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Abstract

Electrochemical conversion of CO: into fuels and value-added chemicals offers a compelling
route to simultaneously address fossil fuel dependence and renewable energy intermittency.
Copper is the only monometallic electrocatalyst capable of reducing CO> to multi-carbon (C>+)
products such as ethylene and ethanol, making it the central focus of efforts to develop practical
CO; electrolysis technologies. However, two fundamental challenges limit progress: the
difficulty of achieving and maintaining high C»+ selectivity on Cu-based catalysts, and the lack
of in-depth studies conducted under industrially relevant operating conditions at high current
densities. Dilute alloying, which is the incorporation of trace amounts of a secondary metal
into the Cu host lattice, has emerged as a promising strategy to modify Cu surface reactivity
and its C-C coupling capability. Yet, the influence of preparation method on the atomic-scale
structure of dilute alloy nanoparticles, and how that structure governs electrocatalytic
performance, remains poorly understood. In this thesis, the effect of Cu-Pd dilute alloy
composition and synthesis route was investigated. It was shown that they jointly govern the
structure and CO electroreduction performance of Cu-Pd dilute alloy nanoparticles in zero-
gap electrolyzers at industrially relevant current densities. Cu-Pd dilute alloy nanoparticles
with controlled Pd compositions were prepared by two wet-chemical routes; sequential

reduction and co-reduction, and tested at high current densities in zero-gap electrolyzers.

The results demonstrate that dilute Pd alloying functions as a stability promoter under high-
rate operating conditions, suppressing the current-density-dependent surge in hydrogen
evolution that afflicts pure Cu and preserving faradaic efficiency toward CO; reduction
products. Furthermore, sequential reduction may preferentially produce Cu-Pd alloys with
isolated surface Pd sites which outperform Cu-Pd alloys prepared via co-reduction at
equivalent bulk composition. Together, these findings demonstrate that composition and
synthesis routes must be jointly optimized to provide transferable design principles for robust

and selective Cu-based electrocatalysts for practical CO> electroreduction systems.

Keywords: CO; electroreduction, dilute alloy catalysts, multicarbon selectivity, zero-gap

electrolyzer, synthesis route, catalyst stability
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1. Introduction
Electrochemical CO; reduction research is motivated by the urgent need to reduce dependence

on fossil fuels and mitigate greenhouse gas emissions. Global energy demand continues to rise
as societies strive to maintain and improve living standards. Presently, much of this demand is
met through the combustion of fossil fuels, resulting in a steady increase in atmospheric carbon
dioxide and other greenhouse gases. Consequently, global weather patterns are already
undergoing measurable changes, with increasingly severe environmental and societal impacts

predicted for the future.!

Although modern economies and lifestyles are deeply dependent on fossil fuels, there are
compelling reasons to transition toward alternative energy sources and carbon feedstocks.
Beyond climate change, fossil fuel extraction and utilization contribute significantly to air>>
and water pollution,* resulting in adverse impacts on human health and substantial economic
costs. Fossil fuel dependence has also been associated with broader socio-economic challenges,

including geopolitical instability and resource-driven conflicts.’

Despite these concerns, the transition away from fossil fuels has been hindered by economic
constraints and the limited availability of scalable alternatives. However, the rapidly decreasing
cost of renewable energy technologies, combined with growing awareness of the
environmental and societal consequences of fossil fuel use, is creating new opportunities for
change. Among renewable energy sources, wind® and solar’ offer the largest untapped potential
and are theoretically sufficient to meet global electricity demand. Nevertheless, their
intermittent nature presents a fundamental challenge to large-scale grid integration, as

variability in supply can lead to grid instability and power fluctuations.

To enable higher penetration of renewable electricity, efficient and scalable energy storage
technologies are required to store excess energy during periods of high generation and release
it when demand exceeds supply. At present, no existing energy storage technology can fully
meet this challenge at the necessary scale and cost. In parallel, the transition away from fossil
fuels also requires alternative carbon sources to produce fuels and chemicals. While biomass
represents a potential renewable carbon feedstock, its large-scale deployment is constrained by
competition with land for food production and conservation, as well as associated

environmental and human health concerns.?

