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Abstract

The development of technologies for the recycling of carbon dioxide into carbon-containing fuels is
one of the major challenges in sustainable energy research. One of the main current limitations is the
poor efficiency and fast deactivation of the catalyst. Core-shell nanoparticles are promising candidates
for enhancing challenging reactions. In this work, Au@Cu core-shell nanoparticles with well-defined
surface structures were synthetized and evaluated as catalysts for the electrochemical reduction of
carbon dioxide in neutral medium. The activation potential, the product distribution and the long term
durability of this catalyst was assessed by electrochemical methods, on-line electrochemical mass
spectrometry (OLEMS) and on-line high performance liquid chromatography. Our results show that

the catalytic activity and the selectivity can be tweaked as a function of the thickness of Cu shells. We
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have observed that the Au cubic nanoparticles with 7-8 layers of copper present higher selectivity
towards the formation of hydrogen and ethylene; on the other hand, we observed that Au cubic
nanoparticles with more than 14 layers of Cu are more selective towards the formation of hydrogen
and methane. A trend in the formation of the gaseous products can be also drawn. The H, and CH,
formation increases with the number of Cu layers, while the formation of ethylene decreases.
Formic acid was the only liquid species detected during CO, reduction. Similar to the gaseous
species, the formation of formic acid is strongly dependent on the number of Cu layers on the
core@shell nanoparticles. The Au cubic nanoparticles with 7-8 layer of Cu showed the largest
conversion of CO, to formic acid at potentials higher than 0.8V vs RHE. The observed trends in
reactivity and selectivity are linked to catalyst composition, surface structure and strain/electronic

effects.

Keywords: core shell nanoparticles, CO, reduction, electrochemistry, lattice strain.

1. Introduction

The ongoing increases in consumption of fossil fuels and rapid deforestation have caused a dramatic
growth of the global concentration of carbon dioxide (CO,). The 2014 annual greenhouse bulletin of
the World Meteorological Organization shows that the levels of CO, in the atmosphere in 2013

reached 396.0+0.1 ppm" and that the annual increase in the concentration of CO, is now higher than
2%. Such unprecedented levels of CO, in the atmosphere are causing a drastic impact on both global

warming and ocean acidification.

Efforts to decrease the consumption of fossil fuels are very limited, especially since human population
and global demand for new and better energy-consuming technologies are rising. In this regard, the
capture, fixation and reutilization/valorization of CO, have attracted the attention of scientists around
the world®*. Electrochemical reduction is one promising alternative for the recycling of CO,. Even
though the electrochemical reduction of CO, was reported for the first time by Sir B.C. Brodie in
1873° and later in the 1990°s by Hori et al.,®® recent discoveries in materials and characterization
techniques®®'%>? for the electrochemical reduction of CO, have brought renewed focus on this process
as a potential solution for CO,removal. Hori established in 1986 that bulk Cu electrodes could be
used to produce hydrocarbons — CH,4 and C,H, — with efficiencies of 65 % and 20 %, respectively.
More recently, Jaramillo’s group explored the activity and selectivity of a range of transition metals
towards CO, reduction. ** The authors concluded that Au, Ag, Zn, Cu, Ni, Pt, and Fe are capable of

producing methane or methanol; some of them are able to produce both.



However in regards to materials being studied for this process, copper (Cu) is still perhaps one of the
most interesting metals due to its selective production of hydrocarbons at relatively low overpotential
and improved efficiency with respect the other metals. Despite great efforts, the exact mechanism and
factors that influence the catalytic activity and selectivity of Cu electrodes for CO, reduction are not
fully understood. However, some relevant progress has been made. In this sense, Schouten et al.,**%
have recently reported the effects of the pH and the surface structure. In addition, the effects of oxide
species and roughness of the electrode have been also reported.'®#*** DFT calculations have also
shown that for metal surfaces, the reaction step in which adsorbed CO is reduced is rather insensitive
with respect to CO binding energy; * however it depends on the surface coverage of the CO adsorbed.
It has also been suggested that the adsorbate-induced local charge might influence the adsorption

