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ABSTRACT: In the pursuit of a decarbonized society, electrocatalytic CO2 conversion has
drawn tremendous research interest in recent years as a promising route to recycling CO2 into
more valuable chemicals. To achieve high catalytic activity and selectivity, nanocatalysts of
diverse structures and compositions have been designed. However, the dynamic structural
transformation of the nanocatalysts taking place under operating conditions makes it difficult
to study active site configurations present during the CO2 reduction reaction (CO2RR). In
addition, although recognized as consequential to the catalytic performance, the reaction
microenvironment generated near the nanocatalyst surface during CO2RR and its impact are
still an understudied research area. In this Perspective, we discuss current understandings and
difficulties associated with investigating such dynamic aspects of both the surface reaction site
and its surrounding reaction environment as a whole. We further highlight the interactive
influence of the structural transformation and the microenvironment on the catalytic
performance of nanocatalysts. We also present future research directions to control the
structural evolution of nanocatalysts and tailor their reaction microenvironment to achieve an
ideal catalyst for improved electrochemical CO2RR.

KEYWORDS: Electrochemical CO2 reduction, Nanocatalysts, Structural transformation, Catalytic microenvironment,
Heterogeneous electrocatalysis

1. INTRODUCTION

The anthropogenic CO2 emissions into the atmosphere have
undoubtedly accelerated climate change over the past several
decades.1 Hence, there is an immediate need for technological
advances to capture and recycle CO2, in order to approach a
more sustainable circular carbon economy. In this regard,
electrochemical CO2 conversion, potentially powered with
increasingly available renewable energy sources, is one of the
promising technologies that can upgrade CO2 into value-added
fuels and chemicals (e.g., CO, C2H4).

2 As part of this
technology, catalysts that perform the electrochemical CO2

reduction reaction (CO2RR) at the cathode have been a key
focus of recent research endeavors as they govern the product
yield rate and selectivity, largely determining the overall energy
efficiency of the process.3

In particular, the well-defined compositions and structures of
nanocatalysts have made them excellent platforms to gain
insights into the catalyst structure−performance relation-
ship.4,5 The well-controlled synthesis of nanocatalysts allows
for the direct application of experimental and theoretical
understandings to the rational design of an electrocatalyst with
enhanced catalytic activity (i.e., turnover) and desired product
selectivity.6,7 Therefore, understanding the correlation between
the structural features of as-synthesized nanocatalysts and their

catalytic performance have been the preferred approach in
catalyst development.
However, once exposed to operating conditions, nano-

catalysts are prone to structural transformation as a result of
the surface polarization and their interactions with reaction
species (e.g., reactant and intermediate), conducting support
(e.g., graphitic carbon paper), organic ligands used in their
synthesis, and surrounding electrochemical environment (e.g.,
electrolyte species). Additionally, with a given energy input,
the higher surface energy of nanocatalysts that stems from a
larger surface area to volume ratio in comparison to bulk
equivalents favors their mobility. This overall high surface
energy leads to the observation of more drastic surface atom
migration and possible nanocatalyst coalescence under applied
bias. Although acknowledged, the implications of the dynamic
aspect of such structural evolution on the catalytic performance
of CO2 electrolysis remain elusive and warrant more studies.
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Besides the structural dynamics taking place at their surface,
nanocatalysts’ catalytic activity induces reciprocal changes on
their surroundings (e.g., reactant/intermediate species concen-
tration, local pH, etc.), thus contributing to the formation of a
regime with unique physicochemical properties that differ from
the bulk. This confined regime, often referred to as the
microenvironment in catalysis, plays an important role in
mediating the parameters, directly affecting the reaction at the
nanocatalyst surface. Considering its definitive influence on the
catalytic performance for CO2RR, the microenvironment
formed near the nanocatalyst surface also calls for further
studies. Such insights will become critical to ultimately
optimize the reaction environment necessary for enhanced
catalytic performance.
In this Perspective, we discuss the collaborative impact of

nanocatalysts’ structure and microenvironment dynamics on
the electrocatalytic CO2 conversion. Overall, we underscore
the importance of understanding and controlling the dynamic
aspects of nanocatalysts from a holistic point of view in order
to achieve improved CO2 electrolysis. From this insight, we
suggest future research directions needed to expand the range
of catalytic performance in the field of CO2 electroconversion.

2. STRUCTURAL TRANSFORMATION OF
NANOCATALYST DURING CO2RR

The structural rearrangement of catalysts under operating
conditions has been commonly observed for various types of
heterogeneous catalysis and across different scales (e.g.,
macroscopic, nanoscopic). In particular, an electrocatalyst
surface during CO2 conversion interfaces with a variety of
electrolytic species as dictated by the applied bias. Also, the
thermodynamically stable phase of the catalysts in aqueous
media is determined by electrode potential, pH, and ionic
concentration according to the Nernst equation (i.e., Pourbaix
diagram). In addition, strong binding of intermediate species
produced during CO2RR on a catalyst surface (e.g., adsorbed
CO) can weaken the metal−metal bonds at the surface and
readily induce migration of surface atoms.8,9 Metal electro-
migration has also been recently proposed as another
mechanism for the phenomenon of structural reconstruction.8

In light of these dynamic reconstructions occurring during
electrocatalytic reactions, the nanocatalyst design concepts
employed for CO2 electrocatalyst have greatly evolved in

recent years. Progressively, the synthetic efforts traditionally
focusing on a well-defined structure isolated from the reaction
environment have moved to a more comprehensive evaluation
of the changing nature of electrocatalysts.10−12 The insights
gained from structurally evolving catalysts have become
essential to understanding active site configurations and
optimizing the resulting catalytic performance. Several
examples have demonstrated that the ex situ structures
characterized before and after CO2 electrolysis, while relevant
to some degree, are not sufficient to predict the properties of
the active state formed during the reaction.
Below, we will address the current understanding of the

structural transformation of nanocatalysts during CO2 electro-
catalysis with an emphasis on its dynamic aspect and recent
efforts to investigate such phenomena. We also discuss how to
exploit the potential benefits of catalyst structural trans-
formation as a way to optimize the electrochemical CO2
conversion. Although there has been parallel effort in isolating
which features are fundamentally beneficial to improve CO2
electroreduction using more stable and better defined surfaces
(e.g., single crystal),13,14 we offer here an alternative insight in
the diversity of active sites attainable through the remarkable
structural transformation of nanomaterials. Together with
theoretical studies, we highlight how such an approach can
further deepen our understanding about the potential of
exploiting nanocatalysts as better suited yet tunable CO2
reducing catalysts.

2.1. Potential Induced Transformation

The application of electrochemical bias relevant for CO2RR
provides an energy input that accompanies drastic structural
reconstruction (Figure 1).15 As also seen in thermal catalysis,
rearrangement mechanisms such as surface atom migration and
particle coalescence are observed during CO2 electrolysis. In
particular, Cu catalysts display more complex structural
transformations during CO2RR due to copper’s stronger
interaction with intermediate species (e.g., stronger binding
of CO intermediate), besides their greater susceptibility to
oxidation, in comparison with noble metal-based catalysts. In
order to study such dynamic events happening under operating
conditions, in situ or operando techniques have been preferred
including surface spectroscopy and microscopy techniques. For
instance, Gunathunge et al. provided spectroscopic evidence
for reversible potential-induced structural transformation of

Figure 1. Schematic illustration of structural transformation of nanocatalyst occurring under CO2-reducing condition. During the dynamic
structural evolution of nanocatalysts, dissolution and redeposition of nanocatalyst atoms, particle migration and coalescence, and atomic surface
rearrangement are likely to occur simultaneously. This process leads to the transition of nanocrystals from a well-defined structure to a more
dynamic structure. In situ/operando characterization is essential to better understand catalytic active sites during CO2RR. Orange, black, and red
spheres represent catalyst atom, carbon, and oxygen, respectively. Yellow sphere with a gray chain indicates a nanocrystal-capping ligand.
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polycrystalline Cu surfaces. Concretely, adsorbed CO inter-
mediates were observed on newly formed undercoordinated
sites via in situ infrared and Raman spectroscopy.16 Recently,
Phan et al. used electrochemical atomic force microscopy (EC-
AFM) to more directly probe the dynamic morphological
changes of the single-crystalline Cu(100) surface occurring
under CO2 reducing conditions.17 These in situ studies
showcase that far from static, the catalyst morphology during
CO2RR is rather dynamic.
While these works focus on the structural rearrangement of

macroscopic Cu catalysts following the application of bias,
such behavior has also been studied for nanocatalysts which
tend to exhibit more drastic structural changes.18 Buonsanti
and co-workers have shown the loss of sharp edges in Cu
nanocubes across different sizes and the appearance of
nanoclusters during CO2 electrolysis.19 It was claimed that
negative potential applied for CO2RR causes such nano-
clustering as a dominant degradation mechanism. In another
work from the same group, in situ transmission electron
microscopy (TEM) in conjunction with operando X-ray
absorption spectroscopy (XAS) was utilized to study the
structural transformation of Cu nanoparticles under CO2RR
relevant conditions.20 Their measurements suggested the
dissolution and redeposition of Cu nanocatalysts as a structural
transformation pathway.
Furthermore, several studies have shown more dramatic

