View Article Online

View Journal

M) Checs tor updates

Nanoscale
Horizons

The home for rapid reports of exceptional significance in nanoscience and nanotechnology

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Ghosh, R.
Sarma, M. Kamiyama, T. Kawawaki, S. Biswas and Y. Negishi, Nanoscale Horiz., 2025, DOI:
10.1039/D5NH001388B.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale
Horizons

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY rsc.li/nanoscale-horizons
OF CHEMISTRY

(3


http://rsc.li/nanoscale-horizons
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5nh00138b
https://rsc.66557.net/en/journals/journal/NH
http://crossmark.crossref.org/dialog/?doi=10.1039/D5NH00138B&domain=pdf&date_stamp=2025-04-17

Page 1 of 18

Open Access Article. Published on 17 aprlis 2025. Downloaded on 31.05.2025 23:40:28.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Nanoscale Horizons

View Article Online
DOI: 10.1039/D5NH00138B

Next-generation CO, electroreduction: the role of atomically
precise nanoclusters and emerging catalytic strategies
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*

The electrochemical reduction of carbon dioxide (CO;) is a promising approach to simultaneously mitigate greenhouse gas
emissions and produce value-added carbon-based fuels and chemicals. However, sluggish reaction kinetics necessitate the
development of efficient catalysts to enhance activity and selectivity. Metal nanoclusters (NCs) have emerged as highly
promising candidates due to their atomically precise structures, unique electronic properties, and tunable catalytic
behaviors Despite continuous advancements in the synthesis and application of metal NCs, several challenges remain that
hinder their practical deployment. Stability, scalability, and the fine control of selectivity remain critical concerns. This review
systematically explores the stepwise evolution of metal NCs as catalysts for CO, electroreduction, highlighting their key
advantages while also identifying the fundamental limitations that need to be addressed. To overcome such challenges a
key development is observed leads to shift from noble-metal NCs to first-row transition-metal-based NCs, which has
expanded catalytic reactivity and product selectivity. Additionally, the role of alloying in enhancing catalytic performance
through synergistic interactions and electronic modifications is discussed. So, this review provides a comprehensive analysis
of recent progress, with a focus on emerging NC-based electrocatalyst, and outlines future directions to address existing

challenges for sustainable CO, conversion.

1. Introduction

One of the most pressing challenges of environmental
degradation today is the global climate crisis, exacerbated by
the accelerating depletion of fossil fuel resources. Among the
various greenhouse gases contributing to global warming,
carbon dioxide (CO;) is the most significant, with its
atmospheric concentration reaching alarming levels.13 The
rapid industrial expansion over recent decades, coupled with
the continuous combustion of fossil fuels, has been a primary
driver of escalating CO, emissions.* According to projections
from the U.S. energy information administration, global CO,
emissions are expected to rise by approximately 34% by 2050
compared to 2022 levels, posing a severe threat to climate
stability.5 In response to this crisis, the 29t United Nations
climate change conference (COP29), held in Baku, Azerbaijan,
underscored the necessity of financial support for the
implementation of the Paris Agreement’s long-term climate
strategy.® A central goal of this framework is to achieve carbon
neutrality by 2050, necessitating a drastic reduction in net CO;
emissions. Meanwhile, the global energy sector is undergoing a
transformative shift towards sustainable alternatives, including
solar, wind, and hydropower, to reduce dependence on finite
fossil fuel reserves and address the soaring global energy
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demand.” 8 However, the large-scale deployment of these
renewable energy sources presents several critical challenges,
such as energy intermittency, storage limitations, and
geographical constraints, which hinder their ability to serve as
fully reliable and independent energy solutions.? 10 As a result,
achieving a sustainable energy transition requires the
development of diverse alternative energy sources that can
overcome existing limitations, ensuring a reliable and efficient
energy supply.

In the recent time, capture and conversion of CO; into useful
fuels have emerged as a game-changer for mitigating both the
climate change as well as securing sustainability of energy.11-14
Among various methodologies, electrochemical CO;, reduction
(ECO2R) has garnered significant attention due to its high
conversion efficiency, operation under ambient conditions, and
ability to generate a wide range of carbon-based fuels such as
carbon monoxide (CO), formic acid (HCOOH), methanol
(CH30H), methane (CHg4), ethylene (C;H4), acetaldehyde
(CH3CHO), and ethanol (C;HsOH).151® However, the CO;
molecule exhibits high thermodynamic and kinetic stability,
making its activation and subsequent reduction inherently
difficult, which in turn results in sluggish reaction kinetics in
ECO,R.20-22 This limitation significantly broadens the scope of
catalyst development, as the efficiency and applicability of
ECO3R are largely dictated by the catalytic material.23-25> The
overall process is governed by the catalyst’s ability to regulate
reaction selectivity, activity, and stability, making catalyst
design a key factor in optimizing the reaction pathway and
improving product yield. Industries primarily seek high-energy-
value products, such as hydrocarbons, which require multiple
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proton-coupled electron transfer steps, all orchestrated by the
catalyst. Consequently, the design of an ideal electrocatalyst is
paramount for unraveling the mechanistic pathway and
enhancing product efficiency. The activation of CO; is a crucial
initial step in the reduction process, and interestingly, CO, can
adsorb onto the catalyst surface either in a linear or bent
configuration. In the case of linear adsorption, the inherent
stability of CO, necessitates a significantly high negative
potential to induce the formation of the *CO," intermediate via
single-electron capture (Scheme 1). In the subsequent step CO,
can bind to the catalyst surface either through its two oxygen
atoms or via the central carbon atom, leading to the formation
of distinct intermediates that ultimately dictate the final
product selectivity. The HCOO* intermediate primarily form
through proton-coupled electron transfer process when the O
atom of *CO; " is weakly bind with catalyst surface, favoring the
formation of HCOOH as the final product. Conversely, if the
bond between the carbon of *CO, ™ and the catalyst surface is
stronger, the *COOH intermediate is more likely to form.2¢ This
intermediate further undergoes proton and electron coupling
to generate *CO, a pivotal intermediate in the reaction pathway
that influences the formation of both C; and C, products. *CO
can either desorb from the catalyst surface as CO or undergo
further protonation and electron transfer to form C; products
such as CH4 and CH3O0H via *CHO and *COH intermediates. The
formation of C, products follows more complex mechanisms
due to the distinct energy barriers associated with different
intermediates. Significant C; intermediates, including *COCO,
*COCHO, and *COCOH, arise from the dimerization of *CO or its
interaction with *CHO and *COH. Notably, *COCO is formed
through the coupling of two *CO units, representing an
additional rate-determining step in the C, product pathway.?’
Furthermore, *COCHO and *COCOH can emerge either from
the protonation of *COCO or through direct reactions between
*CO and *CHO or *COH. In recent years, researchers have
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made considerable progress in developing electrocatalysts with
moderate selectivity for desired productsdn ECQO3R,Devieraging
different intermediate pathways to enhance efficiency and
control over product distribution. For instance, Wang et al.
reported a CuBr nanoparticle (NP) with in situ restructuring
ability to form Br doped Cu NP during the ECO3R process which
shows Faradic efficiency (FE) of 91.6% for HCOOH formation at
a current density 15.1 mA. Cm-2 under the potential -0.94 V vs.
reversible hydrogen electrode (RHE).28 Jiwanti et al. reported
a Sn0-Sn0,/TizsCoTx NP for the ECO2R resulting HCOOH of
21.32 ppm with a FE of 94.06% using a boron doped diamond
electrode.?®