energy of different intermediate species. %°

In the past decade, the lattice mismatch between the metal overlayer and the substrate has been used
as a common strategy in electrocatalysis to tune the adsorption energies of the reactive and/or
intermediate surface species®”?. This strategy has been also recently applied to the optimization of a

catalyst for CO, electroreduction. Thus, Plana et al.*°

have reported the effect of Pd overlayer growth
on Au nanoparticles on CO, reduction, while Varela et al."? and Reske et al.** have explored the
growth of Cu overlayers on Pt electrodes. In these studies, the authors concluded that the catalyst with
overlayers showed higher catalytic activity than the pure metal catalyst and, also, that a
correspondence exists between the thickness of the overlayers and the catalyst’s activity and
selectivity. DFT calculation and UHV experiments have shown that the H, adsorption and
dissociation, and the adsorption of oxygen on Cu surfaces, depend not just on the surface structure,

but also on the tensile strain of the Cu surface. 23!

On the other hand, Friebel et al. have reported the electronic and structural effects of growing Cu
monolayers on Au(111) single crystal electrodes.*” In their work, the authors showed how the strain of
a single monolayer of Cu on Au electrodes affects the redox potentials of Cu. The authors suggested
that the strain might also affect the catalytic activity and selectivity of the catalyst towards CO,
reduction through the formation of different intermediate species, although these experiments have
not been performed yet. Based on this premise, and considering that Cu(100) electrodes show high

14,16

selectivity towards the reduction of CO, we will explore, in this work, the effect of Cu overlayer

growth on cubic Au nanoparticles towards the electrochemical reduction of CO..

2. Experimental Procedure

Synthesis of cubic gold nanoparticles



Cubic nanoparticles were synthetized by a colloidal seed-mediated method, using spherical gold
nanoparticles as seeds and following the experimental procedure described by Sau and Murphy* and

described in detail in the supporting information.

Prior to the formation of the Cu layers, the nanoparticles solution was centrifuged for 30 min at 3000
rpm to remove excess of reactants. The precipitate was collected and re-dispersed in 2mL of ultrapure

water.
Synthesis of Au@Cu nanoparticles

The Au@Cu nanoparticles were prepared by modifying the procedure described by Kuo et al*. In a
60 mL polystyrene vial, the following were mixed together for 4 h at 40 °C: 9.4 mL of ultrapure
water, 0.1 mL of a 10 M CuCl, (Aldrich 97%) solution and 0.087 g of sodium dodecyl sulfate (SDS,
Sigma Aldrich 92.5-100%). Then, 0.25 mL of a 1 M NaOH (99.99 %, Sigma-Aldrich) solution was

added. The solution was kept at 40 °C and under external mixing for 2 h.

The different Au@Cu nanoparticles were prepared by adding different volumes of the Au
nanoparticle solution. After 2 h, 200 uL (Au@Cul), 150 uL (Au@Cu2) and 50 uL (Au@Cu3) were
added respectively, and the resulting solutions were mixed for 2 h. Finally, 0.15 mL of a freshly
prepared 0.2 M solution of NH,OHCI (Sigma-Aldrich, Reagent plus 99%) was added under vigorous
mixing. Adding the reducing agent slowly results in samples with larger particle size distribution. The
reaction was considered complete after 3 hours. The samples were characterized by UV-Vis and then

cleaned for further characterization and electrochemical measurements.

To collect the products, the nanoparticle solutions were washed 4 times, first with ethanol (Fisher
Scientific, analytical grade and centrifuged at 3000 rpm for 10 min) and then another 3 times with

ultrapure water. The resulting solution of nanoparticles was re-dispersed in 2 mL ultrapure water.
Characterization of the nanoparticles

Transmission Electron Microscopy (TEM) was performed using a Jeol 2100 LaB6 TEM instrument.
Ethanolic suspensions of each catalyst were drop-casted on carbon-coated copper grids and then air-

dried until complete solvent evaporation.

High angle annular dark field scanning-transmission electron microscopy (HAADF SEM) images
were recorded using a Jeol 2100F STEM.

X-ray diffraction (XRD) patterns were obtained with a Bruker AXS D2 PHASER diffractometer
using CoKa. (0.179 nm) radiation. Samples were prepared by depositing a couple of drops (20 uL) on

a quartz holder and allowing the drops to air-dry.



