#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Ensemble effects in Cu/Au ultrasmall nanoparticles
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Bimetallic catalysts provide opportunities to overcome scaling laws governing selectivity of CO, reduction
(CO2R). Cu/Au nanoparticles show promise for CO;R, but Au surface segregation on particles with sizes
=7 nm prevent investigation of surface atom ensembles. Here we employ ultrasmall (2 nm) Cu/Au
nanoparticles as catalysts for CO,R. The high surface to volume ratio of ultrasmall particles inhibits
formation of a Au shell, enabling the study of ensemble effects in Cu/Au nanoparticles with controllable
composition and uniform size and shape. Electrokinetics show a nonmonotonic dependence of C1
selectivity between CO and HCOOH, with the 3Au:1Cu composition showing the highest HCOOH

selectivity. Density functional theory identifies Cu,/Au(211) ensembles as unique in their ability to
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a sensitive function of Cu/Au surface ensemble distribution, consistent with experimental findings. These
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1 Introduction

Bimetallic alloys have shown promise towards reducing onset
potentials and modifying selectivity to enhance catalyst
performance for electrochemical CO, reduction (CO,R).?
However, many interesting questions such as size and compo-
sition dependence in bimetallic alloys remain to be fully
explored. Cu is the only pure metal that is capable of producing
multiple products from CO, under a wide range of potentials. In
particular, Cu electrocatalysts have been widely studied for C-C
bond formation in the production of higher order C products.
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important insights
nanoparticles can circumvent traditional scaling laws to improve the selectivity of COR.

into C1 branching pathways and demonstrate how ultrasmall

From both an experimental and theoretical perspective, much
work has been performed to understand the branching point
between formation of C1 products and higher order C2+ prod-
ucts, which is believed to occur via the formation of CO dimers
on the Cu surface.””

By comparison, relatively little theoretical work has focused
on understanding the branching point between formation of C1
products CO and HCOOH. This is a particularly important
question since HCOOH (formic acid or formate depending on
pH) is one of the few commercially viable products for CO,
utilization, if it can be produced at high selectivity.> A number
of catalysts, including CuSnz,* SnS/Au,” CoO,,* oxide derived
Pb,’ Bi," BiO,/C,"* CuBi,"” and Pd**" are known to selectively
produce HCOOH from CO,. Recently mixed Cu/Au catalysts
have been shown to also produce HCOOH with high faradaic
selectivity even at the relatively low overpotential of —0.6 V vs.
RHE." It was hypothesized that in this system Au serves as
a promoter to activate Cu, which serves as the active site for
selective HCOOH production. These results highlight the
potential of bimetallic systems to break fundamental scaling
laws, but also illustrate the need for improved understanding of
C1 branching pathways. To facilitate this effort, synthesis of Cu/
Au nanoparticle catalysts is desired that allows for controlled
bimetallic composition with uniform size and shape.

In this work we utilize recent advances enabling the
synthesis of ultrasmall (2 nm) Cu/Au bimetallic nanoparticles to
investigate the effect of composition on CO,R.* Particles used

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in this study represent a random alloy with no intermetallic
phase or core-shell structure such that the ensemble distribu-
tion of Cu/Au surface sites is dictated primarily by particle
composition. We find that at potentials ranging from —0.7 to
—1.1 Vvs. RHE, HCOOH production is observed with faradaic
selectivity up to 16%. While pure Au particles produce only CO
and H,, addition of Cu results in production of HCOOH. Kinetic
measurements show that HCOOH selectivity is a nonmonotonic
function of composition and is favored for particles having
small amounts of Cu in Au (Au : Cu = 3 : 1). Density functional
theory (DFT) studies are performed to understand the branch-
ing point between CO and HCOOH. Findings show that selec-
tivity can be described as a competition between the surface
stabilization energies for CHOO*, COOH* and H* (* represents
a surface adsorbed species). Cu surface sites are required to
stabilize the CHOO* intermediate, which leads to production of
HCOOH. However, at high Cu content the competition between
CHOO* and hydrogen evolution becomes unfavorable leading
to selectivity loss to H, evolution. Specifically, it is shown that
Cu; three-fold hollow sites are required to stabilize H*, while
CHOO* is effectively stabilized on Cu, bridging sites, making
selectivity a sensitive function of the ensemble distribution of
Cu and Au surface sites, consistent with experimental findings.

