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ABSTRACT

The electrochemical CO> reduction reaction (CO2RR) holds the promise to revolutionize the
chemical industry by producing value-added chemicals and fuels from CO, and water while storing
renewable energy. However, catalyst design still remains one of the major hurdles in the field.
This Perspective discusses the current and future contribution of well-defined nanocatalysts to
improving the CO2RR selectivity towards C» products, particularly ethylene and ethanol. In this
regard, the shape and size selectivity dependence of single metal copper nanocrystals is briefly
reviewed and linked to single crystal studies. Representative studies on Cu-based bimetallic
nanocrystals are discussed to highlight the importance of composition and distribution of the
metals for selectivity. Finally, a vision on design strategies of shape and composition for the next

generation of CO2RR nanocatalysts is proposed.
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The electrochemical COx reduction reaction (CO2RR) is a promising approach to mitigate the
effects of anthropogenic atmospheric CO; release by recycling it into valuable chemicals and fuels.
As electricity from renewable sources provides the energy for this conversion, CO2RR enables the
storage of renewable energy into chemical bonds, which adds value to this process compared to
thermal CO; conversion. CO2RR products include C; compounds, such as carbon monoxide (CO),
formate (HCOO"), methane (CH4), C2 compounds, such as ethylene (C2Hs) and ethanol (C2HsOH),
and Ca+, such as propanol (C3H7;0H). Among them, ethylene and ethanol are desirable targets
because of their higher energy density and their economic potential.!

CO:zRR requires a catalyst to activate the stable CO2 molecule and to direct product selectivity.
Among different materials, copper has the unique capacity to catalyze C-C coupling and, thus, to
form C, and C»+ products.'”” This property can be understood in light of the Sabatier principle,
which states that the optimal binding energy towards crucial reaction intermediates must be neither
“too strong” nor “too weak” for an ideal catalyst. If intermediate molecules bind too strongly to
the surface, they would poison the catalyst. If they bind too weakly, the intermediates would be
released from the active sites prematurely, before entering in the next step of the reaction. Copper
possesses an optimal binding energy towards crucial CO>RR intermediates, including *H,
*COOH, *CO and *CHO, which account for its catalytic behavior.®’

Unfortunately, polycrystalline Cu foil is unselective as it forms up to 16 different products.’
Pioneering studies on single crystals from Hori and co-workers have revealed the structural
dependence of CO,RR, which can render Cu more selective.®* For example, Cu (100) and Cu
(111) surfaces selectively produce ethylene and methane, respectively.* However, while single
crystal electrodes are crucial to develop a fundamental understanding in electrocatalysis, they

cannot be integrated into an actual catalytic reactor.



In addition to structural modification, the incorporation of a second metal to Cu has emerged as a
valid strategy to steer the selectivity towards different products.®!> However, contrasting results
in terms of major CO,RR product exist in the literature for catalysts with similar composition.!!-1?
This inconsistency might arise from differences in structure and local arrangement of the bimetallic
catalysts, which suggest that these features are as important as composition, thus their impact on
the catalytic behavior must be studied.

Well-defined nanocatalysts are ideal model systems to investigate structure-performance
relationships in electrocatalysis.'®!7 Indeed, their well-defined sizes and shapes aid to translate
finding from single crystals into a larger variety of testing conditions along with revealing
beneficial nanoscale effects.!®!® Furthermore, their structural and compositional tunability is ideal
to gain insight into and optimize the catalytic performance of bimetallic catalysts.'®!” Among
different techniques, colloidal chemistry provides the opportunity to synthesize nanocrystals
(NCs) with a tunability which other approaches cannot match.!® Additionally, these colloidal NCs
are produced as inks, which are easily processable for integration in different types of
electrochemical reactors.'®!7

In this Perspective, we discuss the design strategies of Cu-based NCs to steer the CORR
selectivity towards C; products, particularly ethylene and ethanol. First, we highlight the advances
in CO2RR selectivity made by tuning the shape and the size of Cu NCs with a link to single crystal
studies. We then discuss selected examples of bimetallic NCs which highlight the contribution of
compositionally well-defined NCs to understand structure-property relationship in more complex

catalysts. For both aspects, we propose strategies to further advance the current state of the art in

catalyst design for CO2RR.



