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ABSTRACT: Multimetallic nanoalloy catalysts have attracted
considerable interest for enhancing the efficiency and selectivity
of many electrochemically driven chemical processes. However, the
preparation of homogeneous bimetallic alloy nanoparticles remains
a challenge. Here, we present a room-temperature and scalable,
host—guest approach for synthesis of dilute Cu in Ag alloy
nanoparticles. In this approach, an ionic silver bromide precursor
harboring exogenous Cu cations is reduced to yield ~20 nm
diameter AgCu alloy nanoparticles wherein the % Cu loading can
be tuned precisely. AgCu nanoparticles with a 5% nominal loading
of Cu exhibit peak activity (—0.23 mA/cm® normalized partial
current density) and selectivity (83.2% faradaic efficiency) for CO
product formation from electrocatalytic reduction of CO, at mild
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overpotentials. These AgCu nanoalloys exhibit a higher mass activity compared to Ag- and Cu-containing nanomaterials used for
similar electrocatalytic transformations. Our host—guest synthesis platform holds promise for production of other nanoalloys with

relevance in electrocatalysis and optics.
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ynthetic tuning of nanoparticle (NP) size, shape, and

composition is central to the effective use of such materials
in optoelectronic,' ~* medical,’® and energy applications. Out
of the broad family of NP architectures reported to date,
multicomponent NPs,”~'* such as bimetallic and alloy NPs,
have attracted interest because their properties can be
engineered to reflect a hybridization or synergistic interaction
between their component elements.'” Such synergies are
especially sought after in electrocatalytic applications, where
the mixing of component materials can give rise to reactive
sites that catalyze new reaction pathways. In bimetallic NPs,
improvements to the efficiency and selectivity of electro-
catalytic processes can be realized through precise control over
catalytic site ensembles,'* electronic structure tunability,">"
and increased stability.'* Examples include methanol oxidation
reaction catalysis with Pt—Ru catalysts,"> ethanol oxidation
over Pt—Pd NPs,'® CO oxidation using Au—Ag alloy NPs,'”
and oxygen reduction performed over Au—Pt catalysts,'®
among many others.

The catalytic performance of alloy nanoparticles is highly
sensitive to their composition, and therefore synthetic methods
capable of finely regulating the concentration of any given
element within the NP alloy are of paramount importance.
Existing strategies for the preparation of nanoscale alloys
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include coreduction methods,” seed-mediated or two-step
growth,”® galvanic replacement,”’ the use of ionic-liquid
systems,”” or thermal decomposition techniques.”> Many
fundamental parameters, including precursor redox potential,
nanoparticle lattice structure, atomic radii and melting
points,24 dictate whether the aforementioned approaches can
successfully yield a desired alloy phase. It is often that an
interplay of these parameters simply results in phase
segregation of the component elements (e.g., if miscibility
limits are exceeded), thereby limiting the applicability of these
approaches. Other approaches, such as “one pot” laser

ablation® and electrodeposition”® techniques, use higher
energies to force thermodynamic alloy products, and are
limited in their ability to yield morphologically well-defined,

uniform nanostructures with high product yields.
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The electrochemical reduction of carbon dioxide has
received extensive attention as it could be used to convert
the potent greenhouse gas into feedstock chemicals. Within
this context, Cu NPs have been identified as promising
catalysts for the CO, reduction reaction (CO,RR) primarily
due to the optimal binding of the *CO intermediate””*® on
the Cu NP surface, which in turn affords increased selectivity
for C, and C, reaction products. However, some limitations
must be overcome. First, the catalytic activity of Cu
nanoparticles is hindered by their high susceptibility to
oxidation upon exposure to air.””*" Second, although binary
phase diagrams indicate that Cu and Ag are immiscible,’ they
share a common crystal structure (fcc), accessible valence state
(+1), and an approximate 15% difference in atomic radii,
thereby satisfying three of four Hume—Rothery rules for
metallic alloy formation.””*® Given these criteria, preparing
bimetallic NPs with Cu as the dilute species in Ag appears to
be a realistic target. Third, while a diverse array of Ag- and Cu-
containing materials have been realized, the high-temperature
reductions, multistep seeded growth routes, or electro-
deposition approaches commonly used to prepare bimetallic
Ag—Cu foams,”* aerogels,” and nanoparticles’®~** often yield
materials with phase segregated components or are not well
suited for industrial scale-up. Techniques do exist for forming
more precise and homogeneous Ag—Cu alloy NPs, but many
use dense solvents and bulky ligand-based polyol methods,””
less convenient air-free thermal decomposition techniques,”’
or nonequilibrium rapid thermal shock treatments.*'