structural transformation of Cu nanocatalysts through nano-
particle coalescence during CO2 electrolysis. For example, Kim
et al. reported the structural evolution of a monodisperse Cu
nanoparticle ensemble from a close-packed monolayer to the
formation of cube-like nanocrystals observed ex situ post-
electrolysis.21 Later, it was further found via in situ TEM and
XAS that such a drastic structural change resulted from the
strikingly rapid nanoparticle coalescence occurring under CO2-
reducing bias, followed by their instant oxidation after
electrolysis.22 Importantly, it was demonstrated that a
catalytically active nanostructure can be made as a result of
the dynamic structural evolution, contrary to the conventional
notion that nanocatalyst coalescence is detrimental to CO2
electroconversion activity.
Although these potential-induced structural transformations

have not been fully understood, the variety of structural
evolution mechanisms accessible in CO2 electrocatalysis
ensures that a broader range of active structures can be
achieved especially for nanocatalysts. Furthermore, more
complex structural evolution can take place as a result of the
addition of an additional element (see Section 3.2. for more
detailed discussion on bimetallic systems). In other words,
there exist abundant research opportunities to utilize the
structural evolution of catalysts in a controllable way to create
new nanocatalysts with enhanced activity and selectivity for
CO2 electrocatalysis. Additionally, insights obtained from in
situ characterization techniques will become inherent to
assessing the catalytic benefits of such structural evolution.

2.2. Driving CO2RR on Dynamic Surfaces

The structural transformation of nanocatalysts during CO2RR
has generally been associated with the deactivation of desired
active sites while favoring other unintended reaction pathways
or an unwanted competing reaction, such as the hydrogen
evolution reaction (HER). However, some examples have
demonstrated that in turn, the structural rearrangement of
nanocatalysts can lead to the formation of reaction sites with

higher intrinsic activity toward CO2RR.
22,23 Therefore, it is

critical to identify which structural features generated under
CO2-reducing conditions can benefit the catalytic performance
of nanocatalysts.
Traditionally, the exposed facets of Cu-based nanocatalysts

have been identified as a selectivity descriptor. For both
macroscopic and nanoscopic Cu surfaces, Cu(100) and
Cu(111) facets have been correlated with higher C2H4 or
CH4 turnover, respectively.

24,25 The proportion of edges and
corners has also been identified as a key feature in tuning the
CO2RR selectivity.26 However, the formation and stabilization
of such crystalline features is incredibly challenging on
structurally evolving electrocatalysts. Additionally, although
characterization methods have been employed to monitor the
structural transformation of Cu electrocatalysts under operat-
ing conditions (e.g., EC-STM),14 these studies often remain
limited to macroscopic well-defined crystalline surfaces and are
rarely reported for nanocatalysts. Guiding the design of
structurally evolving nanocatalysts using theoretical insights is
therefore demanding and often limiting. For example, the work
of Choi et al. showed that the structural features formed during
CO2 electrolysis on a Cu(100) nanowire further enhanced its
C2+ selectivity over C1.

27 This catalytic improvement was
associated with the increase in the density of steps on the
nanowire surface (i.e., a combination of Cu(100) and Cu(111)
facets). Therefore, although heterogeneous, the formation of
active sites that occurs during electrocatalysis on structurally
evolving nanocatalysts can reach superior performance over
that predicted by theory.
Although potentially beneficial, there remains a lack of

consensus in the literature regarding whether the structural
transformation taking place during electrolysis is responsible
for catalytic degradation or improvement. For example, Huang
et al. identified the nanoclustering taking place on Cu
nanocrystals as a degradation process that reduces the catalytic
activity over time, correlating low coordination sites with a rise
in the HER at the expense of CO2RR.

19 Along this line, a
similar claim was supported computationally in the work by
Wang and co-workers, highlighting that lower-coordinated
sites promote both *H and *CO binding.28 Meanwhile, other
theoretical studies demonstrated that coordinately unsaturated
sites facilitate the C−C coupling step essential to multicarbon
(C2+) formation as a result of higher CO coverage enabled by
stronger *CO binding sites.29 The disparity in the catalytic
benefits inferred by an increase of undercoordinated sites
during CO2RR makes it difficult for the community to identify
which key features to favor for the design of CO2RR
electrocatalysts.
Nonetheless, in spite of their potential disadvantage, there is

a sizable number of works that have consistently corroborated
the increase in the CO2RR activity and the C2+ selectivity upon
increasing the undercoordination formation of Cu nano-
catalysts.22,27,30,31 Thus, this suggests the necessity to further
explore this hypothesis toward enhanced CO2RR catalytic
performance. As part of this effort, one representative study is
the work by Li et al. where the dramatic structural evolution of
a Cu nanoparticle ensemble during CO2RR, termed electro-
chemical scrambling, leads to a distinct enhancement in C2+
selectivity and activity.22 This enhancement was associated
with the formation of undercoordinated Cu sites characterized
by extended X-ray absorption fine structure (EXAFS) analysis.
This work strongly supports the correlation between under-
coordinated site formation and the intrinsically higher activity
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(i.e., specific activity) of this Cu NP ensemble toward C2+
formation. Additionally, the formation of such sites was found
to take place rapidly at the beginning of electrolysis and
achieve a metastable state capable of sustaining stable catalytic
activity. The reconstruction event leading to undercoordinated
site formation was therefore identified as a new catalytic active
site formation process, rather than degradation process.
To adequately assess the benefits of a surface formed as a

result of structural reconstruction (e.g., undercoordinated
sites), systematic experimental and theoretical approaches are
preferable. Well-defined macroscopic and nanoscopic catalyst
surfaces with different orientations and coordination numbers
(e.g., single crystals, well-defined nanocatalysts, atomically
precise clusters) are better suited starting materials to track a
structural evolution triggered under CO2-reducing conditions.
Investigating such a dynamic process will be greatly improved
by using in situ/operando techniques and carrying out parallel
theoretical studies that will provide complementary molecular-
level insights into active sites and associated mechanistic
reaction pathways for CO2RR.
In addition, it is of great importance to study the intrinsic

catalytic property of active sites and their catalytic function.
For instance, in an effort to gauge the chemical interaction
between adsorbates and active sites, hydroxyl and sulfate
adsorption/desorption have been utilized as a measure of
intermediate binding strength on Ag nanocatalysts for
CO2RR.

32 In another work from our group, underpotentially
deposited Pb adatoms were also used as a surrogate for
adsorbed intermediate species to study adsorbate binding
strength of the evolved Cu catalyst with abundant under-
coordinated sites.22 It was suggested that the undercoordinated
sites offer much stronger binding sites for intermediate species
for C−C coupling, as can be anticipated from the bond order
conservation principle. In this study, the electrochemically
active surface area (ECSA) of the catalysts was also measured
using Pb underpotential deposition (UPD) to compare the
specific C2+ activity, providing more insights into the enhanced
C−C dimerization activity compared to conventional poly-
crystalline Cu catalysts. This normalization is crucial to
accurately extract the intrinsic properties responsible for the
observation of catalytic enhancement,33 further supporting the
significance of low-coordinated Cu sites as catalytically
favorable to CO2-to-C2+ conversion. Often, by relying
principally on ex situ characterization further supported by
DFT calculations, an improvement in the catalytic activity of a
nanocatalyst is too easily associated with a specific structural
feature (i.e., facets, steps, kinks). However, such features may
result from the process of surface roughening that simulta-
neously increase the ECSA.
Altogether, to properly evaluate catalytic benefits of active

structures newly formed during CO2RR, needed are (1) the
rigorous characterization of the catalyst features created from
the dynamic structural transformation, preferably using in situ
methods whenever applicable, (2) isolating the inherent
catalytic property of such features based on experimental
results and theoretical calculations, and (3) the activity
normalization using adequate ECSA measuring methods
(Figure 2).