Electrochemical conversion of CO; into fuels and value-added chemicals offers a compelling

alternative to address the challenges associated with fossil fuel dependence and renewable



energy intermittency. By utilizing CO; as a carbon source, this approach enables the direct
coupling of renewable electricity to chemical energy storage while supporting sustainable fuel
and chemical production. In this way, CO: electroreduction provides a pathway to close the
carbon cycle by converting emitted CO> into fuels and chemicals using renewable electricity,

forming an artificial carbon cycle (Figure 1.1).°
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Figure 1.1: CO2 recycling via artificial carbon cycle.

Copper (Cu) is one of the most promising electrocatalysts for the electrochemical reduction of
CO; to value-added multicarbon (C>+) chemicals and fuels. However, the development of
practical CO> electroreduction technologies remains limited by two major challenges: the
difficulty of achieving high selectivity toward Cz+ products on Cu-based catalysts, and the lack
of in-depth studies conducted under industrially relevant operating conditions, particularly at
high current densities. While dilute alloying (where trace amounts of a secondary metal are
incorporated into a primary metal matrix) has emerged as a promising strategy to tune surface
electronic structure and reaction intermediates, ' this class of materials remains underexplored
for CO; electroreduction, especially with respect to how synthesis and preparation routes

influence catalytic behavior.

The objective of this thesis is to establish how alloy composition and synthesis pathway jointly

govern the structural stability and electrocatalytic selectivity of Cu-based dilute alloy

2



The objective of this thesis is to establish how alloy composition and synthesis pathway jointly
govern the structural stability and electrocatalytic selectivity of Cu-based dilute alloy
nanoparticles for CO; electroreduction toward multi-carbon products. Using Cu-Pd dilute
alloys as a model system, this work investigates how controlled variations in Pd content and
preparation method influence nanoparticle structure, resistance to electrochemical
restructuring and compositional change, and performance retention in zero-gap membrane
electrode assembly electrolysers operating at high current densities. Central to this
investigation is understanding how the atomic dispersion of Pd within the Cu host modifies the
electronic environment of Cu active surface sites and how this modification stabilizes C-C
coupling intermediates to sustain selective Ca+ production under prolonged operation. The
insights gained are intended to provide further understanding into design principles for robust,

selective, and scalable Cu-based electrocatalysts for practical CO> electroreduction systems.



2. Background

2.1 Electrochemistry
Electrochemistry is concerned with the relationship between electrical energy and chemical

reactions. It involves the study of how spontaneous chemical reactions can be exploited to
generate electricity, and conversely, how an applied electrical potential can be used to drive

non-spontaneous reactions.'!

The history of electrochemistry spans several centuries, from the earliest observations of
electricity-induced chemical change in the late 18th century, to the sophisticated
electrochemical systems of today including batteries, fuel cells, and electrolysers. The concepts
most relevant to this thesis concern redox reactions and their behavior under applied potentials,
the thermodynamics governing electrochemical systems, and the sources of inefficiency that

must be minimized in practical devices.!?

Redox reactions are a class of chemical reactions in which electrons are transferred between
species, causing changes in their oxidation states.'* The term derives from reduction and
oxidation, the two complementary half-reactions of gaining and losing electrons, respectively,

represented by the general reaction:

X+Y->X"4Y"
Here, X is oxidized by donating » electrons, while Y is reduced by accepting them. Any redox

reaction can be decomposed into two half-reactions:

X - X™ 4+ ne~ (oxidation)

Y +ne” - Y" (reduction)
A key feature of electrochemical systems is that these two half-reactions, while always
occurring simultaneously, can be physically separated in space. This separation is the

fundamental basis for all practical electrochemical devices.'*

2.2 Electrochemical systems
A typical electrochemical cell consists of two electrodes; an anode and a cathode, connected

by both an external electric circuit and the electrolyte that conducts ions between them (Figure
2.1). Oxidation occurs at the anode where electrons are released into the external circuit, while
electrons are consumed at the cathode via reduction. The resulting flow of electrons leads to a
measurable electric current. Simultaneously, ions generated at one electrode migrate through
the electrolyte toward the opposite electrode to maintain overall charge neutrality within the

cell.



Current
Supply

Cations

-
P p——

Anions

Anode Cathode

Oxidation Reduction

Figure 2.1: Schematic of an Electrochemical cell.

Each electrode is characterized by its standard reduction potential which is how readily the
associated half-reaction proceeds in the reductive direction. Reduction potentials are defined
relative to the standard hydrogen electrode (SHE), for which the reaction:

SHy 2 HY +e 2.1)
is assigned a potential of 0 V under standard conditions.