In light of the need for catalytically active Ag—Cu alloys, we
present here a new “host—guest” synthesis route for the
preparation of phase-pure “Cu in Ag” alloy nanoparticles
(AgCu NPs) and explore their performance in the electro-
catalytic reduction of CO,. We adapted our previously
reported synthesis protocols*” to prepare AgCu alloy nano-
particles with 0%, 2.5%, 5%, 7.5%, 10% and 15% nominal Cu
loadings. As shown in Figure 1a, the first step (I) is formation
of a silver—copper-bromide Ag(Cu™)Br nanoparticle—here-
after the host particle. Copper cations are introduced during
the synthesis of the AgBr host particle. During the next stage
(II) interstitial silver and copper cation guests harbored in the
silver halide host lattice are coreduced via mild solution-phase
processes (Supporting Information, Materials and Methods)
that lead to the precipitation of a single metallic phase on the
parent Ag(Cu*")Br particle surface to form AgCulAgBr dimers.
Finally, the AgBr phase is selectively digested to yield the target
AgCu NPs (III).

To characterize the size and morphology of AgCu alloy NPs
(Figure S1) prepared through our host—guest chemical
synthesis, we used bright-field transmission electron micros-
copy (TEM) to image samples with 0—15% nominal Cu
loadings. Analyses of TEM data collected on a 5% Cu sample
reveal spherical nanoparticles with a narrow size distribution
and an average diameter of 21 nm +3 nm (Figure 1b). We also
investigated particle morphology at three key stages of the
synthesis. First, the average sizes of the Ag(Cu*)Br host
particles are comparable and unchanged across the 0—15% Cu
range with mean diameters of 18—20 + 2 nm (Figure S2).
Second, following solution-phase reduction, the AgCu phases
of dimer particles prepared from host particles with Cu
loadings of 0, 2.5, 5 7.5, 10, and 15% Cu exhibit average
diameters of 20 + 3.5 nm, 17 + 2.5 nm, 17 + 3 nm, 16 + 2.5
nm, 16 + 2.7 and 16 = 2.7 nm, respectively (Figure S3). Third,
after etching of the dimers, the liberated AgCu NPs prepared
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Figure 1. (a) Scheme describing key steps of the solution phase
synthesis of AgCu NPs. (b) Bright-field TEM image of AgCu NPs
with 5% Cu loading; Inset: Histogram of NP size. (c) Left:
Absorption spectra of AgBr nanoparticles (blue trace, normalized to
peak maximum at 374 nm), AgCulAgBr dimers (purple trace,
normalized to maximum at 374 nm), and 5% AgCu NPs (teal trace,
normalized to maximum at 40S nm). Right: Normalized absorption
spectra of AgCu NPs containing the indicated % Cu loadings focusing
on the peak centered at ~408 nm. TEM images from left to right are
of individual AgCu NPs with 0% and 5% Cu loadings, respectively.
The features at 370 and 550 nm (dimer) may be distinct plasmon
resonances associated with anisotropy in the dielectric environment
around the AgCu phase: part of the AgCu is covered by ligands and
solvent molecules while the remainder forms a heterointerface with
the AgBr host particle.

from host particles loaded with 0, 2.5, 7.5, 10, and 15% Cu
reveal average diameters of 33 & S nm, 27 + 5 nm, 21 + 3 nm,
19 + 4 nm, and 16 + 2 nm, respectively (Figure S4). The
AgCu NPs post etch (Figure S4) are larger than their AgCu
phase counterpart in the dimer (Figure S3) likely due to
continued growth and ripening of the NPs during the 12 h
solution etching process.

