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Conspectus

The carbon-neutral production of fuels and chemical feedstocks is one of the grand-
challenges for our society to solve. The electrochemical conversion of CO; is emerging as a
promising technology contributing towards this goal. Despite the huge progress made over the last
decade, selectivity still remains a challenge. This Account presents an overview of recent
advancements in the design of selective catalysts by exploiting the structural sensitivity of the CO»
electrochemical reduction reaction (CO2RR). In particular, it shows that the accurate and precise
control of the shape and size of Cu nanocatalysts is instrumental in understanding and in
discovering the structure-selectivity relationships governing the reduction of CO; towards valuable
hydrocarbons, such as methane and ethylene. It further illustrates the use of faceted Cu
nanocatalysts to interrogate catalytic pathways and to increase selectivity towards oxygenates,
such as ethanol, in the framework of tandem schemes. The last part of the Account addresses
reconstructions of these well-defined catalysts, in ways which can both degrade or improve the
catalyst performance, and stresses the importance of identifying the reconstruction mechanisms.
Finally, an outlook on the emerging paradigms which will empower the design of novel catalysts

for CO2RR concludes the Account.
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Here we shed light on the mechanism through which Cu nanosphere modify their size and



morphology during the CO:RR start-up phase. In situ TEM and operando XAS inform us that the
restructuring of the catalysts involves the dissolution and redeposition of Cu transient species in

solution.

1. INTRODUCTION

The electrochemical COzreduction reaction (CO2RR) into energy carriers and chemical feedstocks
is an attractive solution to curb atmospheric CO: levels, close the carbon-loop in the making of
value-added chemicals, and provide long-term storage for excess energy from renewable
sources.™® A few pilot scale industrial projects have been launched in the last few years. Among
the most notables, Evonik and Siemens Energy are currently testing the use of metallic catalyst to
convert CO; captured from the atmosphere into CO, the latter than being fed to bacteria which
convert it into multi-carbon products such as hexanol and buthanol.” AirCO started to
commercialize products leveraging high purity alcohols obtained from CO2RR.® Twelve owns a
patent about a modular and scalable electrochemical reactor to synthesize carbon-based feedstocks
from CO,.° Despite this huge progress in the last decade, one of the current challenges in CO,RR

is to find catalysts which render this conversion selective towards one specific product.

As of today, Cu still remains the only single metal catalyst ones able to generate high energy dense
hydrocarbons and alcohols, going beyond the simple CO molecule, with reasonable efficiencies.!”
Beside empirical evidence originating from experiments, DFT calculations help to rationalize the
unique property of Cu based catalysts based on the interactions of CO and hydrogen with the
surface of late transition metals.'!:'2 While the CO weakly binding Ag and Au convert CO; to CO,
the Cu intermediate binding energy towards CO is ideal to favor its conversion into more valuable
Ci and C; products.'!"!> While unique in its behavior, polycrystalline copper foil produces more

than 16 different products, which is extremely inconvenient for industrial implementation. '3

Experiments conducted on single crystals have played a prominent role in deciphering the structure
- property relationships which determine the Cu catalyst selectivity towards one product or
another.!#!” The milestone work by Hori comprised the systematic assessment of the performance

of 19 single crystal Cu surfaces at different applied potential.!* A few years ago Hahn et al. 1> and



Huang et al. !¢ further provided a systematic report on the potential-dependent behavior of Cu
(111),(100), (110) and (751) surfaces. Structure-dependent selectivity trends emerged clearly from
these three studies. The (100) and (111) surfaces promote ethylene and methane formation,
respectively. Stepped and high Miller index facets - e.g., (751) and (551) - are selective for
multicarbon products and oxygenates. Schouten et al. !7 investigated CO:RR on (322)
(5(111)x(100) orientation) and (911) (5(100)x(111) orientation) surfaces to discriminate whether
(100) steps or terraces were active and selective towards ethylene production. The latter was
significant only on (911) surfaces at low overpotential, which reinforced the importance of (100)

terraces in this CO; reduction pathway.