2 Results and discussion

Kim et al. recently reported synthesis of Cu/Au bimetallic
particles for CO,R, and it was shown that intermetallic Cu/Au
phases increase both the turnover frequency and mass activity
to CO.” These particles had an average size of =7 nm and
displayed a pure Au shell approximately 3 atomic layers thick,
which encapsulates the intermetallic core.

DFT results showed that this Au shell is consistent with the
lower surface energy of Au compared to Cu leading to Au surface
segregation and that higher turnover frequency to CO is the
result of compressive strain on the Au shell induced by the
intermetallic core.*® Although these particles are highly active
for CO production, very low yields of HCOOH were observed, on
the order of only a few percent faradaic selectivity, which is
consistent with the absence of any Cu atoms at the catalyst
surface.

However, below a certain size, bimetallic nanoparticles can
no longer sustain a core-shell structure. This is the natural
consequence of increasing the surface-to-bulk ratio to the point
where the particle core becomes small relative to the surface
area. Fig. 1a shows the calculated surface to bulk ratio for
a spherical nanoparticle as a function of particle diameter.
Below 3 nm the number of surface atoms becomes greater than
those in the bulk. Fig. 1a also shows the theoretical threshold
for spherical particles of varying Cu : Au compositions (3 : 1,
1:1,and 1: 3) where an Au shell can no longer block Cu atoms
from the particle surface. At this size the bulk becomes small
relative to the surface such that it can no longer contain all the
Cu atoms. This defines a maximum particle size where Cu
surface sites will necessarily play an active role in CO, reduction
through the formation of Cu/Au surface ensembles. As shown,
this threshold occurs at =6, 3, and 2 nm for Cu : Au ratios of
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Fig. 1 (a) Percent of surface atoms as a function of particle diameter.
Vertical lines indicate the minimum diameter required to support
a core-shell structure for each Cu/Au composition. (b) High-angle
annular dark-field scanning transmission electron micrograph
(HAADF-STEM) of a 1Au:1Cu nanoparticle.

3:1,1:1, and 1: 3, respectively. Consequently, synthesis of
monodisperse Cu/Au nanoparticles with tunable composition
having sizes at or below =2 nm can enable systematic investi-
gation of surface ensemble effects on reaction kinetics, which
have been impossible to observe for Cu/Au bimetallic nano-
particles of larger sizes. Particularly these small sizes are
required to observe the synergistic effects of Cu and Au surface
sites on CO,R selectivity.

To enable these investigations, Hofmann et al recently
developed a method to synthesize ultrasmall Cu/Au nano-
particles with tunable composition. Here Au compositions of
0% (pure Cu), 25% (3Au:1Cu), 50% (1Au:1Cu), 75% (1Au:3Cu),
and 100% (pure Au) were used to systematically study CO,R.
Size histograms based on TEM images of the Cu/Au bimetallic
nanoparticles have been reported previously and show that each
composition has an average diameter of 2 nm.* Fig. 1b shows
a high-angle annular dark-field scanning transmission electron
micrograph (HAADF-STEM) of a 1Au:1Cu nanoparticle. The
uniform intensity of atomic columns across the nanoparticle
shows that the particle is a random alloy with no sign of
intermetallic ordering or core-shell structure. Consequently,
the surface composition will be a random configuration of
different Au:Cu ensembles. The distribution of these ensembles
will be composition dependent, assuming no preference for any
cluster type, and DFT calculations show that no ensemble
preference is expected (see Section S8 in the ESIt).

