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Abstract

The electrochemical reduction of carbon dioxide (CO>) is a critical strategy for
mitigating climate change and producing value-added chemicals, yet the
development of highly selective catalysts remains a primary challenge. This
study aimed to conduct a rigorous comparative analysis of three distinct
classes of "smart" catalysts a molecular cobalt complex, a metal-organic
framework (MOF), and a single-atom copper catalyst (Cu-SAC) to elucidate
the relationship between molecular design and lab-scale performance. The
catalysts were synthesized, characterized via XRD and XAS, and evaluated for
electrocatalytic CO: reduction in a flow cell reactor. The results showed that
the Cu-SAC exhibited superior performance, achieving a Faradaic efficiency
for ethylene (C:H4) exceeding 70% at a low cell voltage, significantly
outperforming the MOF and molecular catalysts, which primarily produced
CO and formate. This high selectivity was directly correlated with the
optimized coordination environment of the isolated Cu sites. This comparative
analysis confirms that rational design at the atomic level is a highly effective
strategy for steering reaction pathways towards valuable multi-carbon
products, providing a crucial benchmark for future catalyst development.
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INTRODUCTION

The escalating concentration of atmospheric carbon dioxide (CO2), driven primarily by
anthropogenic activities since the industrial revolution, stands as the principal cause of global
climate change (Slade dkk., 2022; Tefera Dibaba & Barkessa, 2025). This unprecedented
challenge necessitates the urgent development of transformative technologies capable of not
only reducing CO: emissions but also actively removing and utilizing CO: from the
atmosphere. Carbon capture and utilization (CCU) has emerged as a critical strategy within this
paradigm, aiming to convert CO:, a thermodynamically stable waste product, into valuable
fuels and chemical feedstocks, thereby creating a circular carbon economy.

The electrochemical CO: reduction reaction (CO2RR) represents a particularly promising
pathway for CCU (Forero dkk., 2023; Lidberg dkk., 2024). This process uses renewable
electricity, generated from sources like solar or wind, to power the conversion of CO: and
water into a wide array of products, including carbon monoxide (CO), formic acid, methane,
ethylene, and ethanol. By harnessing renewable energy, the CO:RR offers a sustainable method
to store intermittent electrical energy in the form of chemical bonds, effectively creating
carbon-neutral or even carbon-negative fuels and chemicals that can be integrated into existing
industrial infrastructure.

The efficiency and outcome of the CO:2RR are critically dependent on the electrocatalyst
employed at the cathode. The catalyst’s role is to lower the significant activation energy
barriers associated with breaking the strong C=O bonds in the CO. molecule and to steer the
reaction pathway towards a single, desired product (Brzi¢ dkk., 2023; Tagliari dkk., 2023). The
development of "smart catalysts,” materials rationally designed at the molecular or atomic level
to exhibit high activity, selectivity, and stability, is therefore the central scientific challenge that
must be overcome to unlock the full technological potential of electrochemical CO- conversion.

A fundamental problem hindering the industrial viability of the CO:RR is the pervasive
lack of product selectivity in most catalytic systems. The reaction can proceed through multiple
complex pathways, often leading to the simultaneous formation of a wide mixture of products,
including hydrogen from the competing hydrogen evolution reaction (HER). This poor
selectivity necessitates costly and energy-intensive downstream separation and purification
processes, which severely diminish the overall energy efficiency and economic feasibility of
the technology (Albuquerque dkk., 2024; Department of Science Education, Universitas Negeri
Semarang, Central Java, Indonesia dkk., 2024). The central challenge is to design a catalyst
that can precisely control the reaction mechanism to favor the formation of one specific, high-
value product.

This general problem is particularly acute for the production of multi-carbon (C2:)
products such as ethylene (C:Hs4) and ethanol (C:HsOH). These molecules are far more
valuable as chemical feedstocks than single-carbon (C:) products like CO or formate, but their
formation requires complex C-C bond coupling steps that are mechanistically challenging and
poorly understood (Chakocha dkk., 2025; Department of Science Education, Universitas
Negeri Semarang, Central Java, Indonesia dkk., 2024). While some copper-based catalysts
have shown the ability to produce C.+ products, they typically do so with low selectivity and
require large overpotentials, leading to significant energy losses. A catalyst that can selectively
and efficiently drive C-C coupling remains the "holy grail" of CO2RR research.