While studies on single crystals are instrumental towards a fundamental understanding of the
chemistry involved, they are often performed in conditions and with catalysts which are too far
from those under which an industrial electrochemical reactor would operate. Experiments aimed
at addressing this gap between the conditions of model experiments and the realistic operating

conditions are therefore needed. %19

In this Account, we discuss recent advancements in the use of shape-controlled Cu nanocatalysts
to uncover the design rules for selective catalysts in CO;RR. We will argue that well-defined
nanocrystals (NCs), with monodispersed size and homogeneous morphologies, serve the purpose
of testing and translating the discoveries from single crystal studies and the predictions drawn from
theoretical models as well as revealing new insight into catalytic pathways. By describing the most
significant milestones reached by us and others, we will show how the exquisite control of Cu
nanocatalyst size and shape enables to unveil non-trivial structure-property relationships and
ultimately tune the CO2RR selectivity towards methane, ethane, and ethanol. We will then detail
the catalysts restructuring mechanisms, detailed by operando studies, and discuss examples about
how these can be either detrimental or beneficial, depending on the initial shape of the catalysts.
We will finally conclude the Account with an outlook on the emerging trends and open questions

towards the design of selective CO2RR catalysts.



2. SYNTHESIS OF SHAPE-CONTROLLED Cu NANOCATALYSTS

An exquisite control on the size and shape of nanocatalysts is a necessary step towards univocally
establishing robust structure-property relationships.?-?® The synthesis of samples which are
monodisperse in size and display morphological homogeneity is a non-trivial task. Several
synthetic methods are available and each of them possess pros and cons. Here, we comment on

those which have been utilized so far for size- and/or shape- controlled Cu nanocatalysts.

The simplest method is the inverse micelle encapsulation. Here, non-polar/polar block copolymers,
or other amphiphilic molecules, are dissolved in a non-polar solvent to form reverse micelles. The
micelles are loaded with Cu precursors and stirred at a certain temperature to form Cu NCs.
Generally, only spherical NCs are obtained but their size is easily tunable by varying the polymer
nature, particularly the length of the carbon chain and the polarity of the polymer head. Reske et
al utilized inverse micelle encapsulation to synthesize Cu spheres, with size between 2 and 15
nm.2” A good control of the shape polydispersity was achieved, while the size distribution

displayed a relatively standard deviation close to 30% of the mean value.

Electrochemical cycling represents another method to nanostructure and to tune the exposed facets
of Cu electrodes. In a nutshell, cycling between the oxidizing and the reducing potential is utilized
to restructure a metallic surface, often in the presence of ions in the electrolyte as structure
directing agents. Generally, this method is suitable for nanocatalysts with size above 100nm and
very fine tuning of the size is not possible. Cu cubes have been synthesized by potential cycling
of Cu foil in the presence of potassium halides, where the number of cycles was utilized to tune
their size. The seminal work by Roberts et al. ?® produced Cu cubes of around 100 nm while
mesoscale cuboids of size 400-500nm were synthesized by Chen at al. 2 The same synthetic route
was later adopted by Grosse et al. 3° to make samples with size equal to 222, 457, 1013 nm. In all

these cases the size distribution found a ~20% standard deviation.

Among the others, colloidal chemistry emerges as the most versatile approach in terms of

tunability of nanocatalysts with monodispersed sizes and homogeneous shapes.?3-?¢ Here,



precursor solutions are heated to form monomers, which then nucleate and generate nanocrystals.
Colloidal synthesis enables an exquisite control over the size (with standard deviation < 10%) and
shape of the NCs by manipulating the the reaction solvent, the reaction temperature and time, the
precursor chemistry and concentration, the organic ligands which interact with the precursor as
well as passivate the NC surface. Manthiram et al. 3! first reported on spherical NCs with size 7
nm, later our group developed protocols to synthesize cubes with defined sizes between 15 and 80