2.3. Guiding the Dynamics of Nanocatalysts

With well-founded understandings, the structural transforma-
tion of nanocatalysts can be controlled and exploited to expand
the reach of nanocatalyst design that may not be attainable

through conventional nanomaterial synthesis. However,
achieving such transformation toward intrinsically active
surfaces in a controlled manner requires guiding principles.
Multiple parameters need to be considered including (1) the
surface energy of the nanocatalyst that determines its
propensity for structural rearrangement prior to the reaction,
(2) the surrounding environment it is subject to during CO2
electrocatalysis, and (3) the nanocatalyst−support interactions.
These parameters are convoluted and thus require compre-
hensive consideration from which various strategies can be
devised to guide the evolution of nanocatalysts (Figure 3).
The surface energy is highly dependent on the composition

and exposed facets of the nanocatalyst, as well as the molecular
species that interact with its surface. This generally involves
reaction species adsorbed to surface atoms (i.e., reaction
intermediates such as *CO), species in the electrolyte (e.g.,
electrolyte ions, hydroxide ions), and at times, the organic
passivating agents used in the synthesis of the nanocatalyst.9,34

The presence of ligands is an excellent example of how to
control the surface properties of a nanocatalyst while mediating
interactions with other species. Several works have shown how
the presence or absence thereof significantly influence the
structural transformation of nanocatalysts during CO2
electrolysis. In general, the ligand−metal surface binding
strength, which is determined by the ligand headgroup and
nanocatalyst exposed facets, dictates the resilience of the
surface structure to the structural transformation.35 For
instance, with strongly bound ligands, the structural trans-
formation under bias can be deterred, and thus, the
nanocatalysts tend to retain their initial structure and catalytic
performance.35,36 Another strategy to preserve the initial
morphology of nanocatalysts is to employ a conductive
protective layer such as graphene oxide.37 Wrapping Cu
nanowire catalysts with graphene oxide was demonstrated to

Figure 2. Schematic illustration of dynamic surfaces of catalysts under
CO2-reducing condition. To gain a molecular-level understanding on
electrocatalytic CO2 conversion occurring on the surface of the
dynamic catalyst surface, which tends to be more challenging for
nanocatalysts, in situ/operando characterization of electrocatalysts
combined with theoretical computations is pivotal. Intrinsic catalytic
activity of the catalysts (e.g., current toward a CO2RR product divided
by electrochemically active surface area) should be assessed to
correlate the catalytic performance and the structural properties of the
catalysts present during CO2 electrolysis.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.1c00562
JACS Au 2022, 2, 562−572

565

https://pubs.acs.org/doi/10.1021/jacsau.1c00562?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00562?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00562?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00562?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


improve the structural stability while maintaining the electro-
catalyst activity.37

However, these approaches may hamper the access of CO2
molecules to active sites and also the formation of potentially
more active reaction sites due to a restricted structural
transformation. Recently, Chen et al. reported a systematic
study of how the removal of surface ligands from Au
nanoclusters influences the overall activity of CO2-to-CO
electroconversion.38 In this work, different thermal and
electrochemical treatments prior to CO2 electrolysis were
conducted to compare their effectiveness in removing the
organic ligands, exposing the undercoordinated Au cluster
reaction sites, and enhancing catalytic activity. It was also
found that harsh treatment conditions can result in excessive
nanocluster coalescence and thus a reduction in surface area
and the number of undercoordinated sites. Furthermore, an S-
doped graphene support used in this work allowed for the

stabilization of the nanoclusters during CO2RR by anchoring
the catalysts through the sulfur−Au cluster interactions. This
work highlights the duality between preserving a surface and
degrading the accessibility to greater catalytic activity, but it
also exemplifies how the nanocatalyst−support interactions can
be used as another knob to control the structural trans-
formation during CO2 electrolysis.
Therefore, we identify as a primary goal the creation of more

active and selective nanocatalysts that may exist in a metastable
state as a result of the dynamic structural evolution under CO2-
reducing conditions. In this approach, the as-synthesized
nanocatalyst can be thought of as a precursor to make a better
performing catalyst. One example of this concept is our group’s
in-depth study on the electrochemical evolution of Cu
nanoparticles to undercoordination-rich Cu nanocatalysts,
which exhibited a remarkable enhancement in intrinsic
activity.21,22 This approach has attracted growing attention in
the CO2RR research field. For instance, the Sinton group
recently demonstrated that low-coordination Cu clusters can
be created from controlled in situ reduction of molecular
catalysts (i.e., Cu(II) phthalocyanine) via carbon nanoparticle
confined agglomeration. By driving low-coordination forma-
tion, the authors achieved a catalytic selectivity enhancement
otherwise unattainable from the original catalyst.39 We
envision that this type of strategy that generates nanocatalysts
with improved catalytic performance via structural evolution
during CO2 electrolysis will open up new avenues for catalyst
innovations.

3. TAILORING MICROENVIRONMENT FOR
SELECTIVITY CONTROL

The performance of a heterogeneous catalyst is often directly
associated with its inherent surface properties. However, the
environment that surrounds the catalyst also plays a
determining role in the catalytic performance, especially in
electrocatalysis which requires the presence of electrolyte.
Upon application of bias, the effective potential decays away
from the surface, thus inducing the formation of an
environment with ionic properties distinct from the bulk.
Such a difference directly affects the concentration and
stabilization of the reactants and other intermediate species
involved in the reaction. Therefore, this regime requires careful

Figure 3. Schematic illustration of various approaches to guiding the
structural evolution of nanocatalysts under CO2-reducing condition.
To control and ultimately harness the dynamic transformation of
nanocatalysts for enhanced catalytic performance, various strategies
can be devised, utilizing ligand/catalyst interaction, catalyst/support
interaction, and a catalyst protecting layer.

Figure 4. Schematic illustration of catalytic microenvironment of nanocatalysts during CO2 electrolysis and approaches to tuning
microenvironment. Dynamic and complex nature of catalytic microenvironment during CO2RR is depicted in the schematic diagram. Tandem
electrocatalysis and molecular modification approaches are promising ways to tailor the microenvironment for improved catalytic performance.
Nanocatalysts with different colors indicate dissimilar catalytic selectivity for CO2RR. FG indicates functional groups in molecular modifiers.
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considerations for CO2RR, as it entails a broad range of
possible reaction pathways, involving multiple electron/proton
transfers and intermediate species.
The parameters that define the characteristics of the regime

local to the surface are especially complex when considering
the electroreduction of CO2 in aqueous conditions. CO2
availability largely depends on its interaction with water
molecules, which is governed by several equilibria.40 The
chemical nature is also sensitive to the diffusion of CO2 in the
electrolyte as well as the local pH during CO2RR.
Furthermore, water is a polar solvent that can stabilize polar
transition states and intermediates via hydrogen bonding, while
participating in the CO2RR as a proton donor.41 Additionally,
experimental and theoretical evidence suggest the significance
of cation species in mediating the adsorption and stabilization
of CO2 and intermediates through electrostatic interactions,
facilitating its reduction.42−46

Therefore, optimizing the catalytic performance of CO2
electroreduction cannot be attained without the comprehen-
sive consideration of all components specific to the environ-
ment locally confined to the catalyst surface (i.e., micro-
environment) (Figure 4). A better understanding of the
synergistic interplay between the catalyst surface and its
surroundings and the resulting impact on the progress of the
reaction are necessary before eventually tailoring nanocatalysts’
microenvironment and tuning their activity toward a more
targeted and effective CO2 electroconversion.

3.1. Microenvironment Confined Species Participating in
CO2RR

CO2RR involves multiple electron and proton transfers which
depending on the catalyst can lead to a variety of potential
intermediates and thus products. To achieve the selective CO2
electroconversion to a targeted product, it is crucial to favor
the formation and stabilization of key intermediates identified
so far. However, intermediates are influenced not only by the
catalyst surface sites but also by the coexisting surrounding
species confined near the catalyst surface (e.g., electrolyte
species, surface ligands). Therefore, the molecular population
present at the catalyst surface and coexisting with key
intermediates should be taken into consideration when
investigating the progress of the multistep CO2 electro-
reduction reaction.
To probe the molecular landscape formed during CO2RR on

the catalyst surface and in its close proximity, various surface-
sensitive spectroscopic techniques such as in situ IR and
Raman have been utilized.47−49 However, a main hurdle
remains the detection of intermediate species that may exist at
a low concentration in the dynamic electrochemical environ-
ment, which may be further exacerbated if these intermediates
only reside transiently at the catalyst surface.
Furthermore, it is far more challenging to examine

intermediate species that are not bound to the catalyst surface
during CO2RR. For instance, it has been shown that the
stabilization and availability of key intermediates such as CO
are essential to the activity and selectivity of CO2 electro-
reduction. Multiple works have demonstrated how the high
*CO coverage is necessary to the formation of C2+
products.29,50,51 However, although previously suggested to
be relevant, the impact of the availability of CO in a regime
confined near the surface has not been clearly addressed.
Most recently, a new report has suggested that the formation

and retention of CO as an intermediate during CO2

electroreduction plays a more critical role than previously
anticipated.52 Specifically, this work suggests the formation of a
CO concentrated reservoir that expands beyond the traditional
*CO monolayer coverage. In addition, a clear correlation was
established between the density of these intermediates and the
rate of C−C coupling leading to the formation of C2+ products.
Along with other works53,54 that have suggested the presence
of near-surface-confined CO intermediates based on spectro-
scopic observation, this report emphasizes the importance of a
microenvironment formed and maintained during CO2
electrolysis. The significance of an intermediary CO reservoir
to promote C−C coupling also entails the necessity to
optimize both the C−C coupling ability of the catalyst surface
and the local environment to favor the concentration of CO
molecules as intermediates. Therefore, new approaches and
further advances in spectroscopic techniques that will enable us
to investigate intermediates at and near the catalyst/electrolyte
interface are needed to better define the catalytic impact of the
microenvironment.