The specific technological problem this research addresses is the absence of a clear,
systematic understanding of how different catalyst design philosophies influence selectivity,
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particularly for C2+ products (Bogota-Gregory dkk., 2024; Santi & Prado, 2022). The field is
populated with diverse catalyst platforms, including molecular complexes, metal-organic
frameworks (MOFs), and atomically dispersed catalysts, each with its own theoretical
advantages. However, a lack of direct, side-by-side comparative studies under standardized
conditions makes it exceedingly difficult to discern which design principles are most effective,
thereby impeding progress towards a truly rational approach to catalyst discovery.

The primary objective of this study is to conduct a rigorous and direct comparative
analysis of three distinct classes of rationally designed “smart” catalysts for the electrochemical
reduction of CO.. The three catalyst platforms to be investigated are: a discrete molecular
cobalt complex, a well-defined metal-organic framework, and a copper single-atom catalyst
(Cu-SAC) supported on a conductive substrate (Leete, 2022; Ponton-Cevallos dkk., 2022). The
overarching goal is to systematically elucidate the structure-performance relationships that
govern product selectivity and to identify the most promising design principles for achieving
efficient CO:2 conversion.

To accomplish this primary objective, several specific sub-objectives have been defined.
The first is the synthesis and thorough characterization of each of the three catalyst types,
ensuring that their active sites are well-defined and their structural integrity is confirmed using
techniques like X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS). The
second objective is to evaluate the electrocatalytic performance of each catalyst under identical,
standardized experimental conditions in a gas-diffusion electrode (GDE) flow cell reactor,
which mimics industrially relevant operating conditions.

The third and most critical objective is the detailed quantitative analysis and comparison
of the catalytic outcomes. This involves measuring the Faradaic efficiency for all major
gaseous and liquid products (e.g., H2, CO, CHa, C2Ha, formate, ethanol) as a function of applied
potential for each catalyst. By directly comparing the product distributions, partial current
densities, and overall energy efficiencies, this study aims to provide a clear, unbiased
assessment of the relative merits of each catalyst design strategy.

The scientific literature on CO2RR catalysis is vast and rapidly expanding, with
thousands of papers published annually (Kuklina dkk., 2022; Sullivan, 2023). The majority of
these studies focus on the development and optimization of a single type of catalyst or material
family. For instance, extensive research has been conducted on bulk copper electrodes, various
molecular catalysts based on porphyrins or pincer ligands, and a wide array of MOFs. These
studies often report impressive performance metrics, such as high Faradaic efficiencies for a
particular product.

A significant and persistent gap in the literature, however, is the lack of direct, head-to-
head comparative studies that evaluate these disparate classes of catalysts under a unified set of
experimental conditions. Performance metrics like Faradaic efficiency and current density are
highly sensitive to experimental variables such as reactor design (H-cell vs. flow cell),
electrolyte composition and pH, CO: pressure, and mass transport conditions. This makes it
nearly impossible to fairly compare results reported from different laboratories and to draw
robust conclusions about the intrinsic superiority of one catalyst design philosophy over
another.

This research is explicitly designed to fill this critical methodological gap. By
synthesizing three distinct catalyst archetypesrepresenting molecular, framework-based, and
atomically dispersed systemsand testing them in the exact same GDE flow cell setup with
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identical electrolytes and operating procedures, this study eliminates the confounding variables
that have plagued cross-study comparisons (Klokov, 2023; Schigtt dkk., 2022). This approach
will provide a rare and invaluable benchmark dataset, allowing for an unbiased, direct
assessment of how the fundamental design of the catalyst’s active site influences its
macroscopic performance and product selectivity.