Transition metal-based catalysts, particularly in the form of
NPs, have garnered significant interest for ECO,R due to their
inherent stability and high catalytic efficiency.3033 These
catalysts are crucial in enabling key reaction steps by offering
active sites that enhance CO; activation and drive its conversion
into value-added products. However, despite their promising
catalytic properties, several intrinsic challenges limit their
overall performance and reproducibility. One of the primary
concerns is the inherent heterogeneity in NP size distribution
and morphology, which leads to significant variations in
catalytic activity and product selectivity.33 Additionally, the
presence of multiple types of active sites within these
nanomaterials can introduce complex reaction pathways, often
resulting in inconsistent product yields and reduced selectivity
for desired products. To overcome these challenges and
improve the reliability of nanomaterials for CO, reduction, the
development of catalysts with uniform particle size and well-
defined active sites is crucial. In this context, atomically precise
metal nanoclusters (NCs) have recently emerged as a highly
promising alternative, offering precise control over size,
morphology, and surface composition at the atomic level.34 35

o) 0
\\\c c/// c-C

| | coupling

*CO and
*CHO coupling

Scheme 1 Reaction mechanism of ECO3R with different products.
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Unlike conventional NPs, NCs consist of a discrete number of
metal atoms, often with well-defined ligand environments,
leading to unique electronic structures and distinct catalytic
properties. This atomic-level precision enables a more
systematic investigation of structure-activity relationships,
allowing for the rational design of catalysts with enhanced
selectivity, stability, and efficiency for ECO3R. In recent years,
the ECO;R has seen remarkable progress in catalyst design,
particularly with atomically precise structural architectures.
Numerous studies have been published on this topic, and
ongoing research continues to expand our understanding of the
fundamental mechanisms and optimization strategies for
catalytic performance.3538 Although a few review articles
summarize the current advancements, they often do not
comprehensively cover the most recent breakthroughs, leaving
gaps in consolidating the latest developments.35 39-44 Despite
significant progress, a systematic and well-defined approach to
identifying the optimal catalyst design—one that ensures both
high selectivity and efficiency in product formation—remains
lacking. Given the complexity of ECO;R, narrowing down the
methodologies to determine the most effective strategies is
crucial for advancing the field. Therefore, our approach focuses

ARTICLE

on addressing this gap by critically analyqngArt%lgmg
methodologies and establishing a well-organize doframewiork

designing highly selective and efficient catalysts. Speuflcally, we
aim to leverage atomically precise NCs as model systems to
elucidate structure-property relationships and uncover
favourable pathways for catalyst development in ECO3R.

2. Nanoclusters and their effects

Metal NCs consist of a few to a few hundred metal atoms held
together predominantly by metallophilic interactions within a
sub-3 nm length scale.*>%” Due to their ultra-small dimensions,
quantum confinement effects play a crucial role in defining their
electronic structures, setting them apart from their bulk and NP
counterparts. Unlike metal NPs, where electronic bands are
continuous, NCs exhibit discrete, quantized energy levels, which
impart them with unique molecular-like properties.*850 In
addition, metal NCs exhibits strong structure—property
correlation, wherein precise tuning of their electronic charge
states necessitates controlled modifications in their structural
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Fig. 1 (a) Structural architecture of [Aus]” NCs. H atoms are omitted for the clarity. Color legend: Au, tan; S, yellow; and C, gray. (b)

Comparision of FEco among of [Auxs]” NC, Au NPs and bulk Au surface. Inset showing the active sites for CO, adsorption in the
theoretically model structure. Color legend: Au, gold; S, blue; C, gray; H, white; and O, red. (c) Comparison of FEco in [Auzs] NCs
depending on their charge. (d) Active site chemistry of [Aus]” NC depending on their change. (e) and (f) Binding energy vs. reaction

TOF for (e) CO; reduction at -1 V and (f) CO oxidation at +0.89 V.
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framework. This fine modulation is predominantly governed by
metal-ligand interactions, which dictate both the stability and
reactivity of the NCs.3158 Consequently, optimizing these
interactions is critical for tailoring the physicochemical
properties of NCs for specific applications.>9-64

The molecular-like nature of NCs, with their well-defined
geometric and electronic structures, presents new
opportunities for enhancing catalytic performance. Through
electronic and geometric modifications, their catalytic activity
can be systematically tuned to achieve superior efficiency. This
advantage is particularly significant in electrocatalysis, where
NCs provide a promising platform for designing next-generation
catalysts with enhanced activity, selectivity, and stability. In the
context of ECO,R, NCs are emerging as advanced catalysts due
to their precisely defined active sites and tuneable charge
states.3% 35 65 Their structural specificity allows for in-depth
mechanistic investigations, facilitating the identification of
optimal active sites and reaction pathways. This mechanistic
understanding is crucial for the rational design of highly efficient
catalysts for CO; conversion, thereby contributing to the
advancement of sustainable energy solutions. As a result, metal
NCs are at the forefront of contemporary electrocatalysis
research, offering an exciting avenue for the development of
innovative catalytic systems with superior performance for
ECO3R and other important transformations.

2.1. Effect of noble metal NCs

The application of NCs in ECO3R initially focused on noble metal
catalysts, specifically gold (Au) and silver (Ag) NCs, due to their
superior stability compared to other transition metal NCs.34
Among these, Au NCs demonstrated remarkable catalytic
performance in CO; reduction. In a pioneering study conducted
in 2012, Kauffman et al investigated the catalytic efficiency of
previously synthesized atomically precise [Au,s(PET)1g]” (PET:
phenylethylthiolate) [Auzs]” NCs (Fig. 1a) in ECO2R and
compared their performance with Au NPs and bulk Au
surfaces.b6 67 Their findings revealed that [Auzs]” NC (1.2 nm)
exhibited an exceptionally high FEco, reaching =100% at an