3.2. Tandem Electrocatalysis Approach

Tandem catalysis is a promising strategy to tailor the catalytic
microenvironment, where two or more distinct catalytic sites
are closely located to achieve sequential reactions, which in
turn can enhance catalytic activity and better tune product
selectivity.55 To this end, nanocatalysts have been designed
using multiple elements that can individually carry out different
reaction steps, improving the overall efficiency of complex
multistep reactions. The combination of reaction sites that (1)
improve the availability of key intermediates together with
different reaction sites that (2) convert these intermediates to a
final product is fundamental to the tandem catalysis approach.
When applied to the electroconversion of CO2 to multi-

carbon products, the tandem approach is especially powerful,
as this reaction involves a complex reaction tree leading to a
variety of products. Hence, identifying important intermediate
species at the branching points of a reaction pathway and
understanding the rate-determining steps are crucial when
guiding the reaction outcome of CO2 electrocatalysis through
the tandem approach.
One prominent approach for tandem CO2 electrolysis is the

pairing of CO-selective catalysts such as Ag and Au catalysts,
together with Cu catalysts capable of efficient C−C coupling
(Figure 5). Surface adsorbed CO is widely recognized as a key
intermediate for C2+ formation. Therefore, the CO spillover
effect with relatively short surface diffusion or a high CO
concentration obtained from nearby CO-generating sites can
provide a microenvironment that promotes C−C coupling.56,57

Our research group explored this tandem strategy by
codepositing Ag and Cu nanoparticles on a gas-diffusion
electrode for high-rate, tandem CO2 electrolysis.58 In
comparison to the Cu nanoparticle system in CO2- or CO-
reducing conditions, the combination of two distinct active
sites significantly improved the turnover of C2+ products
including ethylene and ethanol. In addition, no structural or
electronic interactions were observed between Cu and Ag
nanocatalysts post-electrolysis. These results suggest that such
catalytic improvement solely results from the CO-enriched
microenvironment generated by Ag active sites and made
available to the nearby Cu active sites.
However, it is worth noting that for Cu-based tandem CO2

electrolysis, the thermodynamic miscibility of the other
elements used in concert with Cu is an important factor to
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consider.59 For instance, Au can form alloys and intermetallic
compounds with Cu. Thus, although the Au and Cu phases in
a nanocatalyst are initially spatially separated, they tend to
form alloys through structural reconstruction during CO2RR,
removing two distinct catalytic domains.56 Moreover, despite a
large miscibility gap in their phase diagram, bimetallic
nanocatalyst systems, for example, containing Cu and Ag,
may potentially also form surface alloys as a result of structural
rearrangement under CO2-reducing conditions. The dynamic
element of the nanocatalyst introduces another way to tune the
binding properties of a bimetallic catalyst as a whole that differ
from those of its individual metallic site. Thus, thorough post-
electrolysis ex situ material characterization is necessary and
should be done in situ whenever possible to understand the
origin of the measured catalytic performance and verify the
presence of a tandem system.
Furthermore, for tandem CO2 electrocatalysis to be

successful, the energetic feasibility of coupling intermediate
species should be carefully considered. Besides the prevailing
research interest in the CO spillover and subsequent CO
dimerization, recent reports have also suggested the coupling
of *CO and *CHx through the combination of nanocatalysts
with dissimilar CO2RR selectivity.60−62 For example, Ting et
al. used Cu2O nanowires (CHx-forming catalyst) decorated
with Ag nanoparticles (CO-forming catalysts), creating a
bimetallic catalyst system, which exhibited 5-fold higher
catalytic activity toward ethanol than pure Cu2O nanowires.60

Using computational modeling, they suggested the coupling
between *CO and *CHx to be energetically more favorable
than *CO dimerization and a main reaction pathway toward
ethanol production. Their calculations also indicated that the
coupling of these intermediates likely occurred at the Cu−Ag
boundaries via a Langmuir−Hinshelwood-type mechanism
rather than the previously suggested CO insertion pathway
(Eley−Rideal mechanism).60,63,64

Although promising, the tandem approach still faces some
challenges. First, the applied potentials necessary to achieve the
target microenvironment composition and to optimize its

utilization to a final product are not necessarily coincidental.
For instance, CO can be produced at high rates with relatively
low overpotentials by Ag nanocatalysts; however, Cu nano-
catalysts may not be able to consume CO effectively for further
reduction at the same applied potentials.57 Additionally, a
similar difficulty emerges when attempting to coproduce
different intermediate species (e.g., CO and CHx from Ag
and Cu, respectively) at comparable current densities prior to
their subsequent coupling. To address these challenges,
approaches including the optimization of the spatial proximity
and relative density of different actives sites should be
considered. Also, alternating the applied potential through
pulsing can be a useful approach to align the production rates
of different intermediate species such as CO and CHx from Ag
and Cu bimetallic systems. At a low bias, Ag-based catalysts
can efficiently generate CO, while Cu-based catalysts would
remain relatively inactive. On the other hand, at a high bias,
Ag-based catalysts can achieve an increased production rate of
CO; meanwhile, Cu-based catalysts start producing CHx and
utilizing the CO from Ag-based catalysts for tandem
asymmetric coupling.
Eventually, establishing a better understanding of how the

microenvironment created during CO2RR in tandem catalytic
systems can benefit the selectivity will greatly rely on in situ or
operando spectroscopic techniques. The resulting information
on which intermediates in what environment lead to the
formation of a specific product will allow modulation of the
design of future tandem platforms in accordance with the
targeted product. Simultaneously, the use of in situ character-
ization methods should be utilized whenever possible to ensure
that despite potential structural evolution, the tandem
character of the employed catalyst is preserved during the
CO2RR.

3.3. Molecular Modification Approach

Conventionally, although necessary for the colloidal synthesis
of nanocatalysts, organic ligands have sometimes been
considered a detrimental component for the purpose of
catalysis as they can block reaction sites. Thus, in many cases,
they are deliberately removed before their use in electro-
catalytic reactions by various methods, such as thermal
annealing, plasma treatment, or electrochemical stripping.65

However, in an effort to overcome scaling relations
associated with metal surface atoms of nanocatalysts, surface
ligands have recently received significant research interest as a
new way to tune nanocatalyst selectivity for CO2RR.

66,67 The
interactions of organic surface ligands with nanoparticle metal
sites and CO2 molecules/intermediate species can modulate
the properties and thus the effects of the microenvironment on
the reaction progress during CO2 electrolysis (Figure 6).
First, tethered surface ligands can interact with the

nanocatalyst surface as a molecular modifier that changes the
electronic structure of the surface metal sites which determines
their binding strength.68,69 This electronic or ligand effect is
often less dominant due to its indirect nature in affecting the
interaction between metal sites and reactants/intermediates.
Besides the metal−ligand interaction, tethered ligands on a

catalyst surface can directly interact with adsorbed CO2
molecules. For instance, Wang et al. demonstrated that
tethered surface ligands with amine functional tail group
(e.g., cysteamine) on Ag nanoparticles can facilitate the
transition of physisorbed CO2 molecules to a chemisorbed
state CO2

•−, significantly enhancing catalytic activity for CO

Figure 5. Schematic illustration of tandem electrocatalysis approach
for CO2RR. Nanocatalysts with dissimilar catalytic selectivity are
placed close to each other to achieve tandem CO2RR. Green
nanocatalyst represent a CO-producing catalyst, while orange
nanocatalyst represent a symmetric (e.g., CO dimerization) or
asymmetric (e.g., CO−CHx coupling) C−C coupling catalyst.
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production compared to their ligand-free counterparts.70 This
work signifies that nanocatalyst ligands can be utilized to
provide unique reaction centers through ligand−intermediate
interactions.
In addition to participating in reactant/intermediate

stabilization, nanocatalyst surface ligands can be employed to
regulate the availability of CO2 and water molecules to the
catalyst surface which adjusts the composition of the regime
confined near the particle surface. In the work by Pankhurst et
al., organic ligands containing the imidazolium group were
anchored on Ag nanocatalysts to favor the presence of CO2.

72

Inspired by CO2RR studies carried out in ionic liquid
solutions, the imidazolium motif was predicted to interact
strongly with CO2 molecules and increase their concentration
near the catalyst surface. Additionally, the length of the ligand
tail was further tuned to optimize the hydrophobicity at the
ligand/electrolyte interface, promoting the CO2-to-CO electro-
conversion while suppressing HER.
Beyond the ligand tethering strategies, our group recently

demonstrated that surface ligands (e.g., phosphonic acid) can
also be utilized to create a favorable microenvironment
between the metallic nanoparticle surface (e.g., Ag, Au, and
Pd) and a structurally ordered ligand layer in a detached
state.45 This catalytic microenvironment where metal sites,
electrolyte cations, and surface ligands work cooperatively was
termed the nanoparticle/ordered-ligand interlayer (NOLI). At
the CO2-reducing bias, cations are inserted into the interlayer,
stripping off their hydration shell. The desolvated cations
associated with the vicinal anionic ligand layer, in contrast to
fully hydrated cations found at a typical ligand-free metal
catalyst surface, were found to facilitate the bending of
adsorbed CO2 molecules through enhanced electrostatic
interactions. This confined reaction environment is well
maintained throughout CO2RR by the stable ligand layer
reinforced through intimate noncovalent ligand−ligand inter-
actions.71 This unique confined environment created near the
active site enables a much improved catalytic turnover.