X-ray fluorescence spectra were obtained using a Bruker S8 Tiger spectrometer. UV—vis absorption
spectrums were measured using a Cary 50 spectrophotometer, 70 L disposable cuvettes, and a path

length of 1cm.
Electrochemical measurements

A two-compartment electrochemical cell was employed, a gold wire was used as a counter electrode
and a Hg/HgO electrode was used as reference electrode. All the graphs are presented in a reversible
hydrogen electrode (RHE) scale. Electrochemical measurements were performed with an Autolab
PGSTAT12. The phosphate buffer solution (pH=8; 94 mL of 1 M K,HPO, + 6 mL of 1 M KH,POy,)
were prepared from Sigma-Aldrich ACS reagent chemicals, >98% and >99.0%, respectively, and
ultra-pure water (Elga PureUltra, 18.2 MQ cm, 1 ppb total organic carbon). Argon (Ar, (N66)) was
used to deoxygenate all solutions and CO, (BOC) was used to saturate the solutions. Au and Au@Cu
nanoparticles were deposited on a glassy carbon rod (SIGRADUR) electrode with 2.0 mm diameter.
The electrode was polished with diamond alumina before each experiment. All the measurements
were performed under steady state conditions and the cyclic voltammograms correspond to the first
cycle. The uncompensated solution resistance (28 Q) was measured by using the positive feedback

mode of the potenciostat and all the cyclic voltammetries were corrected by the solution resistance.
On-line electrochemical mass spectrometry

On-line Electrochemical Mass Spectrometry (OLEMS) was used to detect the gaseous products
formed during the reaction. The reaction products at the electrode interface were collected with a
small tip positioned close to the electrode. The tip is a Imm diameter porous Teflon cylinder (Porex
with an average pore size of 5 um - 10 um and 45% - 55% porosity) in a Kel-F holder. The tip
configuration was cleaned overnight in a 2 M NaOH solution (VWR, EMSURE) and rinsed 5 times
with ultrapure warm water before use. A secondary electron multiplier (SEM) voltage of 1329 V was
used, except for hydrogen (m/z = 2) where a SEM voltage of 2100 V was used. The pressure was

equilibrated for 1 h prior to each measurement.
On-line HPLC

Soluble reaction products were detected with on-line high-performance liquid chromatography
(HPLC).*® While changing the potential from 0 V to -1.5 V vs RHE, samples of the electrolyte were
collected with an open tip, which was positioned close to the centre of the electrode surface. Samples
were collected with a rate of 60 uL min " and each sample had a volume of 60 pL. Since the potential
was changed at 1 mVs™, each sample contained the average reaction products of a potential change of
60 mV. Samples collected during voltammetry were analyzed afterwards by HPLC (Prominence
HPLC, Shimadzu, Aminex HPX 87-H column, Biorad). The separated compounds were detected with
a refractive index detector (RID-10A).



3. Results and Discussion

Figure 1a-b shows some representative transmission electron microscopy (TEM) images of the cubic
gold nanoparticles prepared by the method described in the experimental section. As can be seen, the
nanoparticles are uniform in shape and size (40 + 2 nm). The inset on figure 1b shows the electron
diffraction pattern obtained by directing the electron beam perpendicular to one of the square faces of
the cube. The square symmetry of this pattern indicates that each gold nanocube was a single crystal

mainly bounded by (100) facets. This fact was also confirmed by XRD (Figure Sl4).

After successive steps, as described in the experimental section, the cubic Au nanoparticles were
coated with Cu overlayers of different thickness. The UV-vis absorption spectral results of these Au-
Cu samples (Figure 2) provide strong evidence that all the gold nanocrystals have turned into
core—shell Au@Cu nanoparticles. The absorption bands of the core shell nanoparticles show a shift
towards the red region due to the large particle sizes in comparison with the bare gold nanocrystals
(maximum absorption at ~535 nm).***" As can be seen from the TEM images in Figures 1c-1f , the
samples Au@Cul (6-7 Cu layers) and Au@Cu?2 (14-16 Cu layers) show an increase of the particles
size while maintaining a cubic shape. On the other hand, Au@Cu3 (30-40 Cu layers) shows an
increase of size and, even though the nanoparticles show 90° angles associated with (100) sites, the
nanoparticles became almost spherical (see Figure 1g, 1h). Although several attempts were carried
out, we have not been able to prepare Cu shells of more than 20 layer with (100) preferential
orientation. High angle annular dark field scanning transmission electron microscopy (HAADF
STEM) images (Figure 1f and 1h (inset)) allow the Au cubic core to be clearly identified. This Au
core is much brighter than that of the Cu shell on the Au@Cu2 and Au@Cu3 samples, as a
consequence of the higher atomic number of gold (Z = 79) than that of copper (Z = 29).