applied potential of -0.973 V vs. RHE. This efficiency was
significantly enhanced compared to otheoAux-basedscatatysts
approximately 1.2 times higher than 2 nm Au NPs, 10 times
greater than 5 nm Au NPs, and nearly 80 times superior to bulk
Au (Fig. 1b). The remarkable catalytic performance of [Auzs]” NC
was attributed to its well-defined molecular structure, which
facilitated binding interactions with CO, molecules at the active
catalytic site, where O atom of CO; interacts with the three
associated S atoms in the shell, partially driven by electrostatic
attraction (inset Fig. 1b). These interactions facilitated selective
activation of the C=0 bond and promoted the formation of
surface-adsorbed hydrogen species, which are crucial
intermediates in the CO; reduction process. In contrast, such
precise catalytic sites and interactions were either absent or
significantly less effective in larger Au NPs and bulk Au surfaces,
underscoring the advantages of atomically precise NCs in
ECO;R. Although this study achieved the highest FEco using
[Auas]” NCs, it also paved the way for further exploration of
other NCs for ECO3;R. This breakthrough also inspired
researchers to investigate the influence of structural
architecture, electronic charge, and ligand environment on the
catalytic performance of NCs. Building on their initial work, the
same research group conducted an in-depth study on the role
of NC charge in dictating the mechanistic pathway of ECO,R.%8
They discovered that the charge state of the NC significantly
impacted catalytic reactivity by stabilizing the reactant or key
reaction intermediates, ultimately influencing the final product
yield. Their study concluded that anionic NCs exhibited superior
catalytic performance in terms of FEco compared to neutral or
cationic NCs (Fig. 1c). This enhancement was attributed to the
negatively charged NCs, which facilitated CO, adsorption and
stabilized key intermediates, thereby improving overall reaction
efficiency (Fig. 1d). This was determined through the reaction
turnover frequency measured at -1V vs. RHE in the presence of
both acidic and alkaline electrolytes (Figs. 1e-1f). Subsequent
research efforts led to modifications in the electrochemical
setup, transitioning from conventional H-type cells to gas
diffusion electrode-based flow electrolyzers which change the
mechanistic pathway of the reduction process and the
stabilization of the key intermediates, however the final yield is
CO.%°
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Fig. 2 (a) TOF comparison in -0.56 V vs. RHE among Au;s(SCsH13)1s, Ausg(SCsH13)24, and Au144(SCeHi13)s0 NCs. (b) Comparision of FEco
among of [Auzs] NCs with ligand variation. (c) Comparison of FEco in [Auzs] NCs depending on their morphology.
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Further investigations delved into the influence of NC size
and geometric structure while ensuring that the ligand
environment remained consistent. A series of Au NCs from
Auzs(SCsH13)1s, Auzg(SCeH13)24, and Auias(SCeHiz)so—previously
synthesized, were systematically examined to assess their
catalytic performance.”’973 The results demonstrated that as the
Au NC size increased, catalytic activity improved, leading to
higher TOF values(Fig. 2a). This suggests a size-dependent
influence on reaction kinetics or active site availability. Despite
these variations in nuclearity and geometric arrangement, all
three NCs ultimately facilitated the reduction reaction, yielding
CO as the final product, consistent with previous findings.
Subsequent research investigated the influence of surface-
protecting ligands in ECO3R while preserving a consistent NC
structural framework. This study focused on three Auzs NCs,
each stabilized by distinct ligands: PET, 1-naphthalenethiolate
(Nap), and benzoselenolate (SePh).74 It has been observed that
modifications in the carbon tail of the ligands had minimal
influence on the reaction outcome, provided that the overall NC
framework remained unchanged. However, altering the
connecting atoms between the ligand and the NC core had a
pronounced effect on product selectivity. For instance, when
sulfur (S) was used as the anchoring atom, the reduction
reaction predominantly yielded CO as the final product. In
contrast, substituting S with selenium (Se) significantly altered
the reaction pathway, favoring the competitive hydrogen
evolution reaction (HER) (Fig. 2b). Additional studies revealed
that modifying surface-protecting ligands could be an effective
strategy for fine-tuning the electronic structure of Au NCs,
especially by controlling the number of available valence
electrons, as illustrated in two separate studies involving Auzs
NCs.7> 76 This electronic modulation, in turn, had a direct impact
on both the selectivity and efficiency of the ECOR. By varying
ligand composition, one could influence the electron density
around the NC core, thereby modifying the adsorption strength
of CO; intermediates and steering the reaction pathway toward
specific products. Additionally, it was discovered that steric
effects introduced by bulky ligands imposed spatial constraints
on active sites, adversely affecting catalytic performance by
hindering substrate accessibility and electron transfer
efficiency.”” These findings underscored the dual role of ligand

Horizons

modifications in both electronic and steric regulatign, offering
valuable insights for designing high-performariced ad
catalysts. Furthermore, even when the overall Au NC size
remained constant, differences in ligand isomerism resulted in
variations in ECO3R efficiency.’® These variations were primarily
attributed to subtle rearrangements in the structural
architecture of NC, which altered the stabilization energies of
key reaction intermediates. Consequently, these changes
influenced the reaction kinetics and product distribution,
demonstrating the critical role of ligand orientation in
modulating catalytic performance. Despite these changes in
catalytic performance, the final reduction products consistently
remained CO and the competitive HER, highlighting the
inherent limitations imposed by the Au NC. Liu et al. modified
the surface microenvironment of the nanocluster by
incorporating two 2-thiouracil-5-carboxylic acid ligands into the
pocket-like cavity of [Auys(p-MBA)igs]” (p-MBA: para-
mercaptobenzoic acid) NC, significantly enhancing the
interaction between nitrogen and CO, molecules and thereby
improving the FEco activity compared to the model NC.7° Later,
structural morphology has been identified as a critical factor in
determining the ECO3R activity of Au NCs. Comparative studies
between different structural configurations have revealed
significant variations in catalytic performance. For instance, the
spherical [Aus(PET)1s] © NC exhibited a markedly higher FEco
than the rod-shaped [Auzs(PPhs)10(PET)sCl2]2* NC (Fig. 2¢).8° This
disparity was attributed to the more favourable interaction
dynamics between negatively charged reaction intermediates
and the active catalytic sites in the spherical NC, facilitating
enhanced reaction efficiency. Beyond structural morphology,
recent investigations have also emphasized the critical role of
hydrides in Au NCs in dictating ECO3R efficiency.®! The presence
and accessibility of these hydrides significantly influence
electron transfer dynamics and intermediate stabilization,
thereby affecting the overall reaction pathway. Studies on
bridged structures have provided further insights into their
catalytic contributions, shedding light on their potential role in
optimizing selectivity and efficiency.82 The presence of alkali
metal ions in the electrocatalyst has also been identified as a
stimulative factor for ECO,R when using model Auzs NC,
attributed to the cation-coupled electron transfer step.83
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Comparison of ECO;R data between [Auzs]- and Agas NCs. Reproduced with permission form ref. 85. Copyright 2022 Americal Chemical

Society. (c) Structural architecture of alkynyl-protected Ags, NC. H atoms are omitted for the clarity. Color legend: Ag, aqua; F, green;

and C, gray.
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Despite significant progress in understanding the complex
interplay between morphology, ligand effects, and both the
geometrical and electronic structures of Au NCs, the ECO;R
using these NCs has largely been limited to CO as the primary
reduction product. One of the key challenges hindering further
advancement is the persistent competition with HER, which
remains a dominant side reaction. This competition effectively
limits the efficiency and selectivity of CO, reduction processes.
Therefore, there is a critical need for the development of other
materials that can enhance the selectivity for desired products,
improve catalytic efficiency, and minimize the impact of side
reactions like HER.

Researchers then shifted their focus toward Ag NCs as
potential catalysts for ECO,R.#0 Compared to their larger Ag NP
counterparts, Ag NCs demonstrated significantly enhanced
ECO;R performance, making them promising candidates for
improving reaction efficiency and selectivity. Experimental
studies revealed that Ag NCs could achieve nearly 20 times
higher CO mass production than Ag NPs, emphasizing their
superior catalytic activity in ECO,R.84 However, when comparing
with Au NCs containing the same number of metal atoms, such
as [Auzs]” and [Agzs(SPhMez)is]”  (Agzs) (SPhMez:  2,4-
dimethylbenzenethiolate) NCs (Fig. 3a), a significant disparity in
CO production efficiency is evident.8> 86 Experimental studies
have shown that the Auzs NC exhibits a much higher FE¢o and
current density than its Agys counterpart, despite both NCs
possessing structurally similar active catalytic sites (Fig. 3b). The
variation in the onset potential (n) is also visible. This variation
in catalytic performance is primarily attributed to differences in
their electronic structures, which influence the required limiting
potential for CO; reduction. Specifically, the Auzs NC requires a
lower overpotential to activate CO; via *COOH intermediate
stabilization compared to the Ag,s NC. The stronger stabilization
of the *COOH intermediate in Auys facilitates a more efficient
reaction pathway, leading to improved CO; conversion rates. In
contrast, the Agzs NC required a higher overpotential to achieve
the same level of activation, which in turn reduced its catalytic
efficiency. These findings highlight the superior reactivity of Au
NCs over Ag NCs in ECO;R, emphasizing the critical role of
electronic structure and intermediate stabilization in
determining catalytic performance. While Ag NCs offer
advantages over conventional Ag NPs, Au NCs remains more
efficient catalysts for selective CO, reduction, necessitating
further optimization of Ag-based NCs to bridge this
performance gap. As previously discussed in the case of Au NCs,
ligand chemistry plays a pivotal role in modulating both the
selectivity and efficiency of the ECO;R. A similar influence is
observed in Ag NCs, where the nature of the surface-protecting
ligands profoundly affects catalytic performance by altering
electronic properties, active site accessibility, and intermediate
stabilization. In Au NCs, thiolate ligands have been shown to
impact CO selectivity by tuning the electronic structure and
binding affinity of key intermediates. However, Ag NCs
protected by alkynyl ligands have been reported to exhibit an
exceptionally high FEco, consistently reaching approximately
95% at an applied potential of -0.6 V vs. RHE.87 A detailed
reaction kinetics analysis further revealed that the formation of
*COOH serves as the rate-determining step in Ag NC-mediated
ECO3R. The efficiency of CO production is therefore directly
linked to the ability of the NC to stabilize this key intermediate.