The total cell potential is defined by convention as the difference between the cathode and

anode reduction potential:

Ecent = Ecathode — Eanode (2.2)

This quantity determines both the spontaneity of the reaction (E > 0) and the maximum

electrical work Wax obtainable from the system:
Wmax = _nFEcell (23)

where 7 is the number of electrons transferred and F = 96485 Cmol! is the Faraday

constant,'*13

2.3 Thermodynamics of electrochemical reactions
The Gibbs free energy AG determines the thermodynamic driving force for any electrochemical

reaction.!? For a spontaneous electrochemical reaction such as in a fuel cell, AG < 0; while for
a non-spontaneous reaction such as in water splitting and CO; electroreduction, AG > 0. The

relationship between AGand the cell potential is:

AG = —nFE, (2.4



The dependence of the cell potential on reactant and product concentrations is described by the
Nernst equation, derived from the standard thermodynamic expression AG = AG° +

RTIn Q.12

RT
Ecen = Egen — 10 Qy (2.5)

n

where E% is the standard cell potential, R is the gas constant, T is temperature, and Q; is the
reaction quotient. The Nernst equation is particularly important in CO> electroreduction, as the
equilibrium potentials of the various possible reduction products are concentration dependent,
and operating conditions such as local pH and CO; partial pressure directly influence the

thermodynamic landscape of the reaction.'®

2.4 Overpotential losses
The conversion efficiency of any practical electrochemical system is always less than unity.

The overpotential # represents the difference between the actual operating potential Ecenr and

the thermodynamic equilibrium potential £%i given by:
n= Eceil - E°n (26)

The differenc arises from several distinct sources of loss, which are important to understand
both for fundamental electrochemical systems and for the practical deployment of CO2

electrolysers.

2.4.1 Activation losses
Activation losses originate from the activation energy barriers that must be overcome for

electrode reactions to occur at a finite rate.'> Even with a catalyst, some barrier remains, and
its magnitude is highly reaction dependent. The relationship between current (i.e. reaction rate)

and activation overpotential is described by the Butler-Volmer equation:'’
. . (1-a)nFn —anFn
i =i (e RT —e RT ) 2.7

where i, is the exchange current density at equilibrium and « is the charge transfer coefficient
that describes the symmetry of the energy barrier with respect to the applied potential. At large

overpotentials, this expression simplifies to the Tafel equation:'’
n =a+ b.log (i) (2.8)

where b is the Tafel slope, a parameter that widely determines the reaction mechanisms (Figure

2.2).



0.2

0.15 \

\
0.1 <
Slope

0.05 2.303RT/aF

Surface overpotential, V

-0.15

Cathodic branch

-0.2 : \
107 1076 1075 104 108 102

Absolute value of current density, A m™

Figure 2.2: Classic Tafel plot. Taken from reference [18]

2.4.2 Ohmic losses
Ohmic losses arise from resistance to electron flow in electrode materials and external

connections, as well as resistance to ion transport in the electrolyte and membrane. These losses
scale linearly with current and become increasingly significant at higher current densities,

placing demands on cell design and electrolyte/membrane conductivity.!'*!

2.4.3 Mass transport losses
Mass transport losses occur when the rate of reactant supply to the electrode surface is

insufficient to sustain the electrochemical reaction. In CO; electroreduction, this is a
particularly important consideration, as CO> has limited solubility in aqueous electrolytes (33
mM at room temperature and atmospheric pressure).!” At high current densities, CO is
depleted near the electrode surface faster than it can be replenished by diffusion, leading to a
drop in local concentration, a shift in local pH, and ultimately a reduction in selectivity toward
CO; reduction products relative to the competing hydrogen evolution reaction (HER).?° Gas
diffusion electrodes and flow cell architectures have been developed specifically to mitigate
these mass transport limitations by supplying CO: directly to the catalyst surface in the gas

phase.?!



2.5 Catalysis and electrocatalysis
Electrochemical reactions are controlled by both thermodynamics and kinetics.

Thermodynamics indicates whether a reaction is energetically favorable, whereas kinetics
determines how quickly the reaction occurs in practice. Even if a reaction is thermodynamically
spontaneous, it still requires overcoming the activation energy barrier before products can be

formed. This is why catalysis plays a crucial role.

A catalyst enhances the kinetic rate of a chemical reaction by offering an alternative pathway
with a lower activation energy, while remaining unchanged at the end of the process (Figure

2.3). Three key principles define catalytic behavior:??