The atomic composition of the nanoparticles was determined by electrochemical methods (Figure 3)
and confirmed by X-ray fluorescence (XRF) (Figure SI5). Figure 3A shows cyclic voltammograms of
the Au@Cu nanoparticles in a 0.1 M H,SO, electrolyte. The electrochemical response can be
separated into two well-defined regions — the first region between 0.3 V and 0.5 V and the second
region between 0.5 V and 0.8 V. As can be seen in the positive scan, the increase in the number of Cu
layers results in an increase of charge in both regions; however the region at higher potentials shows a
large increase of charge. While the shape of the voltammetric profiles of Au@Cul and Au@Cu?2 are
similar to that of the expected Cu UPD on gold, the voltammetric profile of Au@Cu3 resembles the
profile of the bulk oxidation of Cu in sulphuric acid.*® Previous results regarding the underpotential
deposition of Cu on gold electrodes in sulphuric acid have attributed the two different potential
processes to two different oxidation steps. The negative scan in the voltammetry shows the reduction
of the Cu oxides formed on the surface. As can be seen, while Au@Cul shows a single peak located
at 0.40 V, Au@Cuz2 shows two distinctive signals at 0.47 V and 0.52 V. This latter contribution is

also present for Au@Cul, but only as a small shoulder. Grishina et al. associate the peak at lower



potentials to the reduction of Cu,O, while the peak at higher potentials corresponds to the reduction of
CuO.* This observation is also in agreement with those results presented by Friebel et al. for
monolayers of Cu on gold single crystal electrodes and therefore, we can extrapolate those findings to

the Cu layers on the cubic gold nanoparticles®.

Figure 3B shows the step-potential dissolution of Cu at 0.85 V vs RHE from the Au@Cu
nanoparticles. The chronoamperometry of Au@Cul shows a single signal associated with the
dissolution of copper. Interestingly, this signal shifts as the number of Cu layers increases, indicating
an easier dissolution of copper at this higher potential. In addition, on Au@Cu3, a second signal
appears at longer times. Vogt et al. proposed that the dissolution rate of Cu(100) in sulphuric acid
depends strongly on the surface morphology of the adlayer structure,® therefore the two dissolution
signals observed in the chronoamperometry must be associated with two different surface structures
induced by the lattice strain. The dissolution charge was determined by integrating the I-t signal of the
chronoamperometry in Figure 3B. Table 1 summarizes the mass composition obtained from the XRF
spectra and the charge associated to the dissolution of the Cu layers as determined by
chronoamperometry. Based on the values of Table 1 and assuming a constant particle size of 40 nm,
the number of Cu layers for each of the samples was determined. As can be seen, the number of layers

is in good agreement with the thickness of the Cu layers as determined by TEM (Figure 1).

Figure 4 shows the voltammetric profiles of the Au and Au@Cu nanoparticles in phosphate buffer
solution (PBS, pH=8) both in absence and presence of CO,. As can be seen from figure 4A, hydrogen
evolution reaction takes place at less negative potentials on the gold nanoparticles “°*. The onset of

the HER is shifted towards more negative potentials as a function of the number of Cu layers.