As synthesized, these ultrasmall nanoparticles contain
a surface layer of dodecanethiol required to prevent agglomer-
ation. As shown in Fig. S3 and S4,f these capping agents
stabilize the nanoparticles, even under electrochemical reaction
conditions, and there is no measurable change in the particle
size distribution before and after CO,R reaction. However, as
shown in Fig. S4c,7 removal of the ligand does increase the
particle size by about 30%. We have separately conducted
a detailed study to better understand the role of this organic
surface ligand on electrochemical activity of the nanoparticle
catalyst.”* Although not the focus of the present study, we briefly
summarize those results here. Surprisingly, we find that the
dodecanethiol surface ligand acts as a permeable membrane to
CO,, which has no detrimental effect on the catalytic activity.
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One way to understand this is that CO, is more soluble in
hydrophobic dodecane compared to water. Additionally, the
absolute coverage of the dodecanethiol surface ligand in the as-
synthesized particles is only a fraction of the total surface metal
atoms due to steric effects between these long chain ligands.
Consequently, CO, can readily diffuse to the particle surface
and react with essentially no observable transport limitations,
while the presence of the surface ligand ensures the size and
structure of the as-synthesized particle are carefully preserved.
We find that any attempt at removal of the surface ligand results
in particle agglomeration, and the ultrasmall size dispersion of
the particles is quickly lost. For these reasons, we consider that
the ligand plays no active role in the surface chemistry except to
facilitate diffusion of reactants to and from catalytic active sites
while preserving the size and structure of the catalyst. Post-
reaction TEM and XPS at the S 2p edge support these conclu-
sions (see Sections S3 and S5 of the ESIt). Additional details
related to stability and deactivation of these ultrasmall particles
in the presence and absence of a surface ligand can be found in
that study.”

To demonstrate the unique properties of these ultrasmall
bimetallic nanoparticles, CO, reduction (CO,R) experiments
were conducted from —0.7 to —1.1 Vvs. RHE in 0.1 M NaHCO,
electrolyte (pH = 6.8). Post reaction transmission electron
micrographs (TEM) show that the particles are stable and do not
change size during reaction (see Section S3 in the ESIY). Fig. 2
shows the faradaic efficiency to CO, H,, and HCOOH as
a function of composition under four potentials. We also detect
trace amounts of CH, and C,H,, but we neglect them in our
analysis as these products have cumulative faradaic efficiencies
less than 0.5%. We show that Au produces CO and H,, but no
HCOOH while Cu produces mostly H, with some CO and
HCOOH. This result is different from larger Cu nanoparticles
and polycrystalline Cu, which are selective to C2+ hydrocar-
bons.>»** However, this is consistent with previous reports,
which show that small Cu nanoparticles produce only trace
amounts of C,H, and CH,.>* The bimetallic compositions show
a synergistic behavior towards HCOOH production. HCOOH
efficiency is non-monotonic, with 3Au:1Cu showing the highest
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Fig. 2 Faradaic efficiency of different product as a function of sample
composition under (a) —0.7 V (b) —0.9 V (c) —1.0 V (d) —1.1 V vs. RHE.
For clarity, the faradaic efficiency to HCOOH is shown on a different
scale (right axis) than CO and H; (left axis).
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selectivity of 16% at —0.7 V vs. RHE. This is significantly higher
than <5% reported previously for larger Cu/Au bimetallic
nanoparticles under the same conditions.* The faradaic selec-
tivity to HCOOH decreases as the potential is increased, sug-
gesting that these bimetallic nanoparticles open a pathway to
HCOOH production that is uniquely selective at low over-
potentials.”® Additionally, upon removal of the ligand and
subsequent growth of the particle, the HCOOH selectivity for
the 3Au:1Cu particles falls to zero. Re-functionalization of the
enlarged particles with dodecanethiol does not restore selec-
tivity, indicating that the thiol plays no active role in the reac-
tion kinetics except to stabilize the ultrasmall particle size. Mass
loadings, deactivation profiles, and turnover frequencies based
on measured electrochemical active surface areas for each
catalyst are provided in Sections S1, S2 and S4 of the ESL{

To further elucidate the reaction mechanism of CO,R on
these ultrasmall nanoparticles, we performed DFT calculations
to evaluate the free energy of elementary proton-electron
transfer steps (computational details, including solvation
effects, can be found in Section S7 of the ESI{). Fig. 3 illustrates
the reaction pathways for CO, that affect HCOOH selectivity.
The initial hydrogenation of CO, can proceed via CHOO* or
COOH* surface intermediates. Although both surface interme-
diates can hypothetically lead to HCOOH, the COOH* pathway
competes with CO formation, while the CHOO* pathway
selectively produces only HCOOH. DFT evaluation of the
potential dependent barrier for the proton-electron transfer
step on several metal surfaces has shown that C-H bond
formation proceeds through a surface hydrogenation (SH) step
involving transfer of a surface-bound H atom while O-H bond
formation proceeds through a proton shuffling (PS) step
involving transfer of a proton from solution.>-** Based on these
previous studies, we expect that the kinetics for a PS step will be
fast compared to the kinetics for an SH step, when the free
energy of reaction for elementary steps are similar. We note that
the free energy of H* formation can affect the selectivity
between PS and SH steps since the SH step needed to form
CHOO* proceeds via a surface H atom transfer requiring the
formation of H*.*”** The hydrogen evolution reaction (HER)
also competes directly with CO,R and will be affected by the free
energy of H* formation.