nm 1,32,33

, octahedra with sizes between 75 and 310 nm >3 | and tetrahedra ** , while Choi et al.
34 drew a route towards the making of Cu penta-fold twinned star decahedra. An overview of the
size and shape-controlled Cu NCs synthesized by means of colloidal chemistry is reported in
Figure 1. In addition to homogeneous nucleation from a precursor solution, colloidal synthesis
offers the possibility to exploit seeded growth as an alternative approach to tune NC size and shape.
Pre-formed NC seeds are utilized to direct monomers nucleation and eventually the growth of a
second material. Pd seeds were utilized by Wang et al. to synthesise nanocubes with size ~40 nm

first. 3° Then, they utilized Se as an etchant to expose (110) facets at the expense of (100) ones

which lead to the formation of truncated nanocubes and rhombic dodecahedra.??
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Figure 1. Representative transmission electron microscopy (TEM) images of Cu NCs with
different shapes (spheres, cubes and octahedra) synthesized be means of colloidal chemistry.
Adapted with permission from 2, Copyright Nature Springer and from 2, Copyright Royal Society
of Chemistry.



3. IMPACT OF NANOCATALYSTS’ SIZE AND SHAPE ON CO:RR SELECTIVITY

In this section, we offer an overview of the size- and shape-dependent selectivity trends observed
in Cu nanocatalysts. Spheres were the first well-defined NCs investigated in the literature.
According to the Wulff construction, the most table shape for NCs of few to several nanometers
is a truncated octahedron terminated by (111) and (100) facets, which appear as a « sphere » in
electron microscopy images.’® Reske et al. 27 performed a very systematic study of Cu spheres
with size between 2 and 15 nm as CO2RR electrocatalysts. The key finding of this study was that
hydrocarbons production drops below 5 nm, with no ethylene and little methane being produced
by spheres of diameter below 2nm. The authors put forward a site-counting model to rationalize
the observed data, and suggested that low-coordination sites, abundant in small NCs, are not active
towards hydrocarbon. Later on, our experiments on Cu spheres with size 7 and 27 nm confirmed
that HER dominates over CO2RR at -1.1 Vrue (RHE=Reversible Hydrogen Electrode). ! In
contrast, Manthiram et al. *! found that 7 nm Cu spheres produce methane in the 1.05 - 1.15 Vrue
range. Concomitantly, they reported on significant morphological changes during the course of
CO2RR, resulting in the formation of polycrystalline catalysts with size 14-32 nm. The authors
concluded that Cu spheres display active sites for methane production which are then lost during
reconstruction. Mistry et al. *7 et al later deconvoluted the effect of NC size and distance on CO2.RR
selectivity and explained that the selectivity towards CO2RR decreases as the interparticle distance
decreases due to pH and mass transfer effects. More recently, Kim et al. 3® highlighted the
importance of loading (i.e., interparticle distance) on reconstruction processes, with high loadings
fostering the transformation of unselective Cu spheres into ethylene-selective Cu cubes. While it
still remains an open question, these discrepancies in the literature regarding the behavior of less
than 10 nm Cu spheres might also be related to different extent of the surface oxidation of these
nanocatalysts. Even if avoided during sample preparation, surface oxidation does occur at open
circuit voltage. 3 The impact of the latter on CO2RR might be particularly drastic for these small

nanocatalysts where structural effects are absent because of the lack of extended facets.

While the comparison of Cu spheres with single crystal is non-trivial because of their difficult to
map number and kind of facets, Cu cubes have provided an ideal platform to gain insight into

structural effects in CO2RR. These NCs are enclosed by 6x (100) facets, 12x (110) facets at the