6 | J. Name., 2012, 00, 1-3

Ligands that enhance the stabilization of *COOH fagilitate mare
efficient CO, reduction, thereby increasingo thes/overald1 GO
production rate. The nature of the ligands is also appeared as a
decisive factor in this process, even when the core structure and
number of metal atoms in the NCs remain unchanged. A striking
contrast is observed between Au NCs and Ag NCs regarding the
role of ligands in ECO3R performance. In Au NCs, thiolate ligands
are known to enhance the FEco by fine-tuning the electronic
environment around the active catalytic sites and stabilizing
crucial intermediates. However, in Ag NCs, thiolate-protected
species do not exhibit similarly high CO, reduction efficiency.
Instead, Ag NCs demonstrate significantly superior ECO3R
performance when protected by alkynyl ligands rather than
thiolate ligands (Fig. 3c).88 The underlying reaction mechanism
suggests that alkynyl ligands, in particular, play a crucial role in
facilitating the formation of key reactive intermediates, thereby
influencing catalytic efficacy. These ligands are believed to alter
the electronic density around the NC core, modulating the
adsorption and stabilization of *COOH, which is widely
recognized as the rate-determining intermediate in CO,
reduction. By promoting a more favourable energy landscape
for *COOH formation and desorption, alkynyl ligands enhance
the overall catalytic efficiency of Ag NCs, leading to improved
CO selectivity and higher reaction rates. Recently, Chen et al.
identified the supportive role of inner-sphere Na* ions in
alkynyl-protected Agis NC, which enhances FEco activity by
promoting CO, activation and facilitating proton transfer
through the formation of a Na*—CO,(*COOH) complex.&

Despite extensive research on Au and Ag NCs for ECO3R, a
fundamental limitation persists: CO remains the predominant
final reduction product, and the reaction is largely confined to a
two-electron transfer pathway. While theoretical studies
suggest that deeper reductions involving multi-electron
transfer processes could lead to value-added products such as
hydrocarbons and alcohols, the weak binding stability of key
reaction intermediates—such as *CO, *CHO, and *CH,—limits
further progression along the reduction pathway. As a result,
although noble metal NC-based catalysts have demonstrated
exceptional efficiency in selectively converting CO, to CO, their
practical application remains constrained by the inability to
achieve more complex reductions. To overcome these
limitations and move toward practical implementation, future
research must focus on developing alternative catalyst
materials capable of stabilizing crucial reaction intermediates.
Among the emerging candidates, Cu-based NCs have shown the
potential to break the current selectivity bottleneck and unlock
new catalytic pathways for CO, utilization. Unlike Au and Ag
NCs, which primarily facilitate CO evolution, Cu NCs have
demonstrated the ability to promote C-C coupling, leading to
the formation of multi-carbon products.?® Despite their
promising catalytic activity, Cu NCs face challenges related to
stability under electrochemical conditions. However, due to
their superior catalytic potential in driving multi-electron CO,
reduction, Cu NCs are gaining significant attention in the field.
Given the rapid development of Cu NCs for ECO3R, there is now
a pressing need to systematically understanding and summarize
the various Cu-based NC catalysts that have been utilized for
this specific purpose. A comprehensive analysis of their catalytic
activity, structural stability, and key influencing parameters—
such as ligand effects, electronic properties, and surface
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morphology—will be essential for understanding their
performance trends and optimizing their design. This will not
only facilitate the development of next-generation Cu NC
catalysts but also contribute to the broader goal of achieving
sustainable and selective CO, conversion to value-added
products.

2.2. Effect of Cu NCs

Cu is unique among metal electrocatalysts in its ability to drive
ECOZR toward a diverse range of C; and C; products, with over
16 different reduction products identified beyond C0.%195 This
exceptional versatility stems from Cu’s ability to bind CO (*CO)
on its surface with an optimal balance—strong enough to
enable further reduction but not so strong as to hinder
desorption—while simultaneously stabilizing key reaction
intermediates essential for multi-electron transfer processes. In
contrast, metals such as Au and Ag exhibit weak CO binding
affinities, which favor the evolution of CO as the predominant
product rather than its further reduction®s. On the other hand,
metals like nickel (Ni) and platinum (Pt) bind CO too strongly,
leading to CO poisoning that deactivates catalytic sites and
severely limits their effectiveness in CO, reduction. One of the
critical factors that set Cu apart is its ability to exist in multiple
oxidation states—Cu® Cu*, and CuZ*—which dynamically
change under reaction conditions and significantly influence
product selectivity. Despite these advantages, a major
challenge in utilizing Cu NCs for ECO3R lies in their low reduction
potential, which affects both their stability and the controlled
synthesis of well-defined nanostructures. In addition, Cu NCs
are highly susceptible to oxidation, aggregation, and surface
reconstruction during electrochemical cycling, leading to
structural instability and loss of catalytic activity over time.
Additionally, their low reduction potential complicates the
formation of NCs with precise size and shape control, making it
difficult to achieve uniform catalytic behavior. However,
significant progress has been made in addressing these
limitations through advances in ligand engineering, electrolyte
optimization, and surface modification strategies.

The synthesis of ligand-protected stable Cu NCs is typically
achieved through the reduction of Cu precursor salts in the
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presence of surface-protecting ligands, which play a crucialrole
in stabilizing the resulting NCs.?® 97 ploweven9/dering 1the
reduction process, Cu enables efficient interaction with a wide
range of reaction intermediates that are crucial for converting
CO; into valuable multi-carbon products.?® Additionally, Cu
nanoclusters (NCs) exhibit a tendency to bind hydride species,
which can be introduced through specific reduction methods,
potentially influencing the reaction pathway and product
selectivity. These hydrides can be accommodated either in
interstitial positions within the NC core or as lattice-bound
species, both of which significantly alter the overall electronic
structure of the NCs. The presence of these hydrides has been
shown to have a profound impact on the catalytic efficiency of
Cu NCs in ECO3R, influencing key reaction intermediates, charge
transfer dynamics, and product selectivity. Theoretical studies
have provided valuable insights into the role of hydrides in Cu
NCs, revealing that these species can modulate the adsorption
strength of CO,-derived intermediates and directly affect
reaction pathways. Given these observations, the subsequent
discussion categorizes Cu NCs into two broad groups—hydride-
containing Cu NCs and hydride-free Cu NCs—and systematically
evaluates their comparative effectiveness in ECO3;R. Our
discussion also aims to provide an in-depth exploration of the
intricate mechanisms governing Cu NC-based ECO3R, with a
particular emphasis on the role of hydride species in modulating
reaction selectivity and influencing the structural evolution of
the NCs.