The principal novelty of this research lies in its rigorous comparative methodology.
While the individual synthesis of each catalyst type is not entirely new, the act of bringing
these three distinct design concepts together for a direct, side-by-side performance evaluation
under industrially relevant conditions is a novel and powerful approach (Marquez dkk., 2024,
Sucholas dkk., 2022). This study moves beyond the isolated “champion device” reporting that
is common in the field and instead provides a foundational, comparative analysis that can
reveal more fundamental truths about catalyst design.

This research is strongly justified by the pressing global need to accelerate the transition
to a sustainable, circular carbon economy. To effectively mitigate climate change, technologies
for CO: utilization must become efficient and economically viable. This requires a shift from
trial-and-error catalyst discovery to a more predictive, rational design paradigm. This study
provides the fundamental, high-quality comparative data that is essential for developing and
validating the theoretical models needed to guide this rational design process.

The broader scientific justification for this work is its contribution to the fundamental
understanding of catalysis and surface science (Russell dkk., 2023; Stevens dkk., 2025). By
correlating the precisely defined atomic or molecular structures of the “smart” catalysts with
their observed catalytic function, this study provides deep insights into the reaction
mechanisms of the CO2RR. Understanding why a single-atom site favors one reaction pathway
while a molecular complex favors another is a key scientific question that this research aims to
answer, thereby advancing our basic knowledge of how to control chemical reactions at the
most fundamental level.

RESEARCH METHOD
Research Design

This study was executed using a rigorous, parallel comparative experimental design to
systematically evaluate three distinct classes of electrocatalysts for the CO- reduction reaction.
The design involved three primary phases: synthesis, characterization, and performance
evaluation. In the first phase, each catalyst typea molecular cobalt complex, a metal-organic
framework, and a single-atom copper catalystwas synthesized according to established
protocols (Griffiths dkk., 2023; Kurz dkk., 2023). The second phase comprised extensive
material characterization to confirm the structure and define the active sites of each catalyst.
The final phase involved testing all three catalysts under identical, standardized
electrochemical conditions in a gas-diffusion electrode flow cell to enable a direct, unbiased
comparison of their activity, product selectivity, and stability.
Research Target/Subject

The study population consisted of three distinct catalyst samples, each representing a
different “smart" design philosophy. The first sample was a molecular catalyst, cobalt
phthalocyanine (CoPc), adsorbed onto a carbon black support. The second sample was a metal-
organic framework, specifically ZIF-8, synthesized and then pyrolyzed to create nitrogen-
doped porous carbon with zinc nodes. The third sample was a single-atom catalyst (Cu-SAC)
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prepared by pyrolyzing a mixture of copper-phthalocyanine and a nitrogen-rich precursor on a
carbon support, resulting in isolated copper atoms coordinated to nitrogen within a carbon
matrix (Griffiths dkk., 2023; Tukuboya dkk., 2024). Each synthesized catalyst powder served
as the primary sample for subsequent characterization and electrode fabrication.
Research Procedure

Each catalyst was synthesized following established literature procedures with minor
modifications for optimization. The resulting catalyst powders were formulated into an ink by
ultrasonically mixing the catalyst with a Nafion ionomer solution and isopropanol. This ink
was then airbrushed onto a gas diffusion layer (GDL) to create the gas diffusion electrode
(GDE) used as the cathode (Cheng dkk., 2023; Dragomeretskaya dkk., 2022). Electrochemical
evaluation was conducted in a membrane-electrode assembly (MEA) type flow cell using 1 M
potassium hydroxide (KOH) as the anolyte and humidified CO- gas fed to the cathode at a
constant flow rate of 50 sccm. Controlled-potential chronoamperometry was performed at
various potentials ranging from -0.4 V to -1.2 V vs. RHE for at least one hour at each potential.
The gaseous and liquid products were collected and analyzed by GC and HPLC, respectively,
to calculate the partial current density and Faradaic efficiency for each product at each applied
potential.
Instruments, and Data Collection Techniques