UV-—visible absorption spectroscopy was used to probe the
optical properties of products generated at all key stages of the
synthesis. Irradiation of the Ag(Cu*")Br host particles with UV
light in the presence of L-Arginine yields a purple solution
whose absorption spectrum features peaks centered at 370 and
550 nm (Figure 1c). These peaks are not present in a solution
containing the host particles before irradiation and are similar
to those that we have previously ascribed” to dimers
comprised of Ag NPs fused to their AgBr host phase. The
narrow feature at 370 nm and the broad feature centered at
roughly 550 nm may stem from two distinct plasmon
resonances arising from the anisotropy in dielectric environ-
ment around the AgCu particle. Subsequent etching of the
AgBr component of the dimer yields a yellow solution whose
absorption spectrum is characterized by a single peak centered
at 405 nm. This peak falls within the characteristic surface
plasmon resonance band for Ag nanoparticles (4 = 360—410
nm),"”** and is in keeping with the expected nominal
shift"~*” of the Ag plasmon resonance with Cu doping. The
two peaks characteristic of the dimer and the one peak
diagnostic of the AgCu NP show no significant variation over
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Figure 2. (a) Bright-field TEM image of a AgCu NP with 5% Cu loading and corresponding lattice image taken at high magnification. Inset:
Indexed FFT-derived diffractogram acquired from the region outlined by the orange square in the TEM image above. (b) EDS maps of Ag and Cu
content in a cluster of 5% Cu AgCu NPs. (c) Average d-spacing values (exact values in orange) for AgCu NPs across the Cu loading range. Bars
denote one standard deviation. (d) EDS spectra of AgCu NPs with 2.5% (red trace), 5% (blue trace) and 7.5% (green trace) Cu loading. Light
green inset reveals spectra within the 0—4 keV region that contain the Ag La peak (2.984 keV) and Cu La peak (0.93 keV). Light blue inset reveals
spectra within the 6—10 keV region that contain the Cu Ka peak (8.04 keV) and the Cu Kf peak (8.91 keV).

the range of six copper compositions (Figure lc inset; Figure
S5—56). Likewise, all absorption peaks are well preserved upon
a 10-fold increase in reagent volume (Figure S7), thus
indicating the scalability of our synthetic approach. The
foregoing analyses reveal that the nanoparticle alloys retain
clear plasmonic signatures and suggest their promise in
photocatalytic applications.

A detailed assessment of the structure and composition of
the AgCu alloy NPs was carried out. Fast-Fourier transform
(FFT)-derived diffractograms from the lattice of AgCu NPs
with 0%, 5%, 10%, and 15% Cu loading each exhibit spots that
are consistent with scattering from an fcc lattice (Figure 2a and
Figure S8). These data suggest that Cu incorporation does not
appear to distort significantly the cubic Ag lattice and that the
AgCu materials retain crystallographic order over the range of
Cu loadings tested. Next, the elemental composition of the
AgCu NPs was characterized by energy dispersive X-ray
spectroscopy (EDS) to identify the actual Cu loading into the
particles. EDS composition maps (Figure 2b and Figure S9)
for AgCu NPs with 2.5%, 5%, and 7.5% nominal Cu loading
clearly reflect the presence of both Ag and Cu in the particles.
Analyses of EDS line scans acquired across AgCu NPs at the
different Cu loadings (Figures S10 and S11) reveal a consistent
spatial distribution of Ag and Cu up to 7.5% nominal loading.
Average d-spacing values for the 0%, 2.5%, 5%, 7.5%, 10% and
15% AgCu NPs are comparable to the Ag(111) d-spacing value
of 0.2325 nm (Figure 2¢).* Collectively, these EDS and TEM
data indicate the presence of small and uniformly distributed
quantities of Cu in the Ag lattice at a level that avoids
significant disruption of the lattice parameters. To perform a
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semiquantitative analysis of the Cu composition in the AgCu
alloy NPs, we integrated the X-ray counts associated with the
La = 0.93 keV, Ka = 8.04 keV, and Kf = 8.91 keV*’ Cu lines
(Figure 2d). These EDS analyses and elemental concentrations
determined by inductively coupled plasma mass spectrometry
provide evidence for a steady increase in % Cu content up to
7.5% nominal loading (Tables S2 and S3 and Figure S12).
Therefore, we conclude that straightforward introduction of
varying concentrations of Cu®*" during preparation of the
metal-halide host is sufficient for tuning the percent Cu
composition in the final AgCu NP.