1. A catalyst reduces the activation energy by enabling a reaction pathway with a lower
energy barrier, allowing the reaction to proceed more rapidly under the same
conditions.

2. While the activation energy is lowered, the overall thermodynamics of the reaction
remain unaffected. The Gibbs free energy difference between reactants and products
does not change, meaning the catalyst does not alter the equilibrium position. Instead,
it influences only the reaction rate, accelerating both the forward and reverse reactions
equally.

3. A catalyst provides specific surface sites where reactants can adsorb, interact, and come

into proximity, effectively facilitating their interaction and promoting the reaction.
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Figure 2.3: Energy diagram showing how a catalyst lowers the activation barrier of a

chemical reaction relative to the uncatalyzed pathway.

The requirements for an effective catalyst are described by the Sabatier principle, which states
that reactants should bind to the catalyst surface with neither too strong nor too weak an
affinity.?® If the interaction is too weak, reactants cannot properly adsorb or activate on the
surface. Conversely, if the binding is too strong, reaction intermediates remain attached and
block active sites, limiting further turnover. This means that every catalytic system has an
optimal binding strength, and identifying materials that approach this optimum is a key goal in
catalyst design. Catalysts drive selectivity by preferentially stabilizing the transition state of a
desired reaction pathway over competing ones, through geometric constraints, electronic
effects, and non-covalent interactions at the active site. Even small energy differences between

transition states translate into large selectivity outcomes.

Electrocatalysis follows these same fundamental ideas, with one crucial addition: the applied
electrode potential provides a direct way to control reaction rates and product selectivity by
tuning the energy of electrons at the catalyst surface. In this context, electrocatalyst

performance is defined by three main parameters:



(1) activity, which describes how fast the desired reaction occurs — commonly expressed
as a current density (mA cm™).

(2) selectivity, which reflects the preference for forming a specific product over competing
ones —commonly expressed a faradaic efficiency is the fraction of total electrical charge
passed in an electrochemical reaction that contributes to the desired product, expressed
as a percentage.

(3) stability, which refers to the ability to sustain performance over time under

electrochemical conditions.?*

2.6 Electrochemical CO; reduction reaction (CO:RR)
The extensive use of fossil fuels has led to an increase in atmospheric CO2 concentrations,

which is widely recognized as a primary driver of global climate change.?> One promising
strategy to mitigate CO2 emissions is the COz electroreduction into value-added chemicals and
fuels. This approach has attracted considerable interest because it has the potential to
simultaneously provide pathway to sustainable energy storage and chemical synthesis,
particularly when coupled with renewable electricity sources.”® Moreover, CO2RR can be
conducted under relatively mild conditions and offers tunable selectivity toward a range of

products, making it an attractive technology for the chemical industry.

CO:zRR is an electrolytic process in which an externally applied potential drives the reduction
of CO; at the cathode, while the oxygen evolution reaction (OER) typically proceeds at the
anode. However, it is intrinsically challenging due to the molecule’s high thermodynamic
stability, linear geometry, and nonpolar nature. As a result, significant energy input is required
to activate CO; and drive its transformation into reduced products. Furthermore, CO»
electroreduction involves multiple proton- and electron-transfer steps, which can lead to a wide
range of products depending on reaction conditions and catalyst properties. Consequently, the
performance of the CO; electroreduction is strongly governed by the catalyst’s ability to adsorb
and activate CO», stabilize key reaction intermediates, and maintain structural and chemical

stability under operating conditions.?”-?

2.6.1 Standard reduction potentials
From the thermodynamic principle established in the previous section, it is imperative to

consider the standard reduction potential of various reaction pathways in CO2RR. CO2RR can
yield a diverse set of products due to the different numbers of electrons and protons involved.