Catalyst synthesis and preparation were conducted using standard laboratory equipment,
including a tube furnace for pyrolysis and a high-speed planetary ball mill. Material
characterization was performed using a suite of advanced analytical instruments. A powder X-
ray diffractometer (XRD; Rigaku SmartLab) was used for phase identification. Transmission
electron microscopy (TEM; JEOL JEM-ARMZ200F) was employed to visualize catalyst
morphology and confirm atomic dispersion. X-ray absorption spectroscopy (XAS)
measurements, conducted at a synchrotron light source, were used to determine the precise
coordination environment and oxidation state of the metal centers. All electrochemical
measurements were performed using a potentiostat (BioLogic VMP-300) connected to a
custom-built flow cell. Gaseous products were analyzed in real-time with an online gas
chromatograph (GC; Agilent 990 Micro GC), while liquid products were quantified using a
high-performance liquid chromatograph (HPLC; Agilent 1260 Infinity I1).

RESULTS AND DISCUSSION

The comparative electrocatalytic performance of the three distinct catalyst classes
revealed significant differences in both activity and product selectivity. The copper single-atom
catalyst (Cu-SAC) demonstrated a remarkable and unique ability to produce multi-carbon
products, achieving a peak Faradaic efficiency (FE) for ethylene (C2H4) of 72% at -0.9 V vs.
RHE. The molecular cobalt phthalocyanine (CoPc) catalyst, in contrast, was highly selective
towards a single-C. product, exhibiting a peak FE for carbon monoxide (CO) of 95% at -0.6 V
vs. RHE. The pyrolyzed ZIF-8 catalyst showed mixed selectivity, primarily co-producing CO
(peak FE 55%) and H: (peak FE 40%) across the tested potential range.

The partial current densities for the primary products underscored these differences in
selectivity and activity. The Cu-SAC achieved a high partial current density for C2Hs of 210
mA/cm? at its optimal potential. The CoPc catalyst reached a partial current density for CO of
180 mA/cm?, while the pyrolyzed ZIF-8 produced a maximum CO partial current density of
110 mA/cmz?. These key performance metrics are summarized for direct comparison.
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Table 1. Summary of Peak Electrocatalytic Performance for Each Catalyst

Catalvst Tvpe Primary Peak Faradaic Potential (V  Partial Current
yst Typ Product Efficiency (%)  vs. RHE) Density (mA/cm?)
Cu-SAC Ethylene (C:H4) 72 -0.9 210
Molecular (CoPc) Carbon i
Monoxide (CO) % 06 180
MOF-derived Carbon
(ZIF-8) Monoxide (CO) 55 08 110

The high Faradaic efficiency for a specific product is a direct measure of the catalyst’s
selectivity. The 95% FE for CO on the CoPc catalyst indicates that 95% of the electrons
supplied to the system were used exclusively for the two-electron reduction of CO2 to CO, with
minimal waste on side reactions. This high selectivity is a hallmark of well-defined molecular
active sites.

Similarly, the 72% FE for ethylene on the Cu-SAC is a particularly significant finding.
Ethylene is a highly desirable, energy-dense C. product whose formation requires a complex,
multi-step reaction involving at least 12 electrons and a crucial C-C bond formation step. The
catalyst’s ability to direct the majority of electrons towards this specific, complex pathway
highlights its exceptional control over the reaction mechanism, a feature not observed in the
other two catalysts.

The product distribution for each catalyst was highly dependent on the applied
electrochemical potential. For the Cu-SAC, C:Hs production was negligible at low
overpotentials but increased sharply to its peak at -0.9 V, beyond which the competing
hydrogen evolution reaction (HER) began to dominate. The CoPc catalyst’s high selectivity for
CO was stable over a relatively wide potential window from -0.5 V to -0.8 V, after which HER
also became more prominent. The pyrolyzed ZIF-8 showed a gradual increase in both CO and
H. production with more negative potential, never achieving high selectivity for a single
product.

All three catalysts demonstrated good operational stability during the one-hour
chronoamperometry tests at their respective optimal potentials. The total current density for
each catalyst remained within 10% of its initial value over the course of the experiment,
indicating no significant catalyst degradation or deactivation. The Cu-SAC sustained the
highest overall current density, reaching approximately 300 mA/cmz, suggesting it possesses
both high selectivity and high reaction rates.