2.2.1. Hydride containing Cu NCs

The pioneering utilization of Cu NCs in ECO3R was demonstrated
by Tang et al, who employed the [Cus;H(S2P(OiPr);)12]
(S2P(O'Pr),: diisopropyl dithiophosphate) (Cusz) NC, originally
synthesized by Dhayal et al.?® 190 Cus, NC features a distorted
hexacapped rhombohedral core composed of fourteen Cu
atoms, positioned between two nest-like triangular Cug cupola
fragments (Fig. 4a). The structure is further stabilized by twelve
dithiophosphate ligands and twenty hydride atoms, which
occupy both interstitial and lattice positions. Among these
twenty hydrides, twelve are coordinated to the lattice through
a tricoordination mode, while six hydrides are attached via
tetracoordination, and the remaining two are pentacoordinated
at interstitial positions. Although theoretical Bader charge
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Fig. 4 (a) Structural architecture of Cus; NC. H atoms are omitted partially for the clarity. Color legend: Cu, brown; S, yellow; P, magenta

stick; O, red stick; C, gray stick; and H, white. (b) Theoretical Free energy calculations for CO and HCOOH formation by Cus, NC. (c)

Mechanistic pathway for HCOOH formation form CO; reduction. Reproduced with permission form ref. 100. Copyright 2017 Americal

Chemical Society.
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analysis did not explicitly classify these hydrides based on
charge densities, theoretical calculations revealed that the
exposed lattice hydride sites serve as favorable binding sites for
CO,. Notably, among all the lattice-bound hydrides, those
located at the periphery of the cupola fragments were
identified as the most reactive positions for CO, adsorption.
Following CO, adsorption on the NC surface, the next crucial
step in the reduction pathway involves the addition of the first
hydrogen atom. To determine whether this proton originates
from the lattice hydride positions or the surrounding
electrolyte, Tang et al. investigated both possible mechanisms
(Fig. 4b). Their computational and experimental studies
confirmed that the HCOO* intermediate is preferentially
formed via the lattice-hydride pathway. Further reduction
through the lattice-hydride channel directly leads to the
formation of HCOOH as the final product (Fig. 4c). Despite being
utilized during the reaction, the lattice hydrides can be
regenerated through proton transfer from the electrolyte,
ensuring their continued participation in the catalytic cycle.
Experimental findings strongly support this mechanism,
particularly at low overpotentials, where HCOOH selectivity
exceeds 80% with minimal CO and H, formation. However, at
higher overpotentials, the selectivity shifts as all hydride
channels become active, leading to enhanced HER activity. This
study highlights the unique role of lattice hydrides in Cu NCs,
suggesting that the lattice-hydride mechanism could serve as a
general strategy for achieving selective CO; reduction, offering
a distinct advantage over conventional electrocatalysts.

To further investigate the role of hydrides in Cu NCs and their
impact on ECO,R selectivity, Li et al. conducted a
comprehensive theoretical study.1°! Their work focused on the
[CuzsH22(PPh3)12]Cl (Cuzs) NC, which contains a higher number
of lattice hydrides compared to previously studied systems. This
NC features a well-defined Cujs icosahedral core that is further
stabilized by four Cus triangular units, which cap the tetrahedral
sites of the core. Unlike the previously discussed Cus; NC, where
hydrides were distributed between both interstitial and lattice
positions, in Cuzs NC, all twenty-two hydrides are exclusively
located in lattice positions, each adopting distinct coordination
modes. DFT calculations revealed that, similar to earlier

findings, the most negatively charged lattice hydrides play, a
crucial role in facilitating the initial adsorption @fGomn Teostady
identified that these lattice hydrides preferentially promote the
formation of the HCOO* intermediate, which subsequently
leads to the production of HCOOH. In contrast, the formation of
the *COOH intermediate, a key precursor for CO production,
was found to be thermodynamically unfavorable in the
presence of lattice hydrides. This computational insight aligns
well with previous experimental findings, reinforcing the idea
that lattice-bound hydrides serve as active catalytic sites that
influence product selectivity in ECO,RR. Li et al. synthesized a
unique thiol-free [CuzeH11(DPPE)3(CF3C0O2)s(CH30),(*BuC=C)a]*
(DPPE: 1,2-bis(diphenylphosphino)ethane) (Cuzs) NC which
features a distinctive nested structure composed of a
tetrahedral Cus core encapsulated by Cug and Cuss shells (Fig.
5a).102 The precise positions of the hydride atoms within the NC
were determined using theoretical calculations, which
confirmed that all eleven hydrides are located in interstitial
positions, rather than lattice sites. This structural characteristic
significantly influences the catalytic behavior of Cuzs NC in
ECO;R, as the absence of accessible lattice-bound hydrides
limits their direct participation in the reaction. Due to the lack
of available lattice hydrides, the adsorption and subsequent
reduction of CO; follow an alternative mechanistic pathway in
Cuzs NC, which ultimately leads to the stabilization of the
*COOH intermediate rather than the HCOO¥*. This shift in
intermediate formation dictates the final product selectivity,
favoring CO evolution over HCOOH. Experimental results
demonstrated that Cuzs NC achieves a FE of 81% for CO
production at an applied potential of -0.8 V vs. RHE, highlighting
its strong selectivity toward CO,-to-CO conversion. To further
investigate the role of hydrides in ECO;R, a comparative
theoretical study was performed on the optimized structure of
Cuye, both with and without hydrides. The results revealed that
in the as-synthesized Cuzs NC, the energy barrier for the
formation of the *COOH intermediate was 1.35 eV, whereas the
energy barrier for the competing HER was significantly lower at
0.16 eV. This energy difference suggests that in the presence of
interstitial hydrides, HER is more favorable than CO; reduction.
However, when hydrides were removed from the NC, the
energy barrier for *COOH formation drastically decreased from
1.35 eV to 0.14 eV, indicating a substantial enhancement in CO,

50
(@) ; (b) L dco 1.2V vs. RHE (c)
( I HCOOH
40 -
30+
"]
w 204
10+
0
Cu,,CHT Cu,,-PET

Fig. 5 (a) Structural architecture of Cu,s NC. H atoms are omitted for the clarity. Color legend: Cu, brown; P, magenta stick; Cl, green
stick; O, red stick; and C, gray stick. (b) Comparison of FE between Cu14-CHT and Cu14-PET NCs. (c) Structural architecture of Cuzs NC. H
atoms are partially omitted for the clarity. Color legend: Cu, brown; P, magenta stick; C, gray stick; and H, white.
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activation. Additionally, the absence of hydrides shifted the
rate-determining step to *CO formation, and the energy barrier
for HER increased to 0.72 eV. This increase in HER energy barrier
suggests that without hydrides, CO, reduction becomes the
dominant process, effectively suppressing hydrogen evolution.

Our research group has also made significant contributions
to this field by synthesizing a variety of hydride-containing Cu
NCs and evaluating their catalytic performance in ECO3R.
Recently, we conducted a comparative study on two
structurally similar yet distinct hydride-containing Cu;4 NCs:
[Cu14(PET)3(PPh3)gH10]* (Cu1s-PET) and [Cui4(CHT)3(PPhs)sH10]*
(CHT: cyclohexanethiolate) (Cu14-CHT) NCs.103 Although these
NCs were confirmed to contain hydrides via electrospray
ionization mass spectrometry (ESI-MS), their precise locations
could not be determined through single-crystal X-ray diffraction
(SCXRD). However, the experimental findings revealed that
Cu14-CHT exhibited a maximum FE of 31% for HCOOH and 8%
for CO at an applied potential of -1.2 V vs. RHE, whereas Cui4-
PET demonstrated a slightly enhanced FE of 39% for HCOOH and
a lower FE of 2% for CO under the same reaction conditions (Fig.
5b). This difference in selectivity highlights the influence of
ligand environment and electronic structure on catalytic
behavior. Our analysis suggests that the stronger cuprophilic
(Cu---Cu) interactions in Cui4-PET lead to a more compact NC
structure, which may contribute to greater stability of key
reaction intermediates, ultimately favoring HCOOH formation