Typical products are CO, CH4, C2H4, and C2HsOH. The standard reduction potentials for CO2

10



reduction to various products at room temperature, atmospheric pressure, and pH 7 (vs. SHE)

are summarized below:2%3¢

CO,+2H +2¢ —»  CO+H,0 E°=-0.52V (2.9)

CO,+4H'+2¢ —  HCHO +H,0 E°=-0.51V (2.10)
CO,+2H' +2¢ —»  HCOOH + H,0 E°=-061V (2.11)
CO,+8H' +8 —»  CHy+2H,0 E°=-024V (2.12)
2C0:+ 12H + 126 —»  CoHa + 4H,0 E°=-034V (2.13)
CO,+6H" +6e —»  CH:;OH+H,0 E°=-038V (2.14)
CO,+12H" +12¢ —>  CH3CH,0H + H,0 E°=-033V (2.15)
2H' +2¢ — H» E°=-042V (2.16)
COy + ¢ — COy” E°=-190V (2.17)

From these values, it is apparent that direct CO; electroreduction via a one-electron transfer to
form the CO; anion radical (CO2") is highly unfavorable, with a formal reduction potential of
approximately —1.90 V versus SHE, in aqueous media at pH 7. This high energetic cost of CO>
activation and the unfavorable thermodynamics of direct electroreduction highlight that an
effective electrocatalyst for CO: electroreduction should operate at low overpotential while
delivering high activity and selectivity toward the desired products, in addition to maintaining
structural and compositional stability under operating conditions. As a result, catalytic
strategies such as careful design of catalyst composition, structure, and local reaction
environment that modify the local reaction environment and stabilize key reaction
intermediates typically become the primary motive. The aim is to bypass the formation of CO2"
by promoting proton-assisted, multi-electron transfer pathways, thereby enabling efficient CO2
electroreduction at significantly lower energetic cost. Also, another fundamental challenge in
CO; electroreduction is the competition between CO: electroreduction and the hydrogen
evolution reaction (HER), in which protons from the aqueous electrolyte are reduced to
molecular hydrogen at the cathode (represented in equation 2.16). Since HER and CO»
electroreduction occur simultaneously at the cathode under similar potential windows,
suppressing hydrogen evolution while maintaining high CO2RR selectivity is one of the central
challenges in catalyst design.

2.6.2 Cell configurations

In practice, CO> electroreduction is typically carried out in an electrochemical cell comprising
a cathode compartment (where CO: electroreduction happens), an anode compartment (where

OER happens), and an ion-exchange membrane separating the two compartments. The

11



membrane enables ionic charge transport while preventing electronic short-circuiting and
suppressing re-oxidation of reduced CO» products at the anode. The electrochemical cell
majorly comes in 3 different configurations (Figure 2.4), each offering distinct benefits and

limitations:3!

1. The H-cell configuration is widely used for fundamental CO> electroreduction studies
(Figure 2.4a). In this setup, the cathodic compartment is filled with a CO»-saturated
bicarbonate electrolyte, which is continuously bubbled with CO2 to maintain CO>
saturation and enable quantification of gaseous products, while liquid products are
typically analyzed post-reaction using techniques such as NMR or HPLC. Despite its
simplicity and widespread adoption, the H-cell suffers from limited CO; availability at
the cathode surface due to the low solubility of CO: in aqueous electrolytes. These mass
transport limitations lead to low current densities (< 10 mA c¢cm™) and favor the
competing hydrogen evolution reaction.

2. Liquid flow-cells have emerged as a compelling alternative to conventional H-cells by
effectively overcoming mass-transport limitations (Figure 2.4b). In these systems, a
catalyst layer is deposited onto a porous gas diffusion layer that serves as the cathode,
enabling direct delivery of gaseous CO:z to a stable gas-liquid-solid interface and
allowing operation at current densities exceeding 100 mA cm™. Beyond enhanced
reactant transport, flow cells enable operation in highly alkaline electrolytes, which
suppress the hydrogen evolution reaction and promote C-C coupling through a locally
alkaline reaction environment. However, large-scale implementation remains
challenged by ohmic losses, electrode flooding, carbonate formation, and salt
accumulation, highlighting the need for continued advances in energy efficiency,
electrolyte management, CO; utilization, and long-term operational stability.

3. Zero-gap electrolyzers based on a membrane electrode assembly (MEA) improve on
flow cells by offering reduced cell resistance, high current densities, and improved
energy efficiency (Figure 2.4c). Here, the membrane is sandwiched between cathodic
and anodic gas diffusion electrodes, enabling intimate catalyst-membrane contact while
eliminating the need for a bulk liquid catholyte. This zero-gap architecture retains the
advantages of gas diffusion electrode-based designs while minimizing electrolyte
consumption and enabling compact, scalable operation, with recent demonstrations
achieving high faradaic efficiencies and industrially relevant current densities. Despite

these advantages, large-scale deployment is hindered by challenges including carbonate

12



crossover, cathode flooding, catalyst and membrane degradation, water and ion
management issues, and trade-offs between ionic conductivity and proton availability

under high-current, alkaline operating conditions.
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Figure 2.4: Types of cell configurations in CO; electroreduction: (a) a H-cell, (b) a liquid

flow cell, (c) a zero-gap electrolyzer.