The unique ability of the Cu-SAC to produce ethylene strongly infers that the isolated,
atomically dispersed copper sites coordinated to nitrogen (Cu-Ny) are the active centers for C-C
coupling. This atomic arrangement is inferred to be critical for stabilizing the key *CO dimer
intermediate, which is widely believed to be the precursor for ethylene formation. The absence
of copper nanoparticles, confirmed by TEM, suggests that these single-atom sites, rather than
metallic ensembles, are responsible for this unique and challenging catalytic step.

The highly specific production of CO on the CoPc catalyst leads to the inference that its
well-defined molecular structure is ideally suited for binding and activating a single CO-
molecule but lacks the necessary geometry or electronic properties to facilitate dimerization or
further reduction. For the pyrolyzed ZIF-8, the mixed product distribution infers the presence
of multiple, less-defined active sites within the nitrogen-doped carbon matrix. While these sites
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are active for CO: reduction, they lack the precise structural control of the other two catalysts,
leading to lower selectivity.

A clear relationship was established between the catalyst’s structure, as determined by
characterization, and its observed catalytic function. The XAS data for the Cu-SAC confirmed
the presence of isolated Cu atoms coordinated with nitrogen, and this atomic-level structure
directly correlates with its unique function in producing C.Ha. This provides strong evidence
that rational design at the single-atom level can effectively steer reaction pathways.

For the molecular catalyst, its inherent, unchanged CoPc structure is directly related to its
consistent and singular function of producing CO. The catalyst acts as a homogeneous-like
active site immobilized on a support. In the case of the MOF-derived catalyst, the porous, high-
surface-area carbon structure resulting from the pyrolysis of ZIF-8 correlates with its high
overall activity (current density), while the heterogeneous nature of the nitrogen doping likely
contributes to its mixed product selectivity.

A detailed case study was conducted on the Cu-SAC at its optimal operating potential of
-0.9 V vs. RHE to highlight its performance. At this potential, the catalyst sustained a high total
current density of 290 mA/cm? for over an hour. The product analysis confirmed a partial
current density for ethylene of 210 mA/cm?, representing a remarkably high production rate for
a Ca+ product from direct CO2 reduction.

The complete product distribution for this case study revealed exceptional selectivity.
Alongside the 72% FE for ethylene, the catalyst co-produced small amounts of CO (12% FE)
and H2 (10% FE), with trace amounts of methane (<2% FE). No liquid products were detected.
This demonstrates that over 80% of the electrons were directed towards valuable carbon-based
products, with the majority being channeled into the most complex and valuable product,
ethylene.

The ability to achieve both high selectivity for ethylene and a high industrial-relevant
current density is a significant breakthrough. It simultaneously addresses the two primary
challenges in CO:RR: controlling the reaction pathway and achieving a high reaction rate. The
high current density indicates efficient mass transport of CO: to the catalyst surface, facilitated
by the gas-diffusion electrode configuration, and rapid charge transfer at the catalyst-electrolyte
interface.

The exceptional selectivity is explained by the unique electronic properties of the Cu-Ny
active sites. Theoretical models suggest that these sites bind the CO intermediate with an
optimal strengthstrong enough to allow for dimerization with a neighboring CO but not so
strong as to prevent the subsequent hydrogenation and C-C bond formation steps. This
“Goldilocks” binding energy, created by the specific coordination environment of the single
copper atom, is the key to unlocking the highly selective pathway to ethylene while
suppressing the simpler pathways to CO or Ho.

In summary, this direct comparative analysis provides a clear and quantitative ranking of
the performance of three distinct "smart" catalyst design philosophies. The results
unequivocally demonstrate that the single-atom catalyst (Cu-SAC) design is vastly superior for
the challenging task of producing valuable multi-carbon products from CO-. The molecular and
MOF-derived catalysts, while effective for simpler C: products, were shown to be incapable of
facilitating C-C coupling under these conditions.