DIRECTING CO:RR SELECTIVITY BY TAILORING THE SIZE AND SHAPE OF
COPPER NANOCRYSTALS

The NC shape dictates the crystallographic facets exposed on the surface. For face-centered cubic
metals like copper, the surface energy, v, of the different facets (i.e. y{111y < {100y < Y{110}) results
in the formation of a truncated octahedron, enclosed by {100} and {111} facets, as the
thermodynamically favorable shape.!” Truncated octahedra are normally regarded as “spheres”
because they appear very similar to a spherical particle in electron microscopy images. Different
shapes can be obtained by using ligands which selectively bind to certain facets, thus modifying
their surface energies.!” Judicious modifications of the reaction conditions provide an additional
mean to target metastable shapes by acting on the solution chemical potential.?® As a result, a
catalogue of several shapes is currently available for single metal Cu NCs, synthesized in one step
and without seeding. These shapes include spheres?!?, tetrahedra®’, octahedra®*-** and star-shaped
decahedra®®, which all expose mostly {111} facets, cubes?®2!126, which expose mostly {100}
facets, and nanorods, which possess a {111} pentagonal cross-section and {100} side faces?’.
Among these shaped NCs, spheres, octahedra, star-shaped decahedra, cubes and nanorods were
tested as CO2RR catalysts.?>?#252° In the absence of grain boundaries effects?>?’, the major
reaction products followed the same structural dependent trend discovered in single crystal
experiments.?>24+26.2829 Namely, the Cu octahedra evolved methane and the Cu cubes yielded
ethylene as the major products. The Cu spheres were not found particularly selective towards any
product, which indeed resembles the behavior of the polycrystalline copper foil.

In addition to shape, size greatly affects the performance of Cu NCs during the CO2RR. For

instance, CO and H: production drastically increased at the expense of hydrocarbons for Cu



spheres with diameter < 5 nm compared to bigger sizes.?? Cu cubes with edge length of 44 nm
possessed a greater selectivity for ethylene compared to smaller (edge length of 24 nm) and bigger
(edge length of 63 nm) cubes.?® Specifically, their faradaic efficiency (FE, which indicates the
number of electrons converted into products) for ethylene was around 40% at -1.1 Vrue (RHE =
reversible hydrogen electrode) compared to 9% and 25% for the smaller and bigger cubes,
respectively. Cu octahedra with edge length of 75 nm produced more methane than the bigger
sized 150 nm and 310 nm NCs.?* Their FE for methane was 55% at -1.25 Vrue compared to around
40% for the medium size, while the bigger octahedra produced mostly hydrogen under the same
conditions. The result on the spheres indicates that increasing the number of certain
undercoordinated sites eventually favors the hydrogen evolution reaction (HER), which competes
with CO2RR. The size-dependent behavior of the cubes and of the octahedra underscores the
importance of the face/edge ratio to optimize product selectivity. In particular, the {100}/{110}
ratio modulates the selectivity towards ethylene. DFT calculations revealed that the activation
energy for the *CO-*COH coupling to form C; products is indeed reduced at {100}/{110} step
sites compared to the *CO-*CO dimerization and *CO-*COH coupling on {100} surfaces.*
Similarly, the amount of {111}/{110} and {111}/{100} step sites correlates with methane
formation as the ratio between these two facets decreases as the octahedra get smaller. Altogether,
studies on well-defined NCs indicate that an optimal size exists for nanocatalysts to maximize
positive synergistic effects arising at the interface between different facets, a lesson learned which

goes beyond the insight provided by single crystals (Figure 1).
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Figure 1. Schematic illustration of size- and shape- dependent behavior of Cu NCs in CO2RR.
An optimal NC size exist, which maximizes synergistic effects arising at the face/edge interface
and thus, the selectivity towards certain products. Above this size, the NC catalytic behavior
resembles more closely that of a single crystal which exposes the surface corresponding to the
major facets enclosing the NCs. When the size decreases below the optimum, the density of
undercoordinated sites at corners, steps, and kinks increases, which eventually promotes 2

electrons reducing pathways, such as HER and CO.

It is worthwhile to highlight that the studies on Cu NCs have been so far limited to those NCs
enclosed by the most stable low-index facets {100}, {110} and {111}. However, single crystal
studies suggest that the high-index Cu(511), Cu(711), Cu(911), Cu(11,1,1), Cu(310), Cu(510),
Cu(610), and Cu(810) facets possess an even greater ethylene-to-methane ratio and overall C,
selectivity than the Cu(100) facet.**! If the focus shifts from hydrocarbons to alcohols, Cu(310),
Cu(510), Cu(610) and Cu(810) have higher FE for ethanol compared to the Cu (100) surface.*?!