The concerted operation of the multiple components in the
NOLI resembles the configuration of enzymes where an
optimal microenvironment around the active site is achieved
by amino acid side chains of the proteins, leading to superior
catalytic reactivity and selectivity.73,74 This study suggests that
intricate interplays between surface ligands and the multiple
constituents of the electrocatalytic interface are critical to
create an enzyme-like microenvironment tailored for CO2RR.
Such a design model can be used to guide future nanocatalyst
developments toward more comprehensive architectures
mimicking that of enzymatic counterparts and achieve similar
catalytic activity/selectivity targeted for CO2 electroconver-
sion.

4. CONCLUSIONS AND OUTLOOK
The electrocatalytic reaction conditions of CO2 electrolysis
induce a variety of dynamic processes both at and near the
catalyst surface, affecting both the catalyst structure itself and
its local reaction environment. Throughout this Perspective,
we have emphasized the significance of delving into catalytic
active sites that exist in situ during CO2RR accounting for the
measured catalytic performance. In situ/operando spectroscopy
and microscopy techniques will be pivotal to studying the
dynamic structural transformation of nanocatalysts under CO2-
reducting conditions and identifying the catalytically active
form of the catalysts. The impact of applied bias on the
interaction of surface atoms with their core structure, their
support, and surface-bound species, should all be examined to
modulate their transition to their ef fective/active state during
electrocatalysis. Improved understanding of this phenomenon
and the catalytic property of the newly formed catalytic
reaction sites will be necessary for the development of
advanced nanocatalyst and also the future integration and
optimization of nanocatalysts into high-rate operating con-
ditions (e.g., electrolyzer applications). For instance, the
controlled structural transformation of nanocatalysts at the
three-phase boundary in gas-diffusion environments will be an
important research direction to eventually attain industrially
relevant performance.
Furthermore, the contribution of the microenvironment to

the progress of CO2RR should be considered in parallel with
the evolution of the catalyst. The dynamic interactions
between near-surface species, reactants, intermediates, and
surface-bound species should be all accounted for in a
comprehensive manner to efficiently isolate the parameters
necessary to narrow down desired CO2RR pathways. Overall,
time and spatially resolved characterization techniques for
nanocatalyst microenvironment studies need to be employed
and further developed in order to circumvent the challenges of
their dynamic and interactive nature during electrocatalysis.
Structural dynamics should be concurrently monitored, or at
least considered, with the characterization and data inter-
pretation of near-surface species present during the reaction.
In this Perspective, we have specifically discussed tandem

electrocatalysis (symmetric and asymmetric) and molecular
modification (molecular modifiers interacting with CO2
reactants, intermediates, electrolyte ions, and water molecules)
approaches to manipulating the catalytic microenvironment to
control catalytic performance. Although these approaches have
provided us with some valuable information extracted from
experimental observations, the use of in situ and operando
techniques remains the most reliable way to assess the
contribution of the microenvironment to the measured

Figure 6. Schematic illustration of the molecular modification
approach. Molecular modifiers (e.g., nanocatalyst ligands) with
various functional groups can be employed to manipulate their
interactions with catalyst, CO2 molecules, intermediates, electrolyte
ions, and water molecules, tuning the catalytic microenvironment of
nanocatalysts. Functional groups at different positions of the
molecular modifiers are highlighted by different colors (yellow,
green, and blue).
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catalytic performance. These characterization capabilities have
already provided essential insights and, with further develop-
ment, will narrow down how the microenvironment formed
under CO2-reducing conditions contributes to the observed
catalytic performance.
Additionally, because microenvironments formed in typical

aqueous conditions are not necessarily equivalent to those in
high-rate conditions, more studies based on experimental
approaches coupled with microkinetic modeling will be
needed. In the future, accounting for the multidimensional
nature of the catalytic interface formed at the surface of the
nanocatalyst and evolving over the course of CO2RR will
become inevitable to truly advance our targets of CO2
valorization.

■ AUTHOR INFORMATION
Corresponding Author

Peidong Yang − Department of Materials Science and
Engineering and Department of Chemistry, University of
California, Berkeley, California 94720, United States;
Chemical Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, California 94720, United States; Kavli
Energy NanoScience Institute, Berkeley, California 94720,
United States; orcid.org/0000-0003-4799-1684;
Email: p_yang@berkeley.edu

Authors

Sunmoon Yu − Department of Materials Science and
Engineering, University of California, Berkeley, California
94720, United States; Chemical Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; orcid.org/0000-0001-7250-9365

Sheena Louisia − Department of Chemistry, University of
California, Berkeley, California 94720, United States;
Chemical Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, California 94720, United States;
orcid.org/0000-0002-2175-6769

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.1c00562

Author Contributions
#S.Y. and S.L. contributed equally.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Director, Office of Science,
Office of Basic Energy Sciences, Chemical Sciences, Geo-
sciences, & Biosciences Division, of the U.S. Department of
Energy under contract no. DE-AC02-05CH11231, FWP
CH030201 (Catalysis Research Program). The authors thank
Chubai Chen and Inwhan Roh for comments regarding this
Perspective.

■ REFERENCES
(1) Intergovernmental Panel on Climate Change. Climate Change
2021: The Physical Science Basis. Contribution of Working Group I to the
Sixth Assessment Report of the Intergovernmental Panel on Climate
Change; Cambridge University Press, 2021.
(2) Grim, R. G.; Huang, Z.; Guarnieri, M. T.; Ferrell, J. R.; Tao, L.;
Schaidle, J. A. Transforming the carbon economy: challenges and

opportunities in the convergence of low-cost electricity and reductive
CO2 utilization. Energy Environ. Sci. 2020, 13 (2), 472−494.
(3) Ross, M. B.; De Luna, P.; Li, Y.; Dinh, C.-T.; Kim, D.; Yang, P.;
Sargent, E. H. Designing materials for electrochemical carbon dioxide
recycling. Nat. Catal. 2019, 2 (8), 648−658.
(4) Kim, D.; Resasco, J.; Yu, Y.; Asiri, A. M.; Yang, P. Synergistic
geometric and electronic effects for electrochemical reduction of
carbon dioxide using gold−copper bimetallic nanoparticles. Nat.
Commun. 2014, 5 (1), 4948.
(5) Kim, D.; Xie, C.; Becknell, N.; Yu, Y.; Karamad, M.; Chan, K.;
Crumlin, E. J.; Nørskov, J. K.; Yang, P. Electrochemical Activation of
CO2 through Atomic Ordering Transformations of AuCu Nano-
particles. J. Am. Chem. Soc. 2017, 139 (24), 8329−8336.
(6) Xie, C.; Niu, Z.; Kim, D.; Li, M.; Yang, P. Surface and Interface
Control in Nanoparticle Catalysis. Chem. Rev. 2020, 120 (2), 1184−
1249.
(7) Guntern, Y. T.; Okatenko, V.; Pankhurst, J.; Varandili, S. B.;
Iyengar, P.; Koolen, C.; Stoian, D.; Vavra, J.; Buonsanti, R. Colloidal
Nanocrystals as Electrocatalysts with Tunable Activity and Selectivity.
ACS Catal. 2021, 11 (3), 1248−1295.
(8) Li, F.; Medvedeva, X. V.; Medvedev, J. J.; Khairullina, E.;
Engelhardt, H.; Chandrasekar, S.; Guo, Y.; Jin, J.; Lee, A.; Thérien-
Aubin, H.; Ahmed, A.; Pang, Y.; Klinkova, A. Interplay of
electrochemical and electrical effects induces structural trans-
formations in electrocatalysts. Nat. Catal. 2021, 4 (6), 479−487.
(9) Osowiecki, W. T.; Nussbaum, J. J.; Kamat, G. A.; Katsoukis, G.;
Ledendecker, M.; Frei, H.; Bell, A. T.; Alivisatos, A. P. Factors and
Dynamics of Cu Nanocrystal Reconstruction under CO2 Reduction.
ACS Appl. Energy Mater. 2019, 2 (11), 7744−7749.
(10) Luc, W.; Fu, X.; Shi, J.; Lv, J.-J.; Jouny, M.; Ko, B. H.; Xu, Y.;
Tu, Q.; Hu, X.; Wu, J.; Yue, Q.; Liu, Y.; Jiao, F.; Kang, Y. Two-
dimensional copper nanosheets for electrochemical reduction of
carbon monoxide to acetate. Nat. Catal. 2019, 2 (5), 423−430.
(11) Zhu, W.; Zhang, Y. J.; Zhang, H.; Lv, H.; Li, Q.; Michalsky, R.;
Peterson, A. A.; Sun, S. Active and selective conversion of CO2 to CO
on ultrathin Au nanowires. J. Am. Chem. Soc. 2014, 136 (46), 16132−
16135.
(12) Reske, R.; Mistry, H.; Behafarid, F.; Roldan Cuenya, B.;
Strasser, P. Particle size effects in the catalytic electroreduction of
CO2 on Cu nanoparticles. J. Am. Chem. Soc. 2014, 136 (19), 6978−
6986.
(13) Zhu, C.; Zhang, Z.; Zhong, L.; Hsu, C.-S.; Xu, X.; Li, Y.; Zhao,
S.; Chen, S.; Yu, J.; Chen, S.; Wu, M.; Gao, P.; Li, S.; Chen, H. M.;
Liu, K.; Zhang, L. Product-Specific Active Site Motifs of Cu for
Electrochemical CO2 Reduction. Chem. 2021, 7 (2), 406−420.
(14) Kim, Y.-G.; Baricuatro, J. H.; Javier, A.; Gregoire, J. M.; Soriaga,
M. P. The Evolution of the Polycrystalline Copper Surface, First to
Cu(111) and Then to Cu(100), at a Fixed CO2RR Potential: A Study
by Operando EC-STM. Langmuir 2014, 30 (50), 15053−15056.
(15) Popovic, S.; Smiljanic, M.; Jovanovic, P.; Vavra, J.; Buonsanti,
R.; Hodnik, N. Stability and Degradation Mechanisms of Copper-
Based Catalysts for Electrochemical CO2 Reduction. Angew. Chem.,
Int. Ed. 2020, 59 (35), 14736−14746.
(16) Gunathunge, C. M.; Li, X.; Li, J.; Hicks, R. P.; Ovalle, V. J.;
Waegele, M. M. Spectroscopic Observation of Reversible Surface
Reconstruction of Copper Electrodes under CO2 Reduction. J. Phys.
Chem. C 2017, 121 (22), 12337−12344.
(17) Simon, G. H.; Kley, C. S.; Roldan Cuenya, B. Potential-
Dependent Morphology of Copper Catalysts During CO2 Electro-
reduction Revealed by In Situ Atomic Force Microscopy. Angew.
Chem., Int. Ed. 2021, 60 (5), 2561−2568.
(18) Manthiram, K.; Surendranath, Y.; Alivisatos, A. P. Dendritic
assembly of gold nanoparticles during fuel-forming electrocatalysis. J.
Am. Chem. Soc. 2014, 136 (20), 7237−7240.
(19) Huang, J.; Hormann, N.; Oveisi, E.; Loiudice, A.; De Gregorio,
G. L.; Andreussi, O.; Marzari, N.; Buonsanti, R. Potential-induced
nanoclustering of metallic catalysts during electrochemical CO2