H* + e~ (PS)
—> CO" + H,0(aq)
H* + e (PS)
_|,===-> coon’t LH" +e” (5H)
€O (aq) == > CHOO' ———— —2 HCOOH(aq)
H* + e~ (SH) H* +e” (PS)
: H++e‘\ ' H++e'> Hog) +

Fig. 3 The proton—electron transfer elementary steps for CO, elec-
trochemical reduction. The proton—electron transfer step proceeds
via water assisted proton shuffling (PS) for O—H bond formation or
through water solvated surface hydrogenation (SH) for C-H bond
formation. The hydrogen evolution reaction (HER) competes with CO,
electroreduction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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We use DFT to evaluate the potential-dependent reaction
free energy (AG) of the elementary steps in Fig. 3. For these
calculations, we consider a (211) surface as representative of the
low coordination sites found on nanoparticles as has been done
previously.”>** In this approach, we assume that quantum size
effects do not contribute substantially to nanoparticle surface
chemistry behavior for sizes above 1 nm as reported in several
surface science studies.***® We find that similar trends to those
reported here are also observed for the (111), (110), and (100)
surfaces indicating that these effects are not strongly facet
dependent (see ESI Section S11t). In the discussion of DFT
results in Fig. 4 we focus on a Au(211) slab with just the surface
atoms doped with contiguous Cu atoms (see Fig. S12 in the ESI{
for figures of the slab with dopants). However, we have also
examined models where the subsurface layers consist of Au/Cu
alloys and/or Cu layers. In each system we have the top layer as
Au with the introduction of contiguous Cu dopants. A
comparison of the results over these models can be found in
Section S9 in the ESIL,{ but the overall conclusions are quite
similar to the results presented in Fig. 4.

We initially compare Au(211) and Cu(211), which can then be
used to understand the changes in selectivity for Cu/Au bime-
tallic nanoparticle surfaces. Fig. 4a presents the potential
dependent reaction free energies of COOH* and CHOO* path-
ways on Au(211) and Cu(211) surfaces. Focusing on Au(211), both
the COOH* and CHOO* species show nearly the same free energy
of formation (0.84 eV). The reason for high CO selectivity on pure
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Fig. 4 (a) AG of CO3R reaction pathways illustrated in Fig. 3 on Au(211)
(left) and Cu(211) (right) with the relaxed adsorbates images. (b) AG for
the reaction intermediates (COOH*, CHOO* and H*) with and without
Cu surface dopants on Au(211). 0 Cu represents a pristine Au(211)
surface. (c) The effect of compressive lattice strain on AG for the
reaction intermediates (COOH*, CHOO* and H*) on a Au(211) slab. (d)
The DOS for Au(211), Cu(211), and Cu dopants on Au(211). (e) The
binding geometry of CHOO* (above) and COOH* (below) as a func-
tion of Cu dopants on Au(211).
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Au despite similar AG is that, as explained above, the PS mech-
anism involved in CO formation provides smaller barriers for
steps with similar AG as shown recently by Sargent and co-
workers with DFT calculations on Ag(111).*® Furthermore, the
unfavorable positive free energy of formation for H* on Au
surfaces will hinder HER and promote the PS over the SH
mechanism (see Table S4 in the ESIT). Because the production of
HCOOH requires SH for either the initial formation of CHOO* or
for the subsequent conversion of COOH* to HCOOH, Au is ex-
pected to have very low selectivity to HCOOH since Au surfaces do
not efficiently promote the SH steps. Accordingly, DFT calcula-
tions provide an appropriate framework for understanding the
high selectivity for CO production on pure Au.