ARTICLE

over CO. Building upon this understanding, we alsq,investigated
the catalytic performance of a larger hydrideicantainmg-0u1BEE
[CuigH2(PTT)15(PPhs)e] (PTT: p-toluenethiolate) (CuigPTT) NC
(Fig. 5¢).194 The ECO,RR experiments demonstrated that Cus-
PTT achieved a maximum FE of ~35% for HCOOH and ~4% for
CO at -1.2 V vs. RHE. Notably, in this NC, the two hydrides were
confirmed to be positioned at interstitial sites rather than lattice
positions, meaning they were not directly involved in the proton
transfer process during CO; reduction. Despite this, Cus-PTT NC
still exhibited a preference for HCOOH production over CO,
further reinforcing the hypothesis that factors beyond the
presence of lattice hydrides influence catalytic selectivity. A
deeper structural analysis of Cuis-PTT revealed that its fused-
core architecture, featuring a central Cu(0) atom surrounded by
strong cuprophilic interactions, played a pivotal role in
determining product selectivity. The presence of this
metallophilic interaction is believed to modulate the electronic
structure of the NC, stabilizing the HCOO* intermediate and
promoting HCOOH formation. This finding is particularly
significant as it suggests that HCOOH selectivity in Cu NCs is not
solely dictated by the presence of lattice hydrides; rather,
metallophilic interactions also play a crucial role in tuning
catalytic performance. The influence of cuprophilic interactions
has also been demonstrated in other studies, where stronger
cuprophilic interactions were found to play a crucial role in
enhancing catalytic selectivity.1% Specifically, these interactions
have been shown to favor CH, formation by stabilizing key
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intermediates and facilitating the reaction pathways leading to
CH4 production.

Later we explored the impact of structural defects on the
catalytic performance of Cu NCs, particularly when interstitial
hydrides were present.1% To systematically investigate this, we
synthesized and compared three closely related Cusg NCs: a
regular cubic [CusgH20(SPr)ss(PPhs)s]?* (SPr: propanethiolate)
(Cuss-I) NC a surface-ligand-vacant distorted
[CUSgHzo(SPr)gs(PPh3)7]2+ (CUsg-“), and a further distorted
variant [CusgH20(SEt)ss(PPhs)e]?* (SEt: ethanethiolate) (Cuss-lll)
NCs (Figs. 6a-c). These NCs provided an ideal platform to
examine how structural distortions, ligand vacancies, and
cuprophilic interactions influence ECO2R product selectivity. In
the Cusg-l NC, the cubic framework was well-preserved,
maintaining a relatively moderate cuprophilic interaction. The
interstitial hydrides, though present, were not directly
accessible during the catalytic process, which limited its CO;
reduction activity. As a result, this NC predominantly facilitated
CO evolution, with no significant formation of other products
(Fig. 6d). However, when we introduced a surface-ligand
vacancy by removing one PPhj ligand from the Cuss-I structure,
we obtained the Cusg-1l NC, which featured a partial dislocation
of Cu atoms at one of the cube's vertices. This structural
modification created an open site that subtly altered the
cuprophilic interaction, leading to a distorted geometry. The
distortion appeared to stabilize key reaction intermediates,
particularly those favoring further proton-coupled electron
transfer steps. Consequently, Cusg-lIl NC yielded CH30OH as the
major ECO3R product, with a FE of ~44% at -0.9 V vs. RHE. This
result highlighted the importance of structural flexibility and
ligand vacancy effects in facilitating deeper CO; reduction
pathways with different stabilization of intermediates (Fig. 6e).
Further structural modification in Cusg-lll NC, achieved by
introducing additional Cu atom dislocations at the diagonal
vertex of the cube, dramatically influenced the cluster’s
reactivity. This alteration reoriented the cuprophilic
interactions in such a way that it favored competitive HER over
CO, reduction with very low HCOOH production. This shift
suggests that excessive structural distortion and loss of
electronic coherence among Cu centers can significantly alter

10 | J. Name., 2012, 00, 1-3

the reaction pathway, ultimately reducing the efficiency of CO,
reduction and promoting HER. So, these findings provide
valuable insights into the delicate balance between NC
symmetry, ligand environment, hydride accessibility, and
electronic structure in governing ECO2R selectivity.

2.2.2. Hydride free Cu NCs

Wu et al. reported the design and synthesis of a unique
[Cus(MBD)s] (MBD: 2-mercaptobenzimidazole) (Cug) NC.197 This
hexanuclear NC exhibits a distinct coordination environment in
which each Cu(l) atom is simultaneously bonded to both S and
nitrogen (N) atoms, a structural feature that arises due to the
specific electronic and steric properties of the MBD ligand (Fig.
7a). From our previous discussions, it is evident that this Cug NC
does not contain any Cu(0) species, nor does it exhibit any
additional metal-metal interactions that could further enhance
the typical cuprophilic interaction observed in Cu-based NCs.
Moreover, the absence of hydride species suggests that the
ECO2R likely proceeds via the formation of the *COOH
intermediate, which is generated upon the first protonation of
the O site in the adsorbed CO, molecule. Consistent with our
expectations, the Cug NC achieves a FE of 65.5% for
hydrocarbon production at an applied potential of -1.4 V vs. RHE
(Fig. 7a). Specifically, it exhibits a product distribution of 42.5%
CHg and 23% C;H4, attributed to the effective stabilization of the
key *COOH intermediate. Typically, in Au- and Ag-based NCs,
the weak binding affinity of the intermediate readily leads to CO
desorption. However, in the case of this Cug NC, such CO release
is significantly suppressed due to a favorable binding affinity at
the active sites. This enhanced binding affinity arises from the
presence of symmetry-broken CuS;N; coordination sites, which
result from the distinct electronegativity and atomic size
differences between S and N. This unique coordination
environment facilitates stronger adsorption of ¥*CO, enabling its
further hydrogenation to *CHO and/or participation in C-C
coupling reactions. Theoretical energy calculations further
support this mechanistic insight, revealing that the energy
barrier for CO desorption is relatively high, which promotes
*CHO formation and ultimately dictates the product selectivity
toward CH; and C;H4. Moreover, the computed energy profile

This journal is © The Royal Society of Chemistry 20xx
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suggests that the transformation of *CHO to *COCHO follows a
high-energy pathway (~2.24 eV). This higher activation energy
limits the formation of *COCHO, thereby reducing C,H,
selectivity. Instead, the favored reaction pathway follows *CHO
-> *OCHj3, leading to an increased yield of CH4 over C;H4 and
consequently resulting in a higher FE for CH4 production (Fig.
7b). Liu et al. systematically investigated the variability in the
ECO3R efficiency and product selectivity of Cu NCs by altering
their structural framework while maintaining a constant Cu
atom count per NC unit.198 Their study revealed that changes in
ligand architecture significantly influenced the overall
geometric arrangement of Cu NCs, leading to the formation of
two distinct Cug NCs: a cube-shaped Cus-l NC and a
ditetrahedron-shaped Cusg-Il NC. Through electrochemical
analysis, they identified that the Cus-Il NC exhibited almost a
double FE for HCOOH (92%) production compared to the Cus-I
NC (48.6%) at -1.0V vs. RHE (Fig. 7c). The difference in ECO;R
activity between these two NCs was primarily attributed to
variations in core arrangements, which induced distinct changes
in bond lengths and bond angles, ultimately influencing the
stabilization of HCOO* intermediate, which in turn facilitated
the selective production of HCOOH. Additionally, in the same
report, Liu et al. explored the role of ligands in ECO3R by partially
modifying the ligand environment of the ditetrahedron-shaped
Cusg-Il NC, resulting in a new variant, Cug-1ll NC. This ligand
alteration induced noticeable changes in FEncoon=83%;
however, the overall catalytic performance of Cug-Ill remained
superior to that of Cus-l. Thus, this study suggested that
modifying the ligand framework not only influenced electronic
effects but also affected the stabilization of key intermediates,
thereby impacting product selectivity.