These high-index facets (HIF) can be visualized as a combination of terraces and steps of low-

index facets, written as n(hiki;) x (hsksls), where the number n is the width of (hikil;) terraces with
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monoatomic (hsksls) steps.*? For instance, {2n-1,1,1} and {n,1,0} HIF can be referred as
n{100}x{111} and n{100}x{110}, respectively. The face/edge interfaces in cubes and octahedra
mimic some of these structural motif, for example the {100}/{110} interface resembles the {2n-
1,1,1} structure. As just discussed, decreasing the NC size increases their contribution to the
overall selectivity. However, this effect can be exploited only until the point where the unfavorable
contribution of the HER-selective kinks and corners starts to dominate on the catalytic behavior.
HIF NCs would overcome this limitation by maximizing the contribution of active sites,
independently from the NC size (Figure 2A). Furthermore, interesting trends might emerge from
the combinations of different HIF within the same NCs (Figure 2B), which are not accessible by
single crystal studies. Thus, HIF NCs become a platform to uncover potential synergistic effects

between different facets and eventually improve selectivity beyond what is predicted.
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Figure 2. Schematic illustrations of HIF Cu NCs as selective CO2RR catalysts towards C:
products. (A) Examples of convex and concave geometric figures enclosed by high
crystallographic index facets. Cu facets showing enhanced C; selectivity compared to Cu {100}
are highlighted accordingly. (B) Example of HIF NCs combining features from trapezohedron
(enclosed by {hkk}, in green) and tetrahexahedron (enclosed by {hkO}, in purple). A higher
selectivity towards ethanol is proposed since n(100)x(110) step sites were shown to favor ethanol

vs ethylene formation.*!

DIRECTING CO:;RR SELECTIVITY BY STRUCTURAL AND COMPOSITIONAL
TUNING OF CU-BASED BIMETALLIC NANOCRYSTALS

The two main driving forces for selectivity in bimetallic catalysts are the changes in the binding
energy of intermediates, which occur via electronic and geometric effects, and the supply of
reaction intermediates to copper (e.g. CO), which is referred to as tandem catalysis.®!> These
effects are often convoluted, which makes it difficult to gain insight into the behavior of these
catalysts and, thus, to develop accurate predictions.®!> As a matter of fact, a rational selection of
the element that, added to copper, leads to the desired product is still lacking. While CO2RR
selectivity trends for bimetallic alloyed catalysts have been predicted based on the adsorption
energy for *H and *CO, these studies don’t provide information on the actual products.®-33-34

If we focus on examples where a CO-producing metal, such as Ag, Pd, Zn, is added to Cu, the
overall promotion of C; products has been consistently demonstrated, yet contrasting results in
terms of major CORR product (e.g. hydrocarbons vs oxygenated products) exist in the

literature.!!"!> As aforementioned, this inconsistency might arise from comparing on the same

footing catalysts solely on the basis of their composition notwithstanding that they possess



different sizes, morphologies, stoichiometries, and chemical arrangements. Studies on well-
defined NCs clarify further this observation.

In one example, CuPd nanocatalysts were synthesized as random alloys, intermetallics (ordered
alloys) and phase-separated bimetallics.>> The phase-separated catalyst exhibited the highest FE
for C; products, up to 62% versus only 5% measured for the ordered one at -0.8 Vrue. At around
the same potential, the ordered and disordered bimetallics produced methane, with FE close to 8%;
instead, methane was at the detection limit for the phase-separated CuPd. All catalysts possessed
the same CO FE of ~40% at cathodic potentials of -0.3Vrue. However, at the more negative
potentials which evolve Cz products, the ordered and the phase-separated CuPd exhibited the
highest and the lowest CO FE. Altogether these data suggest that for the CuPd nanocatalysts: 1)
CO is an important intermediate for C, chemicals; ii) phase-segregation is beneficial to convert
CO to C> chemicals; iii) more homogeneous mixing patterns favor the production of methane. The
stabilization of the *CHO intermediate via the presence of an oxophilic metal in the vicinity of
copper provides a reasonable explanation for this last observation.

A study on Ag-Cu nanodimers, where well-defined spherical domain of Ag and Cu share an
interface, has then evidenced the importance of an actual interface between the two metals versus
having simply physical mixing to boost C-C coupling and ethylene selectivity in tandem
catalysis.’® First of all, the nanodimers showed a significant enhancement in selectivity toward
ethylene compared to Cu NCs of similar size and shape, with FE improving from 12% to ~40% at
-1.1 Vrue. The nanodimers possessed also double FE towards ethylene compared to a physical
mixture of Ag and Cu NCs. The latter had a FE for ethylene of ~20% at -1.1 Vrug, which is still
higher than bare Cu NCs because of tandem effects. The coexistence of electronic effects and of

tandem catalysis explained the improved performance of the nanodimers towards ethylene
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production. Indeed, an interfacial charge transfer from Cu to Ag was proved, which leaves a partial
positive charge on the Cu domain. This partial positive charge stabilizes adsorbed *CO and
promotes C-C coupling. The Cu domain size was then tuned and the nanodimers including the
middle size domain of around 25 nm were optimal for C-C coupling, which highlighted the
existence of a delicate balance between the tandem effect and the extension of the interface to
maximize the faradaic efficiency towards ethylene.