2.7 Electrocatalyst materials for CO: electroreduction
The pursuit of efficient CO» electroreduction electrocatalysts has led to the exploration of a

wide variety of materials, each displaying distinct product selectivity determined by their
electronic structure and the binding strength of reaction intermediates (Figure 2.5). Among
monometallic catalysts, gold and silver predominantly produce carbon monoxide (CO), owing
to their ability to stabilize the *COOH intermediate while allowing easy CO desorption,
making them well-suited for two-electron CO»-to-CO conversion. In contrast, zinc and tin
favor the formation of formate (HCOO") via a two-electron pathway involving *OCHO
intermediates, while largely suppressing further reduction. Meanwhile, platinum and nickel
bind CO too strongly, which leads to surface poisoning and promotes hydrogen evolution over
CO; electroreduction. These trends across the periodic table can be understood using d-band
theory and the relative binding energies of key intermediates. Metals that bind CO too weakly
tend to release it before further reduction can occur, whereas those that bind it too strongly are

unable to sustain catalytic turnover. Copper stands out as a unique case, being the only

13



monometallic catalyst capable of reducing CO> beyond CO to form multi-carbon products.

This behavior arises from its intermediate *CO binding strength, which enables both sequential

hydrogenation and C-C coupling steps that are not accessible on other metals. 323334
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Figure 2.5: Schematic of metals and their CO; electroreduction products taken from reference
[35]

2.7.1 Copper-based electrocatalysts

The development of efficient electrocatalysts for CO> electroreduction has attracted significant
attention over the past decades, leading to the investigation of a wide range of materials,
including metals, metal oxides, chalcogenides, metal-free materials, and organic
electrocatalyst.’**” Among these, Copper is the only monometallic electrocatalyst known to
catalyze the formation of multi-carbon (Cz+) products, such as ethylene, ethanol, and n-
propanol, during CO; electroreduction. This distinctive behavior is commonly attributed to
copper’s intermediate binding strength toward key reaction intermediates, which enables C-C
coupling while avoiding excessive hydrogen evolution. As a result, copper-based catalysts have
become central to research efforts aimed at producing value-added multicarbon fuels and

chemicals from CO,.3833

2.7.2 Nanostructured copper
Nanostructured copper has been widely explored as a strategy to enhance its catalytic

performance. Compared to bulk copper, copper nanoparticles (Cu NPs) offer a higher surface-

to-volume ratio and expose a greater density of low-coordinated surface sites, which can
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influence activity and selectivity.*® Additionally, particle size, shape, composition, and

interparticle distance can be independently tuned to rationally modify catalytic behavior.

Particle size has been shown to play a particularly important role in determining product
selectivity. Size-dependent studies on Cu nanoparticles have demonstrated that decreasing the
particle diameter from approximately 15 nm to 2 nm leads to increased catalytic activity and
enhanced selectivity toward CO and H».*® This behavior has been attributed to the increased
abundance of low-coordinated sites on smaller nanoparticles and weaker binding of key
intermediates such as *COOH, which favors two-electron reduction pathways over

hydrocarbon formation.

Furthermore, the spatial arrangement of Cu nanoparticles on a support has been shown to
strongly affect CO2 reduction selectivity. As the interparticle distance decreases, densely
packed Cu NP ensembles with narrow size distributions exhibit increased selectivity toward
methane and ethylene. This behavior has been linked to changes in the local reaction
environment, including enhanced reactant diffusion, re-adsorption of reaction intermediates,
proton depletion, and elevated local interfacial pH. Together, these effects promote C-C

coupling and favor the formation of C»-C3 hydrocarbons and oxygenates.*!

Under reaction conditions, densely packed Cu nanoparticles can also undergo structural
reconstruction, forming electrocatalytically active cube-like morphologies that further enhance
selectivity toward ethylene, ethanol, and n-propanol.*> These observations highlight the
dynamic nature of copper-based catalysts during CO: electroreduction and the strong coupling

between catalyst structure and reaction environment.