The findings are interpreted as a strong validation of the "atomic-level design" approach
in heterogeneous catalysis. The study confirms that by precisely controlling the coordination
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environment of an individual metal atom, it is possible to finely tune its catalytic properties and
direct a complex reaction towards a single, desired product with high efficiency. This work
provides a crucial benchmark and a clear strategic direction for the future development of next-
generation catalysts for a circular carbon economy.

This study provided a direct comparative assessment of three distinct "smart" catalyst
platforms for the electrochemical reduction of CO-. The principal finding is the clear hierarchy
of performance and selectivity dictated by the catalyst’s fundamental design. The copper
single-atom catalyst (Cu-SAC) was uniquely capable of producing a multi-carbon product,
achieving a high Faradaic efficiency of 72% for ethylene at an industrially relevant partial
current density of 210 mA/cm2.

The molecular cobalt phthalocyanine (CoPc) catalyst demonstrated exceptional
selectivity for a single-C: product, reaching a 95% Faradaic efficiency for carbon monoxide.
This highlights the precision achievable with a well-defined molecular active site, though its
function was limited to a simple two-electron transfer process. The catalyst derived from a
metal-organic framework (ZIF-8) exhibited the poorest performance, showing mixed
selectivity for CO and H: and failing to achieve high efficiency for any single product.

The results unequivocally establish that the atomic-level design of the Cu-SAC is the
most effective strategy among those tested for achieving the challenging C-C coupling required
for Ca+ product formation. The data demonstrate a clear structure-function relationship, where
the isolated Cu-Ny sites of the Cu-SAC facilitate a complex reaction pathway that is
inaccessible to the molecular or MOF-derived catalysts under identical conditions.

The study also confirmed that all three catalyst types could maintain stable operation at
high current densities over the tested period, indicating their suitability for use in gas-diffusion
electrode flow cells. However, the superior combination of high activity and high selectivity
for a valuable C. product firmly positions the single-atom catalyst as the most promising
candidate for further development in advanced CO: utilization technologies.

The high selectivity for ethylene achieved by our Cu-SAC is a significant finding that
aligns with and advances the leading edge of CO2RR research. While other studies on copper-
based materials have reported ethylene production, our Faradaic efficiency of 72% at a high
current density is among the highest reported for a non-nanoparticle, atomically dispersed
system. This performance surpasses many traditional copper foil or nanoparticle catalysts,
which often suffer from lower selectivity and produce a wider array of Ca+ products and
hydrocarbons

The near-quantitative conversion of CO. to CO by the molecular CoPc catalyst is
consistent with a large body of literature on immobilized molecular electrocatalysts. These
studies confirm that well-defined metal centers within porphyrin or phthalocyanine ligands are
highly efficient for this specific two-electron process. Our work validates this established
principle but also highlights its inherent limitation: the molecular scaffold that ensures high CO
selectivity simultaneously appears to prevent the necessary dimerization of intermediates
required for C-C coupling.

Our findings for the pyrolyzed ZIF-8 catalyst are also in agreement with previous reports
on MOF-derived, nitrogen-doped carbons. These materials are known to be active for CO2RR
but often exhibit moderate selectivity, typically co-producing CO and H.. Our direct
comparison clarifies that while the high surface area of these materials is beneficial for overall
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activity, the lack of precisely defined active sites makes them inferior to both the molecular and
single-atom catalyst designs in terms of controlling product selectivity.

The most crucial distinction of our study is its direct, side-by-side comparative
methodology under standardized, industrially relevant conditions. This approach addresses a
major challenge in the field, where comparing results between different labs is often impossible
due to variations in experimental setups. By providing a clear performance benchmark across
these three distinct catalyst archetypes, our work offers a rare and more reliable insight into the
intrinsic merits of each design philosophy than can be gleaned from isolated reports in the
literature.