edges and 8x (111) facets at the corners. The first experiments on Cu nanocubes for CO2RR were
conducted by Roberts et al., 2® on a sample with size ~100 nm synthesized via electrochemical
cycling. These nanocatalysts exhibited preferential selectivity towards ethylene compared to the
polycrystalline copper foil, a finding consistent with the studies on single crystals. In the same year
Chen et al. drew the same observation on the selectivity of Cu cuboidal mesocrystals of around
500 nm. ?° However, it was only later, we highlighted the importance of (100)/(110) step-edges
for C-C coupling and ethylene production by investigating the catalytic properties of size-
controlled Cu cubes synthesized via colloidal chemistry. ! The selectivity measurements,
expressed as faradaic efficiency (FE), revealed that the NCs with edge length around 44 nm
possessed the highest FE efficiency (around 40%) for ethylene at -1.1 Vrug (Figure 2A). ! By the
same token, in the past year Zhong et al. 4 highlighted coupling effects at (100)/ (110) sites on Cu
foils, and demonstrated that sites at steps between these surfaces are active and selective for Co+
products. DFT calculations have indeed shown that (110)/(100) steps favour C-C coupling.*! In
turn, this result suggested that the cubes with an average 40 nm size provide an optimal population

of the surface sites which maximize ethylene selectivity.

The size-dependent selectivity trends in Cu cubes highlighted the importance to carefully assess
size-and-shape dependent relationships also in other catalyst shapes. Indeed, only systematic
studies can establish which sites maximize selectivity towards target products. To this end, we
investigated the selectivity of the (111) facets towards methane by exploiting size-controlled Cu
nanocatalysts with octahedral shape. These NCs are terminated by 8x (111) facets, 12x (110)
facets at the edges and 6x (100) corners. The study of the electrocatalytic behavior of Cu octahedra
with average sizes of 75 nm, 150 and 310 nm revealed that the smallest possessed the highest
faradaic efficiency towards methane, reaching up to 55% at -1.35 Ve (Figure 2B). 2 These results
confirmed that the (111) facets direct selectivity towards methane, consistently with the single
crystal study; however, it also revealed again that edge-to-faces ratio plays a crucial role in
directing selectivity. Indeed, the nanocatalysts with the largest (110)/(111) ratio displayed the
highest CO2RR and methane selectivity.
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Figure 2. (A) FEs of Cu cubes of three sizes ( 24, 44 and 60 nm) measured at -1.1Vgrgug in 0.1M
KHCO3 along with a schematic illustration of the main result. Adapted with permission from ! .
Copyright 2016, Wiley. (B) Potential-dependent FEs of Cu octahedra of different sizes (75, 150
and 310 nm) measured in 0.1M KHCO3 along with a schematic illustration the main result.

Adapted with permission from 2. Copyright 2019, Royal Society of Chemistry.

Shape-controlled NCs not only enabled to expand on the results drawn from studies on single
crystal studies, but also to systematically assess the activity and selectivity of adsorption sites
whose number and kind is difficult to isolate in surface science experiments. Active sites at grain
boundaries represent a notable example of such sites. While definitive conclusions cannot be made

1. 42

at this stage, a few studies are worth of notice. Feng et al. ** were among the first to show that the

abundance of grain boundaries in polycrystalline Cu spheres correlates with C, product selectivity.



Choi et al. assessed the interplay between grain boundaries and catalyst faceting on well-defined
star decahedron Cu nanocatalysts. 3* While these nanocatalysts exposed mostly (111) surfaces,
FEs up to 60% towards ethylene at -1.00 Vrue was found and explained via strain effects arising
at the nanoscale. The prominent role of grain boundaries in directing CO2RR selectivity appears
also in a study on five-fold twinned nanowires performed by Li et al. ** Notwithstanding the (100)

facets being the most exposed on the surface, FEs up to 55% for methane were measured.