Despite this progress, the overall product selectivity and efficiency of Cu-based catalysts
remain limited, and precise control over product distribution remains a major challenge. These
limitations motivate continued efforts to tailor the electronic and geometric properties of
copper catalysts to improve activity, selectivity, and stability through strategies such as

compositional modification and alloying.

2.7.3 Bimetallic electrocatalysts
The challenges associated with pure copper catalysts such as broad product distributions and

lack of stability due to susceptibility to surface restructuring have motivated extensive research
into alloy electrocatalysts as a strategy for improving CO2RR performance. Alloys are a
combination of metals with one or more elements primarily to achieve improved catalytic

properties from their constituent metals. Alloy catalysts for electrochemical reactions are
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derived from a wide range of elemental combinations across the periodic table, with transition
metals commonly serving as host matrices due to their tunable electronic structure and catalytic
activity.* These host metals are frequently modified through incorporation of post-transition
elements, metalloids, or interstitial species, enabling systematic control of lattice strain,
electronic states, and surface adsorption energetics that are critical for electrocatalytic

performance.

To leverage on the ability of Cu to form C-C coupling, alloying Cu with different metals
enables synergistic interactions between the elements that modify their electronic and
geometric structure. Consequently, this modulates CO: electroreduction pathways by
suppressing competing hydrogen evolution through altered proton adsorption kinetics,
stabilizing key reaction intermediates (e.g., CO) via optimized binding strengths, and
generating distinct active sites that lower the energy barriers associated with C-C coupling

steps.*

Bimetallic catalysts can be synthesized by a variety of methods including co-precipitation,
electrodeposition, chemical vapor deposition, solgel method, mechanical alloying, and atomic
layer deposition techniques. Experimental evidence from bimetallic systems demonstrates
clearly that alloying benefits described above can be used to tune CO2RR selectivity. This was
reported by Reske ef al. for Cu overlayers on Pt, where it was shown that under tensile strain,
the formation of CHy increased with increasing film thickness.** Complementary evidence was
provided by Clark et al., who reported a Cu enriched CuAg bimetallic alloys with the
incorporation of Ag causing a compressive strain, a shift of the d-band center and electronic
reconfiguration of the neighboring Cu atoms. These prevented H and O from binding to CO
atoms on the Cu surface, limiting the generation of H> and subsequent CO reactions, and

enhancing the selectivity of CO-derived products.*¢

To show that selectivity of bimetallic catalysts depends on their composition, Kim et al.
reported a AuCu bimetallic catalyst with increased CO production for every increase in Au
concentration. AuzCu composition showed the best performance with mass activity in excess
of 200 Ag™' at -0.73 V vs RHE.*’ Due to the similarities between pure Au and Au3Cu, it was
not possible to attribute the unique CO selectivity only to changes in the electronic structure.
Instead, synergetic electrical and geometric effects was proposed to comprehend the AuCu
NPs' increased activity for CO2RR through the adjustment of the intermediate binding strength.
Similar results were reported by Li et al. for PdCu bimetallic catalyst with Pd7Cu3 showing
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the optimal result at -0.8 V vs RHE, with CO faradaic efficiency exceeding 80 %. Theoretically,
DFT calculations attributed the increased CO selectivity to the combined geometric and
electronic effects in PdCu bimetallic alloy, with Pd atoms being the reactive centers that

promote COOH adsorption and CO desorption ability.*

However, achieving these benefits without introducing undesirable ensemble effects due to
aggregation or extended surface domains of the secondary metal require precise control over
alloy composition, atomic distribution, and nanoparticle synthesis. At higher loadings,
secondary metal atoms tend to segregate into clusters or surface islands that introduce their
own catalytic behavior, complicating mechanistic interpretation and potentially suppressing
the C-C coupling activity of Cu.*’ This critical dependence on atomic-scale structure motivates

the study of dilute alloy electrocatalysts.

2.8 Dilute alloy electrocatalysts
Dilute alloys are catalysts in which a minor amount of a secondary element is introduced into

a host metal, maintaining the host-dominated lattice while locally modifying electronic and
geometric properties (Figure 2.6).* Such systems are of significant interest because they enable
enhanced catalytic activity and selectivity while reducing reliance on precious metals. Unlike
conventional bimetallic alloys where secondary metal atoms may aggregate into extended
surface domains, dilute alloys may maintain isolated dopant atoms or small agglomerates
surrounded by host metal atoms. This ensures preservation of the host metal geometry and
maximizes atom efficiency of the dopant metal, which is an important practical consideration

when dealing with a precious or scarce material.