In contrast to Au, the Cu(211) surface favors CHOO*
formation strongly (by nearly 0.66 eV) but also shows a favorable
free energy of formation for H*. The favorable free energy of
formation of H*, correlates well to the dramatic increase of HER
selectivity on Cu versus Au shown in Fig. 2 and reported else-
where. Interestingly, CHOO* formation on Cu(211) is —0.23 eV
at 0 V vs. RHE, which would suggest that this intermediate
forms at extremely low potentials on Cu catalysts. However,
CHOO* is strongly bound and requires an uphill step to
produce HCOOH (0.6 eV uphill) so actual HCOOH production
in the solution would not occur until more negative potentials
as observed in the experiments. At these negative potentials, the
pathway to COOH* would also be opened and the selectivity
between the two would be influenced by the competition
between SH and PH mechanism. On Cu catalysts H* is more
favorable than on Au, so we expect to see more HCOOH
production as a result of the SH mechanism. This is consistent
with experiments, which show both CO and HCOOH produc-
tion on Cu at —0.7 V vs. RHE. Experimentally, we observe that at
increasingly negative potentials the selectivity to HCOOH
decreases to zero while CO production persists. Similar obser-
vations have been reported by Hori and co-workers on poly-
crystalline Cu,*” and this is consistent with the prediction that
when all pathways are energetically accessible, PS is kinetically
favored over SH.

We can use the insights gained from pure Au and Cu cata-
lysts to understand the behavior of bimetallic nanoparticles.
Focusing here on Cu doping in Au(211), Fig. 4b plots the free
energy of formation of the three key species (COOH*, CHOO¥,
H*) for the Au(211) surface with varying number of dopants
along with a pure Cu(211) surface. Examining Fig. 4b we see that
the addition of Cu atoms on the Au(211) surface slightly lowers
the AG for COOH* but has a far more dramatic effect on
CHOO*. When a Cu, ensemble is introduced, the AG for
CHOO* becomes negative (—0.08 eV), while the AG for H*
formation remains positive as found on Au(211) surfaces. This
suggests that at low overpotential Cu, sites are predicted to be
selective toward HCOOH production over HER. In contrast, the
Cu; ensemble begins to resemble the energetics of a Cu(211)
surface as AG for H* formation becomes negative although
CHOO* is still slightly favored.

Bimetallic alloy particles can effect the activity and selectivity
via three possible mechanisms: (1) the ligand effect, where
alloying changes the electronic structure of the catalyst, (2) the

Chem. Sci., 2021, 12, 9146-9152 | 9149
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lattice effect, where lattice strain changes the binding energy of
intermediates in bimetallic systems, and (3) the ensemble
effect, where mixed Cu/Au surface ensembles change surface
energies of adsorbates.”®**** To consider which of these mech-
anisms are most strongly at play in the present case, Fig. 4c
shows the effect of compressive lattice strain on the Au(211)
surface for the three key species (COOH*, CHOO*, H*). While
there are changes in AG with strain, these are not sufficient to
affect any dramatic changes in selectivity of the CHOO* versus
COOH* pathways or impact HER activity. Fig. 4d shows the
electronic density of states (DOS) for the surface atoms of
Au(211), Cu(211), and Cu dopants on Au(211). The electronic
structure of the ensemble states for 1, 2, 3 Cu dopants are
virtually identical, and have valence band maxima similar to
that of copper except more narrow. The narrow energy distri-
bution suggests that the valence states of the Cu atoms in the
ensemble do not hybridize extensively with neighboring Au
atoms. This narrow energy distribution does not require
a single Cu site but persists even for aggregates of two or three
Cu atoms in Au. Because the electronic structure does not
change from 1, 2, to 3 Cu dopants, and in no case does the
energy of the valence band maximum shift relative to pure Cu,
the ligand effect is not sufficient to explain the changes in
selectivity predicted in Fig. 4b.