Having established that our host—guest approach yields
alloyed AgCu NPs whose composition can be tuned, we
evaluated the activity and selectivity of these materials toward
the electrocatalytic reduction of CO,. The AgCu NPs were
formulated as nanoparticle inks and then sprayed onto a gas
diffusion layer to form a gas diffusion electrode (Figure S13).
All data were collected under steady state conditions
(Supporting Information, Materials and Methods). The
faradaic efficiency (FE), which is a measure of the efficiency
with which electrons participate in a given electrochemical
transformation, was obtained for each of the AgCu NPs at 0%,
2.5%, 5%, 7.5%, 10%, and 15% nominal Cu loading at —0.5
Viue (Figure 3a). The major product from AgCu NP catalysis
of the CO, reduction reaction (CO,RR) was CO, and the
product with the second highest yield was H,. Only trace
amounts of formate and acetate (FEgymyce and FEp e at <1%
of sampled product) were detected as liquid-phase products
(Figure S14). Samples containing AgCu NPs with a 5%
nominal Cu loading exhibited the highest FEq, namely, up to
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Figure 3. Data collected during the electrochemical CO, reduction reaction on a gas diffusion electrode loaded with AgCu NPs containing different
Cu loadings. (a) Faradaic efficiencies of CO (FE() and H, (FEy,) product for samples with various % Cu loadings, at an overpotential of —0.5
Vrye: The 5% Cu loading sample exhibits the highest FEco and highest suppression of H, products. An overlay of the ECSA normalized total
current density plot (yellow markers) is also included. The current was normalized by the electrochemical active surface area of the sample (see
Figure S15 and Table S4). Error bars represent the standard deviation of the data, with each data point representing an average of three trials. (b)
FEco at —0.3 Viyg, — 0.5 Viyyg and —0.7 Vg for all samples in the compositional range. The 5% Cu sample exhibits a maximum in catalytic
selectivity. (c) Results from stability assessment of a 5% AgCu NP electrode performed over a 180 min period at —0.5 Vpyg. FEco and ECSA
normalized partial current density j., data were collected at 10 min intervals. (d) Comparison of the FE.q and geometric partial current density j,
of this work (denoted by stars) to published Ag/Cu bimetallic material systems used as catalysts in the CO,RR (A—I). Competitive selectivity and
reaction efficiency are achieved by our nanoalloy at relatively mild overpotentials relative to prior work (Table S6).

85%. A 3-fold increase in targeted Cu loading (15%) resulted
in a decrease in FE¢q to 50%. The specific activity of the AgCu
NP electrodes was assessed by measuring the electrochemically
active surface area (ECSA)-normalized (Figure S1S5 and Table
S4) total current density, jpcsa. Similar to the FEqq trend, an
increase in Cu loading from 0% to 5% resulted in an increase in
jecsa from —0.2 mA/cm? to —0.3 mA/cm? at —0.5 Viyyp, with a
significant decrease to —0.14 mA/cm* at 15% Cu loading.