4. SHAPE-CONTROLLED NANOCATALYSTS AND TANDEM SCHEMES TO
INTERROGATE CO;RR PATHWAYS

Beyond tuning selectivity by modifying the shape of Cu-only NCs , we have recently illustrated
that NCs with well-defined facets and tandem schemes can be combined to interrogate CO>
pathways and tailor the catalyst selectivity beyond the findings from single crystal investigations.
To this end, tandem catalysts were prepared by mixing CO-producing Ag spheres with ethylene-
producing Cu cubes (Ag-Cucup) and methane-producing Cu octahedra (Ag-Cuon) (Figure 3A) . As
illustrated in Figure 3B, the FE towards C»+ products increased in both catalysts, consistently with
the increased local concentration of CO enhancing C-C coupling. However, Ag-Cuon were found
to selectively improve the FE for ethanol over ethylene and the expenses of methane. The
selectivity shift from methane to ethanol in the presence of an increased local concentration of CO
suggested that the CO; to ethanol conversion finds a preferred pathway in CHx-CO coupling on
(111) facets while CO-CO coupling still takes place on the (100) facets leading to ethylene
formation (Figure 3C). 3 In a recent follow up study, a semi-empirical numerical model has
suggested that a greater enhancement of ethanol production is actually expected on the (110)/(100)
step sites at the edges of the cubes. However, such effect is mitigated by the larger fraction of (100)
facets which continue to produce ethylene. CO2RR experiments on Ag-Cucuw with Cucuwy of
different sizes corroborated this prediction, by showing that the smaller cubes, which possess the
highest (110)/(100) ratio, selectively enhance ethanol production (Figure 3D). 4 This study is a

powerful example of the fruitful synergy of theory and size-and-shape controlled nanocatalysts.



o Cu,-Ag Cu,,-Ag ) Cu,,-Ag Cu,_,-Ag
[ICu ICu - [JCu [ICu
. I Cu-Ag [ Cu-Ag . Bl Cu-Ag [ Cu-Ag
O 304 wé 34
T w
~ 204 3 2 :
o &
v u’ {
[T w
104 1 “
o Ll [
42 13 14 12 13 -14 12 13 -14 12 13 -14
Potential vs RHE (V) Potential vs RHE (V)

-1.2V vs RHE -1.3 Vvs RHE

C,H.OH J_.q, (MA.cm?)

25 37 52 25
Cu,,, size (nm) Cu,,, size (nm)

37 52

FEC2H50H / FECH4

40

30

104

Cu ('111)

-1.2

Cu,,-Ag Cu,,-Ag
[JCu [ICu
B Cu-Ag [ Cu-Ag

13 1.4 12 13 -14
Potential vs RHE (V)

Figure 3. (A) Representative TEM images of the Ag-Cuon and Ag-Cucu tandem catalysts. (B) FE
Cy+ / FE Cy, FE CoHsOH / FE C;Hs, and FE C;HsOH /FE CHy for the the two catalysts in (A)

measured at different potentials in 0.1 M KHCOs. (C) Schematic representation of the tandem

mechanisms on Ag-Cuen and Ag-Cucw. (D) ECSA (Electrochemically active surface area)-

normalized current densities for Ag-Cucus catalysts including different sizes of Cucuy along with a

schematic representation of the major finding. Images are adapted with permission from * and #,

copyright American Chemical Society.




5. SHAPE-CONTROLLED NANOCATALYSTS TO UNDERSTAND CATALYST
RECONSTRUCTION MECHANISMS IN CO:RR

In addition to enable fundamental insight into structure-selectivity relationships, NCs with
precisely defined sizes and shapes are an ideal platform to uncover the mechanisms behind catalyst
reconstruction during CO2RR, which is crucial to eventually being able to control these
transformations. Depending on the initial size and shape, catalyst restructuring might occur on
very different time-scales and also lead to an improvement or to a degradation of the initially
observed catalytic properties. For example, Cu cubes maintain their ethylene selectivity for up to
6 hours but progressively loose it afterwards. 3024346 Instead, the 7 nm Cu spheres reconstruct
already during the start-up phase and, at high loadings, transform into cubes for longer reaction
times, which implies increased selectivity for Cz+ products. #4”* As another example of positive
reconstruction, five-fold twinned Cu nanowires, initially exposing (100) terminations, transform
into single crystal nanowires exposing high miller index terminations.*” Upon this change, they are
remarkably selective for ethylene, which parallels results previously found on single crystals with

a (551) termination, and their activity and selectivity are stable for up 200 hours.