Rather, the dominant effect on selectivity arises due to
differences in binding induced by Cu/Au ensembles as illus-
trated in Fig. 4e. CHOO* has a bidentate adsorption mode on
the metal surface through two M-O bonds (M = Cu or Au). In
contrast, COOH* bonds through a M-C bond and a M-O bond
(see Fig. 4e). The Cu-O bond is stronger than the Au-O bond
and DFT calculations show that the Cu-O bond is similar in
strength on Cu doped Au(211) as on pure Cu(211). This is
consistent with the DOS features shown in Fig. 4d, which
illustrate that the conduction band for Cu/Au(211) is similar to
pure Cu and that Cu does not significantly hybridize with the
surrounding Au atoms. For the Cu; ensemble both CHOO* and
COOH* benefit from the formation of a Cu-O bond, and the AG
goes down substantially for both species (see Fig. 4b). However,
as the number of Cu atoms increases from 1 to 2, the CHOO*
can make two strong Cu-O bonds that leads to a negative AG of
formation and dramatically favors CHOO* over COOH*, which
has only one Cu-O bond. This leads to the sharp difference in
COOH* and CHOO* when transitioning from a Cu; to a Cu,
ensemble. Furthermore, while only two Cu atoms are required
to stabilize the bidentate coordination of CHOO¥* to the surface,
H* is best stabilized in 3-fold hollow sites of Cu. Consequently,
the Cu, ensemble is ideal for the production of HCOOH since
formation of CHOO* is energetically favored over COOH*, while
HER is still suppressed. This result predicts the formation of
HCOOH at lower onset potentials with higher selectivity. As
a higher potential is applied to the system, the COOH* pathway
will become accessible, and CO will be favored over HCOOH due
to the kinetic competition between PS and SH transfer mecha-
nisms. Additionally, HER becomes increasingly favorable at
more negative potentials. As such, the selectivity to HCOOH is
predicted to decrease at increasing overpotential as observed
experimentally.
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To further support these findings we estimate the composi-
tion dependent surface ensemble distributions. As indicated by
DFT calculations, there is minimal interaction between Cu and
Au (Section S8). As such we consider the distribution of Cu and
Au to be distributed in random ensembles, with each ensemble
weighted by the nanoparticle composition. Making these
assumptions, we calculate the probability distribution of Cuy,
Cu,, and Cu; ensembles as a function of composition. A detailed
description of the calculation is given in the Section S6.7 The Cu,
ensembles represent the majority in the probability distribution
function at low Cu compositions, while Cu; ensembles dominate
at Cu compositions greater than approximately 0.4. However,
there is a narrow distribution range where Cu, ensembles
represent the majority in the probability distribution function,
and the calculated composition dependence is in excellent
agreement with the average FE to HCOOH (Fig. 5). These results
provide compelling evidence that the surface ensemble distri-
bution is the dominate factor in determining catalytic selectivity.

As the number of Cu dopants is increased, the behavior
begins to resemble pure Cu(211). We have also examined the
other extreme where Au atoms are the minority and appear as
dopants on Cu(211). While Au ensembles on Cu(211) lead to
minor perturbations in the free energy calculations, each of these
surfaces favor CHOO* formation over COOH*. Additionally, the
binding of CHOO*, COOH*, and H* all favor adsorption on Cu
sites rather than Au dopants. Thus on Cu-rich surfaces we would
expect behavior similar to pure Cu. This prediction is confirmed
by measurements on 1Au:3Cu samples, which display similar
CO,R kinetics to pure Cu samples (see Fig. 2).

3 Conclusion

These DFT calculations indicate that certain Cu ensembles in
Au catalysts provide a pathway for selective production of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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HCOOH at low overpotential. Consistent with DFT calculations,
we find that selectivity is highest for 3Au:1Cu nanoparticles
reaching 16% at —0.7 V vs. RHE, while at more negative
potentials or increasing Cu content selectivity decreases due to
competition with HER and CO production. These findings
support the theoretical prediction that stabilization of CHOO*
on Cu atom clusters provides a low overpotential window for
production of HCOOH from CO,R. Experimental observations
are consistent with theoretical DFT predictions and with the
predicated composition dependent ensemble probability
distribution in these random alloys. In fact, improved control of
catalyst surface structure has potential to produce specific
active sites such as Cu, in Au, which we predict to display
significantly higher selectivity compared to the ensemble
average. These results provide insights into important C1
branching pathways on Cu, Au, and Cu/Au bimetallic surfaces
and affirm that ultrasmall nanoparticles provide the opportu-
nity to introduce unique metal atom ensembles that can
circumvent traditional scaling laws and have a significant effect
on the selectivity of CO,R.
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