reduction. Nat. Commun. 2018, 9 (1), 3117.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.1c00562
JACS Au 2022, 2, 562−572

570

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peidong+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4799-1684
mailto:p_yang@berkeley.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sunmoon+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7250-9365
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheena+Louisia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2175-6769
https://orcid.org/0000-0002-2175-6769
https://pubs.acs.org/doi/10.1021/jacsau.1c00562?ref=pdf
https://doi.org/10.1039/C9EE02410G
https://doi.org/10.1039/C9EE02410G
https://doi.org/10.1039/C9EE02410G
https://doi.org/10.1038/s41929-019-0306-7
https://doi.org/10.1038/s41929-019-0306-7
https://doi.org/10.1038/ncomms5948
https://doi.org/10.1038/ncomms5948
https://doi.org/10.1038/ncomms5948
https://doi.org/10.1021/jacs.7b03516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-021-00624-y
https://doi.org/10.1038/s41929-021-00624-y
https://doi.org/10.1038/s41929-021-00624-y
https://doi.org/10.1021/acsaem.9b01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-019-0269-8
https://doi.org/10.1038/s41929-019-0269-8
https://doi.org/10.1038/s41929-019-0269-8
https://doi.org/10.1021/ja5095099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5095099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja500328k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja500328k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2020.10.018
https://doi.org/10.1016/j.chempr.2020.10.018
https://doi.org/10.1021/la504445g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la504445g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la504445g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202000617
https://doi.org/10.1002/anie.202000617
https://doi.org/10.1021/acs.jpcc.7b03910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b03910?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202010449
https://doi.org/10.1002/anie.202010449
https://doi.org/10.1002/anie.202010449
https://doi.org/10.1021/ja502628r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502628r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-05544-3
https://doi.org/10.1038/s41467-018-05544-3
https://doi.org/10.1038/s41467-018-05544-3
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(20) Vavra, J.; Shen, T. H.; Stoian, D.; Tileli, V.; Buonsanti, R. Real-
time Monitoring Reveals Dissolution/Redeposition Mechanism in
Copper Nanocatalysts during the Initial Stages of the CO2 Reduction
Reaction. Angew. Chem., Int. Ed. 2021, 60 (3), 1347−1354.
(21) Kim, D.; Kley, C. S.; Li, Y.; Yang, P. Copper nanoparticle
ensembles for selective electroreduction of CO2 to C2-C3 products.
Proc. Natl. Acad. Sci. U. S. A. 2017, 114 (40), 10560−10565.
(22) Li, Y.; Kim, D.; Louisia, S.; Xie, C.; Kong, Q.; Yu, S.; Lin, T.;
Aloni, S.; Fakra, S. C.; Yang, P. Electrochemically scrambled
nanocrystals are catalytically active for CO2-to-multicarbons. Proc.
Natl. Acad. Sci. U. S. A. 2020, 117 (17), 9194−9201.
(23) Kim, J.; Choi, W.; Park, J. W.; Kim, C.; Kim, M.; Song, H.
Branched Copper Oxide Nanoparticles Induce Highly Selective
Ethylene Production by Electrochemical Carbon Dioxide Reduction.
J. Am. Chem. Soc. 2019, 141 (17), 6986−6994.
(24) Hori, Y.; Takahashi, I.; Koga, O.; Hoshi, N. Selective
Formation of C2 Compounds from Electrochemical Reduction of
CO2 at a Series of Copper Single Crystal Electrodes. J. Phys. Chem. B
2002, 106 (1), 15−17.
(25) De Gregorio, G. L.; Burdyny, T.; Loiudice, A.; Iyengar, P.;
Smith, W. A.; Buonsanti, R. Facet-Dependent Selectivity of Cu
Catalysts in Electrochemical CO2 Reduction at Commercially Viable
Current Densities. ACS Catal. 2020, 10 (9), 4854−4862.
(26) Loiudice, A.; Lobaccaro, P.; Kamali, E. A.; Thao, T.; Huang, B.
H.; Ager, J. W.; Buonsanti, R. Tailoring Copper Nanocrystals towards
C2 Products in Electrochemical CO2 Reduction. Angew. Chem., Int.
Ed. 2016, 55 (19), 5789−5792.
(27) Choi, C.; Kwon, S.; Cheng, T.; Xu, M.; Tieu, P.; Lee, C.; Cai,
J.; Lee, H. M.; Pan, X.; Duan, X.; Goddard, W. A.; Huang, Y. Highly
active and stable stepped Cu surface for enhanced electrochemical
CO2 reduction to C2H4. Nat. Catal. 2020, 3 (10), 804−812.
(28) Li, Q.; Zhang, Y.; Shi, L.; Wu, M.; Ouyang, Y.; Wang, J.
Dynamic structure change of Cu nanoparticles on carbon supports for
CO2 electro-reduction toward multicarbon products. InfoMat 2021, 3
(11), 1285−1294.
(29) Sandberg, R. B.; Montoya, J. H.; Chan, K.; Nørskov, J. K. CO-
CO coupling on Cu facets: Coverage, strain and field effects. Surf. Sci.
2016, 654, 56−62.
(30) Baturina, O. A.; Lu, Q.; Padilla, M. A.; Xin, L.; Li, W.; Serov, A.;
Artyushkova, K.; Atanassov, P.; Xu, F.; Epshteyn, A.; Brintlinger, T.;
Schuette, M.; Collins, G. E. CO2 Electroreduction to Hydrocarbons
on Carbon-Supported Cu Nanoparticles. ACS Catal. 2014, 4 (10),
3682−3695.
(31) Li, J.; Che, F.; Pang, Y.; Zou, C.; Howe, J. Y.; Burdyny, T.;
Edwards, J. P.; Wang, Y.; Li, F.; Wang, Z.; De Luna, P.; Dinh, C. T.;
Zhuang, T. T.; Saidaminov, M. I.; Cheng, S.; Wu, T.; Finfrock, Y. Z.;
Ma, L.; Hsieh, S. H.; Liu, Y. S.; Botton, G. A.; Pong, W. F.; Du, X.;
Guo, J.; Sham, T. K.; Sargent, E. H.; Sinton, D. Copper adparticle
enabled selective electrosynthesis of n-propanol. Nat. Commun. 2018,
9 (1), 4614.
(32) Salehi-Khojin, A.; Jhong, H.-R. M.; Rosen, B. A.; Zhu, W.; Ma,
S.; Kenis, P. J. A.; Masel, R. I. Nanoparticle Silver Catalysts That
Show Enhanced Activity for Carbon Dioxide Electrolysis. J. Phys.
Chem. C 2013, 117 (4), 1627−1632.
(33) Nitopi, S.; Bertheussen, E.; Scott, S. B.; Liu, X.; Engstfeld, A. K.;
Horch, S.; Seger, B.; Stephens, I. E. L.; Chan, K.; Hahn, C.; Norskov,
J. K.; Jaramillo, T. F.; Chorkendorff, I. Progress and Perspectives of
Electrochemical CO2 Reduction on Copper in Aqueous Electrolyte.
Chem. Rev. 2019, 119 (12), 7610−7672.
(34) Dinh, C. T.; Burdyny, T.; Kibria, M. G.; Seifitokaldani, A.;
Gabardo, C. M.; Garcia de Arquer, F. P.; Kiani, A.; Edwards, J. P.; De
Luna, P.; Bushuyev, O. S.; Zou, C.; Quintero-Bermudez, R.; Pang, Y.;
Sinton, D.; Sargent, E. H. CO2 electroreduction to ethylene via
hydroxide-mediated copper catalysis at an abrupt interface. Science
2018, 360 (6390), 783−787.
(35) Pankhurst, J. R.; Iyengar, P.; Loiudice, A.; Mensi, M.;
Buonsanti, R. Metal-ligand bond strength determines the fate of
organic ligands on the catalyst surface during the electrochemical CO2
reduction reaction. Chem. Sci. 2020, 11 (34), 9296−9302.