Using the well-defined Cu cubes obtained by means of colloidal chemistry, we have provided
some insight into the degradation mechanism of these nanocatalysts.>? Ex-situ TEM analysis
evidenced that a unique nanoclustering mechanism takes place (Figure 4A) and 3D tomography
showed that these clusters detached from the edges (Figure 4B), which were indeed identified as
the active sites for C-C coupling. Similar degradation pathway starting from the cube edges was
also detected by Grosse et al. 3° using operando atomic force microscopy (AFM). Different
controlled experiments combined with Grand canonical DFT calculations clarified that the
negative potential greatly contributes to such degradation (Figure 4C), thus suggesting that

strategies aiming at reducing the overpotential should also contribute to solve the stability issue.

More recently, we monitored the reconstruction of Cu spheres during the start-up phase of CO,RR
by means of electrochemical in situ TEM and operando X-ray absorption spectroscopy (XAS). 4
As illustrated in Figure 4D, the Cu nanocatalysts shrink and then disappear, rather than coalesce.

The size monodispersity of the initial sample, combined with the TEM resolution, allowed to



follow the size distribution over time (Figure 4E), which evolve from a narrow size distribution to
a bi-modal one at later stages, due to the shrinking of some catalysts, and the growth of others.
These results combined with the changes in Cu surface oxidation state observed by operando XAS,
suggest that a dissolution/redeposition mechanism which involves Cu transient species dissolved
in solution is the route through which the Cu nanocatalyst evolve into bigger sizes (Figure 4F),

until eventually transform in cubic particles. 4748
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course of CO2RR. (C) pH and potential dependence of the Wulff-shape of Cu nanoparticles
including H, CO, and mixed H+ CO covered surfaces. The cubicity is defined as the relative
contribution of Cu (100) surfaces to the Wulff-shape. Taken from 32, Copyright Nature Springer.
(D) Snapshots of in-situ TEM movie illustrating the shrinking process of 7 nm Cu spheres during
the initial stages of CO;RR. I Time dependent evolution of the area weighted particle size
distribution. Arrow I pinpoints the decrease in the abundance of primary particles, Arrow II
highlights the gradual increase in the population of secondary particles (F) Schematic
representation of the dissolution/deposition mechanism driving the reconstruction of 7 nm Cu

spheres. Taken from 4, Copyright Wiley.

6. CONCLUSIONS AND OUTLOOK

The examples showcased in this Account illustrate that tailored NCs with well-defined size and
shape are an ideal platform to investigate the structural dependence of CO2RR beyond single
crystal studies. At the same time, work has been mostly limited so far to Cu NCs exposing (100),
(110) and (111). Instead, both theoretical and experimental single crystal studies suggest
interesting selectivity towards oxygenated and multi-carbon products emerging on other surfaces.
50,51 Therefore, the library of shaped Cu NCs must be enlarged, which represents a motivation to

develop further the underexplored chemistry of non-noble metal NCs. 2

An open debate in the community exists regarding the possibility of translating fundamental
studies on shape-controlled Cu NCs to devices under commercially relevant conditions. Recent
studies show great promise in this direction and demonstrate positive synergism between catalyst
design and device engineering for improving catalyst activity and stability. >4 Yet, more efforts

in this direction are needed.

Also related to the application in devices, it is yet to be fully understood how to predict, control,
prevent, or exploit, nanocatalyst restructuring under CO2RR conditions. Operando characterization
is crucial to unravel the degradation mechanisms. By the same token, theoretical modelling should

progress to include a realistic complexity in the simulation of CO2RR nanocatalysts. DFT-based



112,53 and molecular dynamics simulations >+ allow to draw precious insight about the

screening
COz reduction on ideal surfaces, while machine learning potential and high-throughput predictions
promise to unlock predictions on more realistic representation of the catalysts. %758 In the future
we expect increasing synergies between experiment and theory to unravel the activity and
selectivity of nanostructured surface sites, and understanding more in depth the dynamic

restructuring of nanocatalysts under operation.
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