We also consider the Au and Au@Cu nanoparticles in a CO, saturated solution and observe that the
electrochemical behaviour is significantly different. The first observation is that the overpotential of
the CO; reduction on the Au@Cul and Au@Cu2 samples is lower than that of the Au nanoparticles
(up to 200 mV). This trend is in agreement with the results reported by Hori et al. who showed that
the onset potential for the CO, reduction on Cu bulk electrodes is lower than the onset potential of Au
bulk electrodes.* Xu et al. also who showed that the onset potential for the CO, reduction on for
AuCu alloy nanoparticles appears at lower potentials than on Au nanoparticles.™ Interestingly, and
despite the difference in the blank voltammetry, the voltammetric profiles of Au@Cul and Au@Cu2
are similar in both their onset potential and their current densities. On the other hand, the onset
potential for the CO, reduction on Au@Cu3 nanoparticles is shifted towards more negative potentials.
This might be attributed to changes in the surface structure. As it was mentioned before, from Figure
1g and 1h, it is possible to conclude that the Au@Cu3 nanoparticles presented significant differences
of surface structure when compared with the Au@Cul and Au@Cu2 nanoparticles. The Cu layers
appear to grow epitaxially on Au@Cul and Au@Cuz2; therefore, the domains are (100). The

Au@Cu3 presents round edges and also 60 ° angles between the facets and therefore are more likely



to be associated to (111) facets and step sites. These changes in surface structure might lead to
different reactivity. * Another interesting observation is that the samples Au, Au@Cul and Au@Cu?2
(lower amount of copper) present larger deactivation (lower currents in the negative-going scan) when
compared with Au@Cu3. This electrochemical behaviour might suggest the formation of different
intermediate adsorbed species and products. It has been recently suggested by Shi et al. that CO,
reactivity for strong-binding metals depends on the surface coverage of CO adsorbed species and thus
the hydrogen evolution reaction. The authors have also concluded that, on the strong-binding metals,
the selectivity towards the formation of the *COH intermediate over the *CHO intermediate decreases
as the CO adsorbed species increases. The authors also concluded that the adsorbate—adsorbate

interactions push the thermodynamics to slightly favour the formation of the *CHO intermediate. %°

Figure 5 shows the gaseous product distribution for the reduction of CO, during the cyclic
voltammetry, as determined by on-line electrochemical mass spectrometry. As can be seen, the
formation of the reaction products starts as early as -0.3 VV vs RHE. The formation of hydrogen
product is quite similar for the three Au@Cu samples and the small differences are within
experimental error. However, the formation of methane and ethane is clearly dependent on the
number of Cu layers and the applied potential. In the potential region between -0.35 V and -0.6 V vs
RHE, Au@Cul shows a larger formation of ethylene; while, in the same potential region, Au@Cuz2 is
more selective towards the formation of methane. Interestingly, at higher overpotentials (from -0.6 V
to -0.8 V) Au@Cul produces more methane; while, Au@Cu?2 is more selective towards the formation
of ethylene. It is also important to highlight that the Au@Cul, the one having the lowest Cu amount
deposited on the (100) enriched cubic gold nanoparticles, has a product selectivity as a function of the
potential similar to that observed on Cu(100) at pH=7 **. On the other hand, the sample Au@Cu3
presents a similar behaviour to that observed by Kortlever et al. for Cu polycrystalline electrodes at

pH 6.7, at which the formation of methane and ethane appears at around -0.8 V vs RHE.*

Together with the gaseous distribution, we have also determined the formation of liquid products by
using on-line HPLC. Formic acid was the only liquid species observed during the CO, reduction and it
is observed at potentials below -0.7 V vs RHE (Figure 6). As can be seen, the formation of formic
acid is strongly dependent on the number of Cu layers on the core@shell nanoparticles. Among the
Au@Cu samples, the Au@Cu3 showed the smallest amount of formic acid, which was only detected
at potentials below -1 V vs RHE.

By comparison, the formation of formic acid on Au@Cul appears at around -0.75 V vs RHE while
the Au@Cu2 starts at slightly higher overpotentials (-0.85 V).* Even though the onset potential for
the formation of formic acid is similar, the concentration of formic acid is significantly higher on the
Au@Cul when the applied potential is more negative than -0.95 V. The concentration of formic acid

per surface mass on the Au@Cu2 at -1 V vs RHE is 13 mM/mg. Remarkably, the maximum



concentration of formic acid per mass of catalyst produced by the Au@Cul at -1 V vs RHE was 45

mM/mg.