Mu et al. investigated the role of anion-templated Cu NCs in
ECOR. They synthesized two structurally distinct Cu NC variants
by employing thiacalix[4]arene and alkynyl ligands as protective
frameworks.10 The first variant was a discrete Cusg NC (Fig. 8a),
while the second was a hierarchical assembly composed of forty
three Cu atoms. From a structural standpoint, their study
revealed that the Cusg NC exhibited greater intrinsic stability
than the Cuss NC, which in turn enhanced its applicability for
ECO4R. Electrochemical studies demonstrated that the Cusg NC
achieved a maximum FE of 62.01% for hydrocarbon production
at an applied potential of -1.57 V vs. RHE (Fig. 8a). The
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hydrocarbon product distribution consisted of 34.03%,C.Hsand
27.98% CHj. The theoretical study revesbedotiiab/the -enesgy
barrier for the *CO - *COH transition was significantly higher
compared to the *CO - *OCCO step (Fig. 8b). This energy
difference favored the formation of the *OCCO intermediate,
which subsequently facilitated C-C coupling and CiH4
production. Guan et al. reported the synthesis and catalytic
performance of hydrophobically stabilized Cus NCs supported
on multi-walled carbon nanotubes (MWCNTs) for ECO,R.110
They systematically compared the catalytic behavior of these
Cus NCs with molecular Cu species embedded in MWCNTs to
evaluate their efficiency and product selectivity. Their study
revealed that the chemically anchored Cus NCs formed stable
catalytic sites on the MWCNT surface through strong
interactions, which contributed to significantly enhanced
selectivity for hydrocarbon products. Notably, they observed a
crucial shift in product distribution when the Cu active site
changed from a single Cu atom to a tetra-nuclear Cus NC (Fig.
8c). While single Cu atoms predominantly favored CH,
production, the transition to Cus NCs altered the reaction
pathway, leading to a preference for C;H4 formation. This shift
in selectivity was attributed to the increased catalytic surface
area of the Cus NCs, which promoted the aggregation of active
sites. The enhanced surface area facilitated *CO dimerization, a
key intermediate step in C-C bond formation, thereby favoring
C,H4 production over CH,4. Theoretical studies establish that
Cu(100) favors C—C coupling and ethylene formation, while
Cu(111) preferentially yields methane due to facet-dependent
adsorption energies of key intermediates.1! This effect is more
pronounced in NPs and extensively studied in the literature.112
114 Thus, these findings highlight the critical role of nuclearity in
modulating catalytic performance and selectivity in ECO3R
reactions for Cu NCs

2.3. Effect of alloy NCs

It is evident from the previous discussion that Cu NCs exhibit
superior catalytic activity and product selectivity beyond CO
compared to overcrowded noble metal NCs. However, further
catalyst engineering is necessary to fine-tune the CO; reduction
pathway, which can be achieved by doping foreign metal atoms
into the NCs. Bimetallic or trimetallic catalysts often exhibit
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Fig. 8 (a) Structural architecture of Cusg NC and FE. H atoms are omitted for the clarity. Color legend: Cu, brown; S, yellow; O, red; and

C, gray. (b) Theoretical reaction mechanism through free enrgy profile. Reproduced with permission form ref. 109. Copyright 2024

Americal Chemical Society. (c) Comparison in ECO,R product when Cu NCs embedded on MWCNT. Reproduced with permission form

ref. 110. Copyright 2021 Americal Chemical Society.

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00138b

Open Access Article. Published on 17 aprlis 2025. Downloaded on 31.05.2025 23:40:28.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Nanoscale Horizons

superior performance compared to their monometallic
counterparts, owing to synergistic effects arising from the
interaction between distinct active catalytic centers.115-117 A
pioneering study by Li et al. compared the electrocatalytic
activity of Pd;Auz4 NCs with the well-established Auzs NC model
system.118 Their results revealed that Pd doping significantly
suppressed the competing HER at high currents while
maintaining a remarkable 100% FE for CO production over a
broad potential range (-0.6 V to -1.2 V vs. RHE). In contrast,
Auys NCs exhibited a decline in CO selectivity beyond -0.9 V vs.
RHE. Theoretical calculations revealed that doping with Pd
significantly increases the thermodynamic barrier for the
desorption of thiolate ligands from the nanocluster surface. This
enhancement in ligand binding strength leads to greater
structural stability of the nanocluster, particularly by preserving
the coordination environment around the Au active sites. As a
result, the Pd-doped system exhibits improved resilience under
electrochemical conditions, which in turn enhances its
selectivity for ECO3R, especially at higher potentials.
Subsequent studies explored the effects of Cd doping in Au NCs,
revealing that modifications in surface geometry and electronic
structure through narrowing the energy gap altered
intermediate binding energies, leading to enhanced CO
selectivity in high-potential regions.11%-121 However, despite
these advances, both homometallic and bimetallic noble metal
NCs predominantly yield CO as the main product, limiting their
practical applicability. In contrast, Cu-based catalysts have a
unique ability to generate a wider range of products in ECO;R,
making them more versatile for real-world applications. Given
this distinction, the following section will explore the
effectiveness of Cu-based doped NCs in ECO,R and their
potential for optimizing product selectivity. Ma et al. reported a
series of alkynyl-protected Mis alloy NCs—AuyAgs, AgsCug, and
Au,AgsCus—synthesized using a site-specific metal exchange
approach to investigate the role of different metal atoms in the
ECO,R.12Z Structural analysis revealed that all three NCs adopt a
similar core-shell-shell configuration with a well-defined
Meore @ Mcube @ Moctahedron geOMetry. However, while the central
core position remains fixed with Au, variations in the shell
composition due to the presence of different metal atoms lead
to distinct electronic effects, altering ligand coordination and
modifying the active surface motifs. This structural
diversification significantly influences catalytic performance in
ECO;R. The Au;Ags NC demonstrated exceptional CO selectivity,

achieving a maximum FE of 98.1% at -0.49 V vs. RHE (Fig. 9a).In
contrast, AgoCug and Au,AgsCus NCs predominsrsdypfacilitated
the production of HCOOH at more negative potentials. These
findings highlight the crucial role of Cu in favoring HCOOH
formation over CO production. Notably, AgsCues exhibited a
higher FE for HCOOH compared to the trimetallic Au2AgsCus NC,
which was attributed to the enhanced stabilization of the
HCOO* intermediate at the Ag-Cu active sites. Deng et al.
reported the effect of Cu doping in Ag NCs by synthesizing a
core-shell alkynyl-protected [Agi5Cus(C=CR)15(DPPE);]- (HC=CR:
3,5-bis(trifluoromethyl)phenylacetylene) (AgisCus) NC.123 This
NC features a body-centered cubic (bcc) Ag11Cus core, which
follows the Mcore@ Mcube@ Moctahedron Structural motif, with an
atomic arrangement of Ag@Ags@Ag,Cus. The core is further
stabilized by two Cu atoms, two Ag>DPPE motifs, and eighteen
alkynyl ligands, contributing to its well-defined structural
integrity. ECO3R studies revealed that Agi;sCus NC exhibited
superior catalytic efficiency and selectivity, achieving a high
FEco production (FEco ~91.3% at -0.81 V vs. RHE). This
performance was significantly better compared to a structurally
similar bcc-type AgoCue NC, which displayed a much lower FEco
of 48.5% under similar conditions. They identified that ligand
removal from AgeCus NC led to a deterioration in catalytic
performance, whereas the AgisCus NC maintained its ligand
environment more effectively, preserving its reactivity and
selectivity. The free energy profile diagram signifies the stability
of the intermediate on the surface of the AgisCus NC which
leads to the formation of CO (Fig. 9b). Further, they extended
their synthetic strategy to incorporate Cu doping into Au NCs
and successfully synthesized [AuisCus(DPPM)eCls(C=CR),]%*
(DPPM: bis(diphenylphosphino)methane) NC which exhibited a
significantly higher FEco compared to its undoped counterpart,
Auig NC.124 Theoretical calculations revealed that Cu doping
induces strong synergistic effects within the NC framework,
fundamentally altering the electronic structure and catalytic
behavior. In particular, the study suggested that the presence
of exposed Au—Cu dual sites played a crucial role in initiating the
ECO,R process. These active dual sites facilitated electron
transfer, optimizing the adsorption and activation of CO,
molecules. Additionally, Cu incorporation led to a synergistic d-
state shift between Au and Cu, which fine-tuned the binding
strength of key reaction intermediates, thereby enhancing
catalytic efficiency and selectivity. Su et al. conducted a
comparative study using a model Mg NC system, in which
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Fig. 9 (a) Comparison of FE series of among alkynyl-protected Mss alloy NCs. (b) Theoretical reaction mechanism through free enrgy
profile by using AgisCus NC as catalyst. Reproduced with permission form ref. 123. Copyright 2023 Americal Chemical Society. (c)
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partially thiol-capped Au NCs were doped with Cu and Ag to