(36) Li, Y.; Xu, A.; Lum, Y.; Wang, X.; Hung, S. F.; Chen, B.; Wang,
Z.; Xu, Y.; Li, F.; Abed, J.; Huang, J. E.; Rasouli, A. S.; Wicks, J.; Sagar,
L. K.; Peng, T.; Ip, A. H.; Sinton, D.; Jiang, H.; Li, C.; Sargent, E. H.
Promoting CO2 methanation via ligand-stabilized metal oxide clusters
as hydrogen-donating motifs. Nat. Commun. 2020, 11 (1), 6190.
(37) Li, Y.; Cui, F.; Ross, M. B.; Kim, D.; Sun, Y.; Yang, P. Structure-
Sensitive CO2 Electroreduction to Hydrocarbons on Ultrathin 5-fold
Twinned Copper Nanowires. Nano Lett. 2017, 17 (2), 1312−1317.
(38) Chen, S.; Li, M.; Yu, S.; Louisia, S.; Chuang, W.; Gao, M.;
Chen, C.; Jin, J.; Salmeron, M. B.; Yang, P. Ligand removal of Au25
nanoclusters by thermal and electrochemical treatments for selective
CO2 electroreduction to CO. J. Chem. Phys. 2021, 155 (5),
No. 051101.
(39) Xu, Y.; Li, F.; Xu, A.; Edwards, J. P.; Hung, S. F.; Gabardo, C.
M.; O’Brien, C. P.; Liu, S.; Wang, X.; Li, Y.; Wicks, J.; Miao, R. K.;
Liu, Y.; Li, J.; Huang, J. E.; Abed, J.; Wang, Y.; Sargent, E. H.; Sinton,
D. Low coordination number copper catalysts for electrochemical
CO2 methanation in a membrane electrode assembly. Nat. Commun.
2021, 12 (1), 2932.
(40) Hori, Y. Electrochemical CO2 Reduction on Metal Electrodes.
In Modern Aspects of Electrochemistry, Vayenas, C. G.; White, R. E.;
Gamboa-Aldeco, M. E., Eds.; Springer: New York, 2008; pp 89−189.
(41) Li, J.; Li, X.; Gunathunge, C. M.; Waegele, M. M. Hydrogen
bonding steers the product selectivity of electrocatalytic CO
reduction. Proc. Natl. Acad. Sci. U. S. A. 2019, 116 (19), 9220−9229.
(42) Chen, L. D.; Urushihara, M.; Chan, K.; Nørskov, J. K. Electric
Field Effects in Electrochemical CO2 Reduction. ACS Catal. 2016, 6
(10), 7133−7139.
(43) Monteiro, M. C. O.; Dattila, F.; Hagedoorn, B.; García-Muelas,
R.; López, N.; Koper, M. T. M. Absence of CO2 electroreduction on
copper, gold and silver electrodes without metal cations in solution.
Nat. Catal. 2021, 4 (8), 654−662.
(44) Ringe, S.; Clark, E. L.; Resasco, J.; Walton, A.; Seger, B.; Bell, A.
T.; Chan, K. Understanding cation effects in electrochemical CO2

reduction. Energy Environ. Sci. 2019, 12 (10), 3001−3014.
(45) Kim, D.; Yu, S.; Zheng, F.; Roh, I.; Li, Y.; Louisia, S.; Qi, Z.;
Somorjai, G. A.; Frei, H.; Wang, L.-W.; Yang, P. Selective CO2

electrocatalysis at the pseudocapacitive nanoparticle/ordered-ligand
interlayer. Nat. Energy 2020, 5 (12), 1032−1042.
(46) Resasco, J.; Chen, L. D.; Clark, E.; Tsai, C.; Hahn, C.; Jaramillo,
T. F.; Chan, K.; Bell, A. T. Promoter Effects of Alkali Metal Cations
on the Electrochemical Reduction of Carbon Dioxide. J. Am. Chem.
Soc. 2017, 139 (32), 11277−11287.
(47) Kim, Y.; Park, S.; Shin, S.-J.; Choi, W.; Min, B. K.; Kim, H.;
Kim, W.; Hwang, Y. J. Time-resolved observation of C−C coupling
intermediates on Cu electrodes for selective electrochemical CO2

reduction. Energy Environ. Sci. 2020, 13 (11), 4301−4311.
(48) Moradzaman, M.; Mul, G. In Situ Raman Study of Potential-
Dependent Surface Adsorbed Carbonate, CO, OH, and C Species on
Cu Electrodes During Electrochemical Reduction of CO2. ChemElec-
troChem. 2021, 8 (8), 1478−1485.
(49) An, H.; Wu, L.; Mandemaker, L. D. B.; Yang, S.; de Ruiter, J.;
Wijten, J. H. J.; Janssens, J. C. L.; Hartman, T.; van der Stam, W.;
Weckhuysen, B. M. Sub-Second Time-Resolved Surface-Enhanced
Raman Spectroscopy Reveals Dynamic CO Intermediates during
Electrochemical CO2 Reduction on Copper. Angew. Chem., Int. Ed.
2021, 60 (30), 16576−16584.
(50) Zhan, C.; Dattila, F.; Rettenmaier, C.; Bergmann, A.; Kuhl, S.;
Garcia-Muelas, R.; Lopez, N.; Cuenya, B. R. Revealing the CO
Coverage-Driven C-C Coupling Mechanism for Electrochemical CO2

Reduction on Cu2O Nanocubes via Operando Raman Spectroscopy.
ACS Catal. 2021, 11 (13), 7694−7701.
(51) Huang, Y.; Handoko, A. D.; Hirunsit, P.; Yeo, B. S.
Electrochemical Reduction of CO2 Using Copper Single-Crystal
Surfaces: Effects of CO* Coverage on the Selective Formation of
Ethylene. ACS Catal. 2017, 7 (3), 1749−1756.
(52) Louisia, S.; Kim, D.; Li, Y.; Gao, M.; Yu, S.; Yang, P. The
presence and role of the intermediary CO reservoir in heterogeneous

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.1c00562
JACS Au 2022, 2, 562−572