As it was described before, the voltammetric profiles of Au, Au@Cul and Au@Cuz2 present
significantly lower current densities on the negative-going scan when compared with the positive-
going scan. This might suggest the formation of intermediate poisoning species and therefore the
catalytic activity and product distribution might change over time. In order to determine the relative
gas product distribution over time, chronoamperometries at -0.6 V vs RHE were performed for one
hour in combination with OLEMS measurements (Figure 7). To provide a semi-quantitative analysis
of the product distribution in the gas phase, the y-coordinates are presented as the ratio between the
partial pressure of the products and the total pressure of the products®. The total pressure of the
products in each case was obtained by subtracting the changes in the water partial pressure (m/z=18)
and the signal of the CO, (m/z= 44) from the total pressure of the system. An example of the total
pressure, the water partial pressure and the CO, signal is presented in figure SI3. The first observation
is the good stability in the product formation of H, on the sample Au@Cu3; whereas, the samples
Au@Cul and Au@Cu2 show a significant decrease in the hydrogen formation over time.
Interestingly, Au@Cu3 shows an increase in the formation of methane over time; while, at the same
time, the formation of ethylene decreases to zero after 2500 s. The sample Au@Cul shows decay in
the production of hydrogen during the first 2000 s while the formation of CH, can be consider stable
during the entire hour with just minor variations. An increase in the formation of C,H, was observed
over time. On the other hand, Au@Cu2 shows an initial decay in the production of hydrogen while
the reduction of CO, to methane and ethylene is almost constant during the entire hour. In the case of
the Au nanoparticles, just hydrogen formation was observed as shown in figure SI16, however the
partial pressure of the hydrogen correspond just to about 20% of the total pressure after the
subtraction of the CO, and water partial pressure contributions which means that about 80% of the
total pressure corresponds to the formation of other gaseous products not detected. It is well-described

that Au electrodes show efficiencies between 80-95% for the reduction of CO, to CO ¢,

Figure 8 shows the total gas product distribution accumulated during the chronoamperometry
measurement (figure 7). As can be seen, over time, Au@Cul presents higher selectivity towards the
formation of hydrogen and ethylene, while Au@Cu?2 and Au@Cu3 are more selective towards the
formation of hydrogen and methane. A trend in the formation of the gaseous products can be also
drawn. The H, and CH, formation increases with the number of Cu layers, while the formation of

ethylene decreases.

In the case of the Au@Cul and Au@Cu2, we may attribute the differences in the product distribution
to the strain effect of the Cu overlayer in the adsorption of reactive intermediate species due to
different structural and electronic effects. Based on the product selectivity of the cyclic voltammetry,

the Cu electrode (Au@Cul) favours the formation of C-C bonds and by increasing the number of Cu



overlayers, the hydrogenation pathway of the CO, to CH, is promoted. This is similar to the finding
regarding Cu overlayers on Pt."* Unfortunately, this conclusion cannot be fully extrapolated to the
sample Au@Cus3 since other effects might be playing a role in the product distribution (surface
structure, roughness® and inclusive a significantly larger particle size*). As discussed above, the
voltammetry experiments are evidence of the different surface energies of the Cu layers on the three
samples. These electronic effects might play an important role in the adsorption energy of the

intermediate species during CO, reduction.

We have shown using chronoamperometry experiments that the gas product selectivity is time-
dependent. Nevertheless, the reason behind this still requires further studies. A tentative explanation is
the formation of poisoning species * and the change of the surface structure due to Cu surface
diffusion or copper brightening®*'. Some indications on the change of the surface structure of copper
have been very recently reported by Kim et al. using electrochemical STM®. In that work the authors
showed how a polycrystalline copper electrode undergoes surface reconstruction at negative potentials
in alkaline medium. On the other hand, previous DFT calculations for the hydrogen adsorption on Cu
surfaces have shown that an upshift of the surface d-band centre takes place on Cu surfaces upon
lattice expansion. According to the d-band model, this leads to a stronger atomic binding and to
smaller dissociation barriers on the expanded Cu surfaces. ¥ However, the tensile strain of the layers
depends on the number of layers. Kongstein et al. have shown tensile-compressive transition when Cu
layers are grown on Au(111) electrodes. The author showed that, within the first 20 nm of bulk Cu
deposition, there is a rapid increase in tensile stress ascribed to nuclei coalescence and grain boundary
formation. When the films become continuous, the stress becomes compressive. It is important to note

that the hydrogen evolution presented different kinetics as a function of the number of Cu layers. >