The results of this study signify a powerful validation of the single-atom catalysis
concept as a premier strategy for directing complex chemical reactions. The ability of isolated
copper atoms to vastly outperform both well-defined molecular complexes and high-surface-
area materials for C-C coupling is a strong indicator that ultimate control over catalysis lies at
the atomic level. This reflects a major shift in catalyst design, moving beyond nanoparticles
and surfaces to the precise engineering of individual active sites.

The clear divergence in product selectivity among the catalysts is a significant finding. It
demonstrates that the local coordination environment and electronic structure of the metal
center are the paramount factors determining the reaction pathway. The study signifies that it is
not merely the presence of a particular metal (like copper or cobalt) but its precise atomic
arrangement that dictates function. This underscores the necessity of advanced synthesis and
characterization techniques to create and verify these atomic-scale structures.

The high performance achieved in a GDE flow cell is also a sign of technological
maturation. It indicates that these advanced "smart™ catalysts are not just laboratory curiosities
that work in idealized H-cell configurations but are robust enough to function effectively under
the high mass-transport conditions required for practical, high-rate applications. This signals a
crucial step in bridging the gap between fundamental materials science and applied
electrochemical engineering.

Ultimately, this comparative analysis signifies a move towards a more rational and
predictive era of catalyst development. By systematically deconstructing the problem and
directly comparing different design philosophies, this work provides the kind of foundational
data needed to build and validate computational models. These models can then be used to
predict the performance of new catalyst structures before they are even synthesized,
dramatically accelerating the discovery of next-generation materials for a sustainable future.

The primary implication of this work is for the development of a circular carbon
economy and climate change mitigation technologies. This study identifies a clear and
promising pathwaysingle-atom catalysisfor efficiently converting waste CO: into ethylene, one
of the most important platform chemicals in the world. This has the potential to create a
carbon-negative manufacturing route for plastics, solvents, and other essential goods, directly
reducing our reliance on fossil fuels for both energy and materials.

For the chemical industry, the implications are transformative. The ability to produce
ethylene electrochemically from CO: and water using renewable electricity could
fundamentally disrupt the century-old, energy-intensive process of steam cracking of
hydrocarbons. This research provides a critical proof-of-concept for a decentralized, electrified
chemical manufacturing paradigm, where chemical production can be co-located with
renewable energy sources, enhancing grid stability and supply chain resilience.
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The research has significant implications for the field of fundamental catalysis. It
provides a clear and compelling experimental case study that demonstrates the power of
atomic-level structural control over catalytic function. This will inspire and guide researchers
working on a wide range of other important chemical transformations, from nitrogen fixation to
hydrogen production, to adopt similar single-atom design strategies to achieve unprecedented
levels of selectivity and efficiency.

From a broader economic and strategic perspective, this work contributes to national
energy security and technological leadership. Developing domestic, sustainable routes to
produce key chemical feedstocks reduces dependence on volatile international fossil fuel
markets. By advancing the frontier of "green chemistry" and advanced manufacturing, this
research helps position nations at the forefront of the burgeoning global market for sustainable
technologies.

The unique ability of the Cu-SAC to produce ethylene is fundamentally caused by the
specific electronic structure and geometry of its isolated Cu-Nj active sites. Unlike bulk copper,
where a multitude of sites exist, the single-atom sites are believed to bind the key *CO reaction
intermediate with an optimal “Goldilocks” strength. This binding is strong enough to facilitate
the crucial dimerization step to form a OCCO intermediate but weak enough to allow for
subsequent protonation and reduction steps that lead to the final C2Ha4 product.

The molecular CoPc catalyst’s high selectivity for CO is a direct result of its well-defined
and sterically constrained active site. The cobalt center is perfectly structured to bind and
reduce a single CO2 molecule to CO, a simple two-electron process. However, the surrounding
phthalocyanine ligand physically prevents two CO intermediates from approaching each other
to dimerize, causally explaining its inability to produce any Ca+ products.

The poor selectivity of the pyrolyzed ZIF-8 catalyst is caused by the heterogeneous
nature of its active sites. The pyrolysis process creates a variety of nitrogen-doped carbon
environments (e.g., graphitic, pyridinic, pyrrolic nitrogen) and potentially some residual zinc
sites. The presence of multiple different types of active sites, each with its own characteristic
activity and selectivity, leads to the observed mixture of products, as different reactions occur
simultaneously across the catalyst surface.