To further assess the catalytic performance of the AgCu NP
electrodes, the electrocatalyzed CO,RR was performed on
samples at each of the six Cu loading levels at overpotentials of
—0.3, — 0.5, and —0.7 Vpyp (Figure 3b). At a relatively low
overpotential of —0.3 Vyyy, all samples yield a lower FEq than
at higher (more negative) overpotentials of —0.5 and —0.7
Vyug (Figure S16). Hydrogen production from the catalysis of
the competing hydrogen evolution reaction is more prevalent
at the low overpotential of —0.3 Vg and from electrodes
containing AgCu NPs with >10% Cu loading. At—0.5 Vyyy, a
clear maximum in CO selectivity is seen for the 5% Cu
electrode with an average FE o value of 83.23%. More
negative overpotentials of —0.7 Vyyg yielded FEq values that
stayed relatively constant for the 0% — 10% Cu electrodes,
with a decrease to 50% FE at 15% Cu loading. We attribute the
overall reduction in performance of the 15% Cu electrode to
possible formation of Cu-rich phases (as the Cu solubility limit
in Ag is exceeded, see Table S3) which exhibit high activity for
hydrogen evolution reaction catalysis.

The use of bromide-containing precursors in the synthesis of
metallic nanoparticles has been shown to yield products with
chemisorbed Br~ present on some of their facets.”’ Some
studies have indicated that the presence of halides on Cu
surfaces can contribute to improving their catalytic selectiv-
ity.”! To examine the extent of Br~ associated with our
nanoparticle alloys, we investigated the composition of our NP
alloy samples using X-ray photoelectron spectroscopy (XPS).
An analysis of the ratio of Br 3d to Ag 3d peak areas for 2.5%,
5%, and 7.5% Cu alloy NPs after electrocatalysis indicates a
consistently low ratio (<0.1) of Br to Ag for all three samples
(Table SS). This reinforces the expectation that only trace
amounts of Br™ are present in our samples. Moreover, Cu 2p
XPS peaks collected at three independent regions across a 5%
Cu NP alloy sample with excess bromide added (Supporting
Information, Materials and Methods) appear at the same
binding energy and have nearly identical intensities (Figure
S17). Since the peak characteristics appear unaffected by the
addition of Br™ to the catalyst ink, we conclude that bromide
neither affects the electronic structure, nor the uniformity of
Cu within the catalyst across large areas.

Finally, we assessed the influence of excess Br~ on the
catalytic activity of our alloy NPs by comparing the catalytic
performance of 5% AgCu NPs to 5% AgCu NPs with added
LiBr. As confirmation that the LiBr addition did translate into
increased loading of bromide that was retained by the NPs
throughout the catalytic reaction, we observed an increased
ratio of Br:Ag 3d peak areas for the 5% AgCu NP sample with

https://doi.org/10.1021/acs.nanolett.4c02638
Nano Lett. 2024, 24, 13911-13918


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02638?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02638?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02638?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c02638/suppl_file/nl4c02638_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02638?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c02638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

added LiBr after electrocatalysis (Table SS). Notably, the 5%
AgCu NPs with excess bromide (through addition of 6 L of 1
mol/L LiBr) exhibit a 42% decrease in the FE. and geometric
jcos and a 3-fold increase in FEyy, and geometric jy, for (Figure
S18). These data indicate that excess Br™ negatively affects the
catalytic selectivity and efficiency of the best performing 5%
AgCu alloy NPs for CO product formation. We note that the
amount of bromide added to the ink which resulted in this
decrease in catalytic performance is much larger than the
number of chemisorbed Br~ atoms we expect to be present on
the surface of the AgCu alloys.”® Collectively, the foregoing
data and analyses suggest that residual Br™ intrinsically present
within our catalytic formulation is unlikely to be significantly
deteriorating the catalytic activity of our AgCu nanoalloys.

Based on measured FE(, jgcsa and jcg values, the 5% AgCu
NP loaded electrode is the highest performing CO,RR catalyst
in our material series. The stability of the 5% AgCu NP was
assessed by measuring the FEco and ECSA-normalized jco of
the sample over a 180 min period at —0.5 Vg (Figure 3c and
Figure S19). A 14% decrease in FEcy across the 180 min
sampling period, and a decrease in ECSA-normalized j-q from
—0.25 mA/cm? to —0.18 mA/cm? indicate that the NP
catalysts did not undergo appreciable damage or decrease in
activity during the stability measurements. Scanning electron
microscopy (SEM) imaging of the electrodes before and after
the 180 min stability assessment revealed no apparent surface
reconstruction or visible material loss (Figure S20).