Sakong et al. has also shown that the trend of hydrogen adsorption and dissociation probability as a
function of the lattice strain also strongly depends on the adsorption of other species (e.g., oxygen). *
They have proposed that adsorbate-induced changes of the Cu local d-band density of states have to
be taken into account in order to rationalise the adsorption energies of hydrogen. Similarly, the
adsorbed-induced charge effect has been described for the cooperative adsorption of CO and OH on
Au(111) surfaces. ** More recently, Shi et al. has also shown that the interactions between adsorbed
CO and intermediates in both the hydrogen evolution reaction (HER) and the CO, reduction reaction
(CO,RR) are important. %
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Table 1. Calculated mass, dissolution charge and thickness of the copper layers on Au cubic

nanoparticles.

X-ray fluorescence Electrochemical methods
Sample % Cu # Cu layers | Chronoamperometry # Cu layers
Q/uc
Au@Cul 19.1+1.2 9-10 314.3 7-8
Au@Cu2 30.2+1.5 17-18 605.1 14-16
Au@Cu3 48.6+1.7 35-40 1212 30-40




Figure Caption

Figure 1. TEM images of Au cubic nanoparticles (a (scale bar =500 nm), b(scale bar =50 nm)),
Au@Cul core@shell nanoparticles (c(scale bar =50 nm), d (scale bar =10 nm)), Au@Cu2
core@shell nanoparticles (e(scale bar =100 nm), f(scale bar =50 nm)) and Au@Cu3 core@shell
nanopatrticles (g(scale bar =100 nm), h(scale bar =50 nm)). The inset on figure b corresponds to
the electron diffraction pattern of a single Au cubic nanoparticle (scale bar =1 nm). The inset in
figures f (scale bar =2nm) and h (scale bar =15 nm) corresponds to the HAADF STEM images
of the Au@Cu2 and Au@Cu3 nanoparticles, respectively. Bright zone correspond to the Au
core (Z =79) while darker zones correspond to the Cu shell (Z =29).

Figure 2. UV Vis absorption spectra and absorption shift of Au (black line), Au@Cul (red line),
Au@Cuz2 (blue line) and Au@Cus3 (green line) nanoparticles. The inset corresponds to the

optical image of the 4 samples.

Figure 3. Voltammetric profiles (A) and potential step chronoamperometry 0.3V 20.85V vs
RHE (B) of Au@Cul (red line), Au@Cuz2 (blue line) and Au@Cus3 (green line) nanoparticles in
0.1 M H,SO,. Scan rate in (A) v=10 mV s™.

Figure 4. Cyclic voltammograms of Au (black line), Au@Cul (red line), Au@Cuz2 (blue line)
and Au@Cua3 (green line) nanoparticles in (A) PBS (pH= 8) and (B) PBS saturated with CO..

Scan rate v=10 mV s,

Figure 5. lon currents for methane, ethylene, hydrogen probed by OLEMS as a function of
applied potential for the Au@Cul (red curve), Au@Cuz2 (blue curve) and Au@Cu3 (green

curve) in CO, saturated PBS (pH=8) solution. Scan rate v=5mV s

Figure 6. Concentration of formic acid determined by on-line HPLC as a function of the
potential during the CO, reduction at Au, Au@Cul, Au@Cu2 and Au@Cu3 nanoparticles.

Scan rate v=1mV s

Figure 7. Normalized partial pressure for methane (red curve), ethylene (green curve) and
hydrogen (black curve) probed by OLEMS as a function of time for the reduction of CO, at -0.6
V vs RHE on the Au@Cul, Au@Cu2 and Au@Cu3 in CO, saturated PBS (pH=8) solution.

Figure 8. Total gas product distribution of H,, CH,and C,H, on Au@Cul , Au@Cu2 and
Au@Cu3 during the CO, electroreduction in PBS (pH=8) at -0.6 V vs RHE.
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