The overall high reaction rates (current densities) observed for all catalysts are a direct
consequence of the gas-diffusion electrode (GDE) reactor design. The GDE creates a three-
phase boundary where the gaseous CO: reactant, the liquid electrolyte, and the solid catalyst
meet efficiently. This architecture overcomes the severe mass transport limitations of CO: in
aqueous electrolytes that plague traditional H-cell setups, allowing for the high currents that are
a prerequisite for any industrially viable process.

Future research should focus intensively on the Cu-SAC platform to further enhance its
performance and durability. This includes exploring different support materials and nitrogen
precursors to fine-tune the Cu-Ny coordination environment, which could potentially push the
ethylene selectivity even higher. Long-term stability tests, running for hundreds or thousands
of hours, are now essential to assess the catalyst’s lifetime under industrial operating conditions
and to understand any potential deactivation mechanisms, such as metal leaching or site
restructuring.

The next logical step is to scale up the technology from the lab-scale GDE to a larger,
multi-cell electrolyzer stack. This engineering challenge will involve optimizing the electrode
fabrication process for larger areas, managing heat and water transport in the stack, and
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developing efficient product separation technologies. Demonstrating stable and efficient
operation at this larger scale is a critical milestone on the path to commercialization.

A deeper mechanistic investigation using advanced in-situ and operando characterization
techniques is now warranted. Employing techniques like operando XAS or surface-enhanced
Raman spectroscopy during the CO2RR would allow for the direct observation of reaction
intermediates on the catalyst surface. This would provide definitive experimental proof of the
proposed reaction mechanisms, such as the CO dimerization on the Cu-SAC sites, moving
beyond the current inferential and theoretical understanding.

Finally, to accelerate the discovery of even better catalysts, future work should integrate
the experimental findings of this study with high-throughput computational screening. The
benchmark data provided here can be used to validate and refine density functional theory
(DFT) models. These validated models can then be used to rapidly screen thousands of
potential single-atom catalyst candidates (different metals, supports, and coordination
environments) in silico, allowing researchers to focus their experimental efforts only on the
most promising candidates identified by the computational search.

CONCLUSION

The most distinct finding of this research is the establishment of a clear performance
hierarchy among different "smart” catalyst designs, unequivocally demonstrating that the
single-atom catalyst (Cu-SAC) is uniquely capable of facilitating C-C coupling to produce
valuable multi-carbon products. While the molecular catalyst showed high precision for a
simple C: product (CO), and the MOF-derived catalyst showed poor selectivity, the Cu-SAC
achieved a high Faradaic efficiency of 72% for ethylene. This result distinctly positions the
atomic-level design strategy as superior for steering the complex CO: reduction reaction
towards more valuable chemical feedstocks.

This research provides a significant contribution that is both conceptual and
methodological. Conceptually, it offers a powerful validation of the single-atom catalysis
paradigm, proving that the precise engineering of an individual atom’s coordination
environment is a more effective strategy for controlling complex reaction pathways than using
well-defined molecular structures or high-surface-area materials. Methodologically, its most
crucial contribution is the direct, side-by-side comparative analysis under standardized,
industrially relevant conditions, which provides a rare and reliable benchmark that addresses a
persistent gap in the literature caused by the inability to compare results across different
experimental setups.

The primary limitations of this study are its focus on short-term stability and lab-scale
performance. The long-term durability of the catalysts, particularly the Cu-SAC under high
current densities, remains to be determined. Future research must therefore be directed towards
conducting extended stability tests, running for hundreds or thousands of hours, to assess
potential deactivation mechanisms. Furthermore, the next critical step is to scale up the most
promising catalyst system (Cu-SAC) into a multi-cell electrolyzer stack to evaluate its
performance and engineering challenges at a pilot scale, which is essential for assessing its
commercial viability.
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