The activity and selectivity of the AgCu NPs synthesized in
this work were compared to various literature examples of Ag/
Cu bimetallic materials used as catalysts for the CO,RR
(Figure 3d). With an FE of 83.23% and jc of 7.52 mA/cm?,
our 5% Cu in Ag nanoalloy is, at much less negative
overpotentials, comparably selective to and more than three
times more active than Cu@Ag core—shell nanoparticles (ref
C in Figure 3d and Table S6), and also performs well
compared to other Ag/Cu containing nanostructures. More-
over, our material yields these values at modest overpotentials
and at mass loadings of 0.2 mg/cm? which are approximately 2
to S times lower than a majority of the highlighted examples.
Such high mass efficiency is a notable feature of our
nanocatalyst. Our AgCu nanoalloy catalyst platform also offers
structural advantages. High material porosity, such as that
exhibited by the bimetallic foams,”*** aerogels,”> and sponge-
like*® systems included in our comparison, is closely associated
with catalytic activity. When deposited on the electrode
surface, our AgCu NPs form a highly active, porous network,
and also appear to retain their individual structural and
electronic integrity during electrocatalysis (Figures $20—522).
Compared to large-network foam or gel systems our precisely
tunable and structurally robust AgCu NPs more readily serve
as effective platforms for probing structure-catalytic property
relationships and determining the source of their increased
performance.

To better understand the mechanism of CO, reduction on
our AgCu NPs, we performed CO,RR experiments across a
range of temperatures at a fixed potential of —0.5 Vyyyp (Figure
4). As temperature was increased from 25 °C to 40 °C a
systematic increase in FEco was observed for each AgCu NP
sample (Figure S23). These CO,RR experiments were used to
furnish an Arrhenius plot of partial current density of CO (jco)
as a function of the inverse of absolute temperature for each of
the 0—15% AgCu NP samples. The activation energy for the
formation of CO (extracted from the slope of the Arrhenius
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Figure 4. (a) Arrhenius plot of temperature dependent activity of the
0—15% AgCu NP catalysts as CO, reduction is performed (at —0.5
Ve in 1 mol/L KOH) on a gas diffusion electrode. Table: summary
of E, values (kJ/mol) calculated from the slope of each sample line.
(b) Overlay of the activation energy for CO production and ECSA
normalized partial current density jco for the 0—15% AgCu NP
samples. Error bars represent the standard deviation of the data, with
each data point representing an average of three trials.

plot) initially decreases as a function of increasing Cu loading,
with the 5% AgCu NP samples exhibiting the lowest E, of
19.01 kJ/mol. As Cu loading increases beyond 5%, there is a
monotonic increase in the activation energy to 37.69 kJ/mol.
This trend indicates that CO production is highly sensitive to
the amount of Cu loading within the AgCu nanoalloys and that
the 5% AgCu NP sample presents the lowest energy barrier for
CO formation. Moreover, this coincides with the trend of CO
activity (jco) for all AgCu particles. It is likely that the lower
activation energy for CO formation exhibited by the 5% AgCu
NP sample stems from a lower adsorption barrier of the CO
intermediate due to electronic effects between Ag and Cu,
which are intimately coupled at the solubility limit of this
nanoalloy.”*

We have presented a versatile host—guest synthetic platform
to prepare compositionally tuned alloy nanoparticles and have
identified an optimized AgCu electrocatalyst for CO,
reduction.
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CO,RR: carbon-dioxide reduction reaction
FE: Faradaic efficiency

TEM: transmission electron microscopy
HAADE: high-angle annular dark field

BF: bright-field
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EDS: energy dispersive X-ray spectroscopy
FFT: fast-Fourier transform

SEM: scanning electron microscopy

UPD: underpotential deposition
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