571

https://doi.org/10.1002/anie.202011137
https://doi.org/10.1002/anie.202011137
https://doi.org/10.1002/anie.202011137
https://doi.org/10.1002/anie.202011137
https://doi.org/10.1073/pnas.1711493114
https://doi.org/10.1073/pnas.1711493114
https://doi.org/10.1073/pnas.1918602117
https://doi.org/10.1073/pnas.1918602117
https://doi.org/10.1021/jacs.9b00911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00911?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp013478d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp013478d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp013478d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00297?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201601582
https://doi.org/10.1002/anie.201601582
https://doi.org/10.1038/s41929-020-00504-x
https://doi.org/10.1038/s41929-020-00504-x
https://doi.org/10.1038/s41929-020-00504-x
https://doi.org/10.1002/inf2.12229
https://doi.org/10.1002/inf2.12229
https://doi.org/10.1016/j.susc.2016.08.006
https://doi.org/10.1016/j.susc.2016.08.006
https://doi.org/10.1021/cs500537y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs500537y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-07032-0
https://doi.org/10.1038/s41467-018-07032-0
https://doi.org/10.1021/jp310509z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp310509z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aas9100
https://doi.org/10.1126/science.aas9100
https://doi.org/10.1039/D0SC03061A
https://doi.org/10.1039/D0SC03061A
https://doi.org/10.1039/D0SC03061A
https://doi.org/10.1038/s41467-020-20004-7
https://doi.org/10.1038/s41467-020-20004-7
https://doi.org/10.1021/acs.nanolett.6b05287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b05287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b05287?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0059363
https://doi.org/10.1063/5.0059363
https://doi.org/10.1063/5.0059363
https://doi.org/10.1038/s41467-021-23065-4
https://doi.org/10.1038/s41467-021-23065-4
https://doi.org/10.1073/pnas.1900761116
https://doi.org/10.1073/pnas.1900761116
https://doi.org/10.1073/pnas.1900761116
https://doi.org/10.1021/acscatal.6b02299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1039/C9EE01341E
https://doi.org/10.1039/C9EE01341E
https://doi.org/10.1038/s41560-020-00730-4
https://doi.org/10.1038/s41560-020-00730-4
https://doi.org/10.1038/s41560-020-00730-4
https://doi.org/10.1021/jacs.7b06765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b06765?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0EE01690J
https://doi.org/10.1039/D0EE01690J
https://doi.org/10.1039/D0EE01690J
https://doi.org/10.1002/celc.202001598
https://doi.org/10.1002/celc.202001598
https://doi.org/10.1002/celc.202001598
https://doi.org/10.1002/anie.202104114
https://doi.org/10.1002/anie.202104114
https://doi.org/10.1002/anie.202104114
https://doi.org/10.1021/acscatal.1c01478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c01478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b03147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b03147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b03147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.33774/chemrxiv-2021-x46f8
https://doi.org/10.33774/chemrxiv-2021-x46f8
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electroreduction of CO2. ChemRxiv. DOI: 10.33774/chemrxiv-2021-
x46f8 (accessed 12/05/2021).
(53) Wuttig, A.; Liu, C.; Peng, Q.; Yaguchi, M.; Hendon, C. H.;
Motobayashi, K.; Ye, S.; Osawa, M.; Surendranath, Y. Tracking a
Common Surface-Bound Intermediate during CO2-to-Fuels Catalysis.
ACS Cent. Sci. 2016, 2 (8), 522−528.
(54) Clark, E. L.; Bell, A. T. Direct Observation of the Local
Reaction Environment during the Electrochemical Reduction of CO2.
J. Am. Chem. Soc. 2018, 140 (22), 7012−7020.
(55) Xie, C.; Niu, Z.; Kim, D.; Li, M.; Yang, P. Surface and Interface
Control in Nanoparticle Catalysis. Chem. Rev. 2020, 120 (2), 1184−
1249.
(56) Morales-Guio, C. G.; Cave, E. R.; Nitopi, S. A.; Feaster, J. T.;
Wang, L.; Kuhl, K. P.; Jackson, A.; Johnson, N. C.; Abram, D. N.;
Hatsukade, T.; Hahn, C.; Jaramillo, T. F. Improved CO2 reduction
activity towards C2+ alcohols on a tandem gold on copper
electrocatalyst. Nat. Catal. 2018, 1 (10), 764−771.
(57) Lum, Y.; Ager, J. W. Sequential catalysis controls selectivity in
electrochemical CO2 reduction on Cu. Energy Environ. Sci. 2018, 11
(10), 2935−2944.
(58) Chen, C.; Li, Y.; Yu, S.; Louisia, S.; Jin, J.; Li, M.; Ross, M. B.;
Yang, P. Cu-Ag Tandem Catalysts for High-Rate CO2 Electrolysis
toward Multicarbons. Joule 2020, 4 (8), 1688−1699.
(59) Lee, C. W.; Yang, K. D.; Nam, D. H.; Jang, J. H.; Cho, N. H.;
Im, S. W.; Nam, K. T. Defining a Materials Database for the Design of
Copper Binary Alloy Catalysts for Electrochemical CO2 Conversion.
Adv. Mater. 2018, 30 (42), 1704717.
(60) Ting, L. R. L.; Piqué, O.; Lim, S. Y.; Tanhaei, M.; Calle-Vallejo,
F.; Yeo, B. S. Enhancing CO2 Electroreduction to Ethanol on
Copper−Silver Composites by Opening an Alternative Catalytic
Pathway. ACS Catal. 2020, 10 (7), 4059−4069.
(61) Iyengar, P.; Kolb, M. J.; Pankhurst, J. R.; Calle-Vallejo, F.;
Buonsanti, R. Elucidating the Facet-Dependent Selectivity for CO2

Electroreduction to Ethanol of Cu−Ag Tandem Catalysts. ACS Catal.
2021, 11 (8), 4456−4463.
(62) Herzog, A.; Bergmann, A.; Jeon, H. S.; Timoshenko, J.; Kuhl,
S.; Rettenmaier, C.; Lopez Luna, M.; Haase, F. T.; Roldan Cuenya, B.
Operando Investigation of Ag-Decorated Cu2O Nanocube Catalysts
with Enhanced CO2 Electroreduction toward Liquid Products. Angew.
Chem., Int. Ed. 2021, 60 (13), 7426−7435.
(63) Wang, Y.; Wang, D.; Dares, C. J.; Marquard, S. L.; Sheridan, M.
V.; Meyer, T. J. CO2 reduction to acetate in mixtures of ultrasmall
(Cu)n,(Ag)m bimetallic nanoparticles. Proc. Natl. Acad. Sci. U. S. A.
2018, 115 (2), 278−283.
(64) Lee, S.; Park, G.; Lee, J. Importance of Ag−Cu Biphasic
Boundaries for Selective Electrochemical Reduction of CO2 to
Ethanol. ACS Catal. 2017, 7 (12), 8594−8604.
(65) Niu, Z.; Li, Y. Removal and Utilization of Capping Agents in
Nanocatalysis. Chem. Mater. 2014, 26 (1), 72−83.
(66) Peterson, A. A.; Nørskov, J. K. Activity Descriptors for CO2

Electroreduction to Methane on Transition-Metal Catalysts. J. Phys.
Chem. Lett. 2012, 3 (2), 251−258.
(67) Wang, L.; Chen, W.; Zhang, D.; Du, Y.; Amal, R.; Qiao, S.; Wu,
J.; Yin, Z. Surface strategies for catalytic CO2 reduction: from two-
dimensional materials to nanoclusters to single atoms. Chem. Soc. Rev.
2019, 48 (21), 5310−5349.
(68) Kim, C.; Eom, T.; Jee, M. S.; Jung, H.; Kim, H.; Min, B. K.;
Hwang, Y. J. Insight into Electrochemical CO2 Reduction on Surface-
Molecule-Mediated Ag Nanoparticles. ACS Catal. 2017, 7 (1), 779−
785.
(69) Kim, C.; Jeon, H. S.; Eom, T.; Jee, M. S.; Kim, H.; Friend, C.
M.; Min, B. K.; Hwang, Y. J. Achieving Selective and Efficient
Electrocatalytic Activity for CO2 Reduction Using Immobilized Silver
Nanoparticles. J. Am. Chem. Soc. 2015, 137 (43), 13844−13850.
(70) Wang, Z.; Wu, L.; Sun, K.; Chen, T.; Jiang, Z.; Cheng, T.;
Goddard, W. A., 3rd Surface Ligand Promotion of Carbon Dioxide
Reduction through Stabilizing Chemisorbed Reactive Intermediates. J.
Phys. Chem. Lett. 2018, 9 (11), 3057−3061.

(71) Yu, S.; Kim, D.; Qi, Z.; Louisia, S.; Li, Y.; Somorjai, G. A.; Yang,
P. Nanoparticle Assembly Induced Ligand Interactions for Enhanced
Electrocatalytic CO2 Conversion. J. Am. Chem. Soc. 2021, 143, 19919.
(72) Pankhurst, J. R.; Guntern, Y. T.; Mensi, M.; Buonsanti, R.
Molecular tunability of surface-functionalized metal nanocrystals for
selective electrochemical CO2 reduction. Chem. Sci. 2019, 10 (44),
10356−10365.
(73) Armstrong, F. A.; Hirst, J. Reversibility and efficiency in
electrocatalytic energy conversion and lessons from enzymes. Proc.
Natl. Acad. Sci. U. S. A. 2011, 108 (34), 14049−14054.
(74) Lu, H.; Tournet, J.; Dastafkan, K.; Liu, Y.; Ng, Y. H.; Karuturi,
S. K.; Zhao, C.; Yin, Z. Noble-Metal-Free Multicomponent Nano-
integration for Sustainable Energy Conversion. Chem. Rev. 2021, 121
(17), 10271−10366.

JACS Au pubs.acs.org/jacsau Perspective

https://doi.org/10.1021/jacsau.1c00562
JACS Au 2022, 2, 562−572

572

https://doi.org/10.33774/chemrxiv-2021-x46f8
https://doi.org/10.33774/chemrxiv-2021-x46f8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.33774/chemrxiv-2021-x46f8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00155?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41929-018-0139-9
https://doi.org/10.1038/s41929-018-0139-9
https://doi.org/10.1038/s41929-018-0139-9
https://doi.org/10.1039/C8EE01501E
https://doi.org/10.1039/C8EE01501E
https://doi.org/10.1016/j.joule.2020.07.009
https://doi.org/10.1016/j.joule.2020.07.009
https://doi.org/10.1002/adma.201704717
https://doi.org/10.1002/adma.201704717
https://doi.org/10.1021/acscatal.9b05319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05319?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202017070
https://doi.org/10.1002/anie.202017070
https://doi.org/10.1073/pnas.1713962115
https://doi.org/10.1073/pnas.1713962115
https://doi.org/10.1021/acscatal.7b02822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b02822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b02822?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm4022479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm4022479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz201461p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz201461p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CS00163H
https://doi.org/10.1039/C9CS00163H
https://doi.org/10.1021/acscatal.6b01862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC04439F
https://doi.org/10.1039/C9SC04439F
https://doi.org/10.1073/pnas.1103697108
https://doi.org/10.1073/pnas.1103697108
https://doi.org/10.1021/acs.chemrev.0c01328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