evaluate their effectiveness in ECO,R effectivity.12>
Electrochemical studies demonstrated that Cu doping
significantly = enhanced the catalytic activity, with

[AugCu1(SAdm)4(Dppm)sCl1Z* (SAdm: adamantanethiolate) NC
achieving a higher FEco (~82.2%) whereas its Ag-doped
counterparts [AugAgi(SAdm)s(Dppm)sCl]2* NC exhibited much
lower FEco (~33.1%) (Fig. 9c). Theoretical calculations were
performed, revealing that the Au—Cu active surface effectively
lowers the energy barrier for CO, reduction and provides
enhanced stability to key reaction intermediates. Shi et al.
recently conducted a theoretical investigation into the catalytic
performance of Cu NCs, focusing on the role of surrounding
atoms in modulating electrocatalytic activity.126 They selected
Cuiz and Cuss as model NCs, considering their magic-number-
associated symmetrical stability, which provides well-defined
electronic and geometric structures. To explore the influence of
transition metal doping, they systematically substituted the
corner atoms of these NCs with widely available transition
metals—Fe, Co, and Ni—leading to the formation of a crown
jewel structure. Their theoretical findings revealed that multi-
atom alloy NCs exhibit significantly enhanced catalytic activity
by supressing the energy barrier compared to conventional Cu
(211) surfaces, which are often considered active sites for CO
reduction on bulk Cu catalysts. Among the different dopants
studied, Co incorporation in Cu-based clusters demonstrated
the lowest free energy barrier (0.33 eV) for CO, reduction,
indicating a highly favorable reaction pathway. Furthermore,
their analysis indicated that catalytic performance is largely
governed by the relative proportion of metallic dopants, which
influences local coordination environments. In particular, a
coordination number of six—formed by specific dopant
arrangements—was found to be a key structural feature
enabling the efficient reduction of CO; to CH4. This study
underscores the potential of precise atomic doping strategies in
optimizing Cu-based NCs for ECO3R, offering fundamental
insights into the design of highly efficient and selective
electrocatalysts.

3. Conclusions and outlook

This article provides a comprehensive analysis of recent
advancements in atomically precise metal NC-based catalysts
for ECOzR. While noble metal NCs have demonstrated the
highest FE for CO, reduction, their catalytic performance is
largely limited to the formation of CO, with little diversification
in product selectivity. This constraint arises from the intrinsic
properties of noble metals, which do not effectively stabilize
intermediates required for the formation of more complex
reduction products. To overcome this limitation, researchers
have explored various factors that influence catalytic activity,
including ligand effects, electronic structures, and the
introduction of external stimuli. However, despite these efforts,
the primary product of CO; reduction using noble metal NCs
remains CO, highlighting the need for alternative strategies to
expand product selectivity. In contrast, Cu NCs and Cu-based
alloy NCs have emerged as promising candidates for broadening
the scope of ECO;R products. Due to their unique electronic
structures and intermediate stabilization capabilities, Cu NCs
facilitate multi-step reduction processes, leading to the

This journal is © The Royal Society of Chemistry 20xx
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formation of high-value products such gas ,HCOQH,
hydrocarbons, and oxygenates. Howeveppothe syrswbesis cof :8a
NCs poses significant challenges due to their inherent
instability. Unlike noble metal NCs, Cu NCs tend to undergo
structural degradation, limiting their practical applicability. One
promising approach to address this issue involves the
incorporation of hydrides, which not only enhance the stability
of Cu NCs but also influence product selectivity, particularly
favoring the formation of HCOOH. Furthermore, the absence or
limited availability of hydrides in the catalytic system has been
found to promote deeper reduction pathways, yielding more
complex and energy-dense products. In addition to hydride
incorporation, various external and internal factors—such as
ligand effects, support interactions, and electrochemical
conditions—have been studied to optimize Cu NC-based
catalysts. The incorporation of Cu into alloy NCs has also proven
beneficial, extending the product selectivity window while
maintaining high FE. Thus, this review article systematically
outlines the stepwise evolution of NC-based catalyst design,
detailing the interplay between structural modifications and
catalytic performance. By elucidating the structure-property
correlations of NC catalysts, this work provides valuable insights
into the rational design of efficient catalysts tailored for
selective CO; reduction.

Looking ahead, several key challenges and opportunities
remain in the development of NC-based catalysts for ECOR.
Although Cu-based NCs exhibit considerable catalytic potential
influenced by their size, the limited availability of stable high-
nuclear Cu NCs continues to hinder the comprehensive
exploration of their catalytic properties. This limitation primarily
stems from challenges related to their stability. Future research
should therefore focus on developing innovative synthetic
strategies to obtain high-nuclear Cu NCs with precisely
controlled compositions—including both hydride-rich and
hydride-free variants—as the presence of hydrides has also
been shown to play a crucial role in influencing catalytic activity.
Additionally, while Cu is currently the most promising transition
metal for selective CO, reduction, exploring other transition
metal NCs may uncover alternative catalytic pathways,
potentially altering intermediate binding affinities and enabling
new reaction mechanisms. Furthermore, the scope of alloy-
based NC catalysts remains underexplored, particularly in the
context of Cu alloying strategies. The integration of additional
transition metals into Cu NCs may lead to synergistic effects that
enhance stability, selectivity, and catalytic efficiency. Future
research should prioritize the rational design of alloy NCs with
tunable electronic structures to achieve optimal CO, reduction
performance. In addition to catalyst design, the configuration of
the electrolyzer plays a crucial role in determining the overall
efficiency, selectivity, and stability of ECO,R. Factors such as
electrode architecture, ion transport pathways, and electrolyte
composition can significantly influence the reaction
environment and, consequently, the catalytic performance.
Despite its importance, this aspect remains relatively
underexplored, particularly in the context of employing NCs as
catalysts. Most studies to date have focused primarily on
material development, with limited attention given to
optimizing the integration of NCs within practical electrolyzer
setups. This presents a valuable opportunity for future research
to bridge the gap by systematically investigating the interplay
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between nanocluster-based catalysts and electrolyzer design,
potentially unlocking new avenues for enhancing ECO;R
efficiency at scale. Ultimately, advancing the field of NC-based
electrocatalysis holds immense promise for sustainable and
environmentally friendly CO, conversion technologies. As
research progresses, the continued development of atomically
precise NC catalysts will pave the way for transformative
breakthroughs in catalytic science, offering new opportunities
for industrial and environmental applications. By addressing
current challenges and leveraging innovative synthesis
strategies, we are poised to unlock the full potential of metal
NCs for next-generation CO; reduction processes.
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