A recent study on alloyed CuZn NCs has highlight that the percentage of the second metal to Cu
impact the mechanism which direct selectivity and, thus, the final CO2RR product.®’ Specifically,
the CuZn NCs with 5% Zn content were selective for methane, with a maximum FE of 52% at -
1.4 Vrue. The CuZn NCs with 19% Zn were selective for ethanol, with a maximum FE of 39% at
-1.3 Vrue. Furthermore, these catalysts with higher Zn content also produced more CO. Theory
showed that isolated Zn atoms, which are more likely to exist in the CuZn NCs with 5% Zn, modify
the electronic properties of copper so to stabilize the methane-producing *CHO intermediate,
similarly to the Pd case. As the number of neighboring Zn atoms increases with the Zn content,
the propensity of the CuZn catalysts to release CO increases. The higher concentration of local CO
enhances C-C coupling, which is a typical tandem effect. Thus, tandem and electronic effects
might be called out again to explain the ethanol selectivity of the CuZn NCs with higher Zn
content.

These selected examples highlight a general trend in bimetallic catalysts including a CO-producing
domain (Figure 3). Specifically, that tandem mechanism dominates when phase segregation
occurs. Instead, electronic effects prevail in systems with a more homogeneous distribution of the

two elements.
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Figure 3. Schematic illustration of selectivity changes in bimetallic Cu-based NCs including
a CO-generating element. The presence of neighboring atoms of the CO-generating metals in
phase-segregating catalysts and random alloys induces tandem effects which promote C> products
in convolution with electronic effect. Instead, electronic and geometric effects will dictate
selectivity in bimetallic NCs with a more homogeneous elemental distribution, such as dilute
alloys. For example, the stabilization of the *CHO intermediate resulting from the addition of an

element more oxophilic than copper will generate methane as the major CO2RR product.

This observation suggests one possible strategy to advance the current state of the art in predicting
the catalytic behavior of bimetallic catalysts for CO2RR. Theorists and experimentalists should
work together on model systems, which can help to deconvolute the interplay between catalyst
structure, composition, and elemental arrangement. For example, dilute alloyed NCs emerge as an
ideal candidate to isolate and focus on the geometric and electronic structure effects only. Once a
class of model systems is established, two descriptors, D and D>, whose magnitude is predicted
to correlate with a certain product, should be selected. For example, D could be the formation
energy of *COH via the protonation of adsorbed *CO for the production of C; products and D>
could be *CO desorption energy for C products, if the goal is to discern Cs vs C; selectivity .’

The changes in D1 and D, should then be screened for different metal dopants in copper (Figure
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4). After this, theoretical prediction should identify a number of systems with diverse CO2RR
selectivity. The result of this prediction should be then validated by experiment, to verify whether
the employed descriptors are reliable in their use. The knowledge acquired from these diluted
alloys should then be used to move on to systematic studies which compare alloys with different
compositions, nanodimers and physical mixtures of nanocatalysts with same size. Shape control
should then be explored next to study structural effects in bimetallic, interesting but even less

studied so far.’*
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Figure 4. Schematic illustration of a combined theory-experimental strategy to predict
product selectivity in Cu-based bimetallic catalysts. (A) Classification of different Cu-Mx
dilute alloys based upon abstract descriptors. (B) Schematic illustration of different dilute alloys
and the corresponding majority products they are selective for, as per correctly classified by the

graph in A.
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SUMMARY

The design of selective CO2RR electrocatalysts still remains one of the major hurdles in the field.
This Perspective has emphasized the contribution of well-defined mono- and bimetallic Cu-based
NCs to achieve selective CO2RR by establishing crucial structure-composition-performance
relationships. Future directions were also proposed. In particular, HIF Cu NCs for enhanced
ethylene selectivity and dilute Cu-based alloys as platforms to isolate geometric and electronic
effects induced by a second metal and to move towards a more rational design of bimetallic
catalysts.

Synthetic challenges for HIF Cu NCs exist as their formation requires the stabilization of high
energy surfaces. Nevertheless, the nanochemistry community should be able to address those in
the upcoming years, as numerous examples of HIF noble metal NCs exist in the literature.***! As
for the dilute alloyed NCs, some of the strategies developed for doping of chalcogenide and oxide
NCs could be revised to specifically target metallic NCs.*?

Certainly, changes under operating conditions are not easy to predict but should be monitored.
Eventually, strategies including a thin layer of graphene oxide could be implemented to avoid
reconstruction of the HIF NCs or the preferential dissolution of one element in the bimetallics.?’
Furthermore, the probability of dopant atoms aggregating and clustering in the dilute alloys is
expected to be low even during operation, if the assumption that entropy controls the chemical
ordering in these systems is valid.

Finally, while the focus of this Perspective was catalyst design, other important factors, which
include the pH and cations in the electrolyte, the electrochemical reactor, the membrane, the
catalyst microenvironment, will also play a critical role in reaching the desired selectivity during

CO2RR and should be considered when optimizing the whole system.*3-47
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