tuning the Cu/Ag ratio in our nanostructures deposited in a deep eutectic solvent.
This change in product selectivity could be related with a change in the electronic structure of
copper, due to strain or ligand effects induced by silver, which increase the CO coverage and
reduce the adsorption of *H thus promoting the formation of oxygenates and alcohols.[35,38]
However, it is important to remark that our Cu-Ag nanostructures do not intrinsically enhance
the production of C»+ products over Cu. Indeed, we notice that the partial current densities of
Co+ in 3Cu:1Ag slightly decay in comparison to Cu-rich nanostructures, fact that we ascribe to
an increased amount of surface Ag sites that do not contribute to reduce CO; to hydrocarbons
but to produce more CO. We note that the production of CO considerably increases from Cu

to 3Cu:1Ag whereas the formate decays, as observed in the inset of Fig. 5B, which suggests an
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increase of silver sites over copper sites on the surface and during the reaction. Since the shape
and size of the Cu-Ag bimetallic nanostructures have barely changed before and after reaction,
we believe there is no significant dissolution or redeposition of the copper when the electrodes
are in contact with the electrolyte. However, we have considered this possibility for the pure
copper nanostructures as stated above.[65] To address how surface composition and structure
might change at each applied potential condition and/or under different reaction times, we will

need to carry out in-situ operando surface and spectroscopy characterization techniques.
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Figure 5. C2+ compared with the rest of the products after 1 h of CO> reduction at -1.1 VRrHE.
Products represented against the partial currents normalized by the ECSA for 3Cu:1Ag,
6Cu:1Ag, and Cu at -485 mC.

Our work elucidates the importance of estimating the ECSA to analyze the intrinsic activity of
our nanocatalysts under reaction conditions and assess the main effects on selectivity. It is
important to remark that the product selectivity and intrinsic activity of our electrodeposited
catalysts have been measured in a classical electrochemical H-cell where the amount of
dissolved CO- that is converted at the electrode surface is low. Recent results on CO2RR in gas
diffusion electrodes (GDEs) have shown that Ag-doped Cu catalysts display a high 80%

selectivity toward the formation of Co+ with propanol being the major C»+ liquid product.[16]
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Another recent study on CO2RR in GDEs has presented Ag-modified Cu oxide-derived
catalysts exhibiting up to 90% selectivity for the production of C+ products with ethanol being
the major liquid Cz+ product.[74] Future work using GDESs to investigate the intrinsic partial
current densities normalized by the ECSA will be key to elucidate the structure-activity-

selectivity relations under realistic conditions of our nanostructures.

5. Conclusions

Herein, we have prepared active Cu-Ag nanostructures with tunable product selectivity for the
CO2RR. We have investigated the performance of our bimetallic nanostructures toward the
CO2RR and addressed how the addition of silver affects the intrinsic partial current density of
each product. We highlight the importance of determining the ECSA to report the intrinsic
partial activities and decouple the effects of mixing Ag with Cu with those of having different
structures in both the selectivity and activity. Our results show that the main improvement in
selectivity toward Co+ products is due to a suppression of the hydrogen formation on Cu after
adding Ag. Although we observe that Ag promotes the formation of alcohols and oxygenates,
it does not cause a substantial change in the rate of formation of C+ products. To improve the
partial current densities of liquid Co+ it would be necessary to prepare CuAg particles with

tuned surface structure and large active surface areas.
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ASSOCIATED CONTENT

A detailed electrochemical characterization of the Cu-Ag electrodeposition from DES by CV
and CA analysis is included. The three-electrode glass cell setups for the electrodeposition are
also shown. Ex-situ characterization of the Cu and the Cu-Ag nanostructures with SEM images
and XPS analysis of the Cu-Ag nanostructures are added. The calculations to determine the
mass loadings of all nanostructures by Faraday law are also explained. Additional product
distribution analysis after one hour of CO2RR on the 3Cu:1Ag and 6Cu:1Ag are included.

Lead UPD voltammograms of the Cu and the 6Cu:1Ag nanostructures have been exhibited
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together with a table which summarizes all ECSA and R. Finally, a summary of faradic
efficiencies and partial currents of the CO2RR products on different Cu and Cu-Ag

nanostructures are included.
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