A limiting case of dilute alloys is the single atom alloys (SAA), where the secondary element
is present at very low surface concentrations such that each dopant atom is entirely surrounded
by host metal atoms with no dopant nearest-neighbor contacts. This represents the most
structurally precise realization of the dilute alloy concept.’® As opposed to metal nanoparticles,
single atom alloys maximize the atomic efficiency of the secondary atoms, and give well-
defined catalytic sites. Additionally, the SAAs are very active in several processes where the
corresponding monometallic catalysts are inactive due to the considerably altered adsorption
characteristics.’! Combining these advantages is one of the most promising ways to further
enhance electrocatalytic performance and acquire structure-activity relationships in certain
coordination environments. This makes a compelling case for single-atom alloys as the rational

choice for design of selective CO2RR electrocatalysts.
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Figure 2.6: Schematic of a dilute alloy.

2.9 Stability considerations in Cu-based dilute alloys: the Cu-Pd model system
One of the key benefits of atomic dispersion of secondary metal within the Cu host is

introducing electronic and geometric effects that modify the Cu ensemble and preserve the Cu
dominated surface geometry required for the formation of Cz+ products.®® Maintaining this
atomic dispersion under electrochemical operating conditions, however, represents a critical
practical challenge. Under the reducing potentials and high current densities of zero-gap
electrolysers, dilute alloy nanoparticles are susceptible to restructuring including dopant
surface segregation, electrochemical dissolution, and particle agglomeration, all of which
disrupt the electronic modification of Cu active sites and degrade C»+ selectivity over time.>>*!
The severity of these pathways depends on the thermodynamics of alloy formation and the
synthesis route used, both of which govern the initial atomic distribution of the dopant and its

resistance to restructuring under reaction conditions.

Palladium is a particularly well-motivated secondary metal choice for addressing these
problems. Cu and Pd are fully miscible across the entire composition range with a negative
enthalpy of mixing, thermodynamically favoring stable solid solution formation and resisting
phase separation.>*>* The minor lattice mismatch between Pd and Cu results in a compressive
strain in the surrounding Cu lattice that weakens *CO binding on neighboring Cu sites toward
the optimal range for C-C coupling.” Experimentally, Pd incorporation in Cu-based catalysts
has been shown to promote *COOH adsorption and facilitate CO desorption, enhancing
CO2RR selectivity toward Co+ products , while atomically dispersed Pd sites have demonstrated
a tandem catalytic function promoting two-electron CO> to CO conversion at isolated Pd sites
while the surrounding Cu ensemble drives further C-C coupling to Ca+ products.’® Despite
these findings, how Pd content in the strictly dilute region affects catalyst structure, stability,

and C»+ selectivity retention under industrially relevant conditions remains poorly understood.
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3. Methodology

3.1 Chemical and materials
Trioctylamine (98 %), Tetradecylphosphonic acid (98 %), Copper(I) acetate (97 %), Palladium

(IT) acetate (> 98 %), Cesium bicarbonate (99.9 %), Hexane (=99 %) were purchased from
Sigma Aldrich. Carbon paper gas diffusion layer (GDL, Sigracet 39BB) and PiperlON®
dispersion (5 wt%) were purchased from the Fuel Cell Store. MilliQ water (18.2 MU cm) was

obtained from a Millipore system.

3.2 Synthesis of monometallic Cu
Copper nanoparticles were prepared by solvothermal decomposition of Copper(I)acetate

(CuOAc) in Trioctylamine (TOA) in the presence of Tetradecyl phosphonic acid (TDPA) and
Ascorbic acid (AA) (Figure 3.1).

In a typical synthesis, TOA (10 mL) was heated at 130 °C inside a 25 ml three-neck flask for

30 minutes under a flow of N, to remove water and dissolve O».

After cooling down to 50 °C, 60 mg of AA dissolved in 0.5 ml of ethylene glycol was
transferred to the flask under vigorous stirring. Thereafter, 120 mg of CuOAc and 140 mg
TDPA were added with vigorous stirring. The solution was rapidly heated to 180 °C,
maintained there for 30 min, rapidly heated to 270 °C, and then held there for an additional

30 min.

Subsequently, the heat source was removed, and the solution was cooled to 100 °C
Ethanol was added and the solution mixture was centrifuged at 8000 rpm for 10 minutes.
Separated nanoparticles were washed more with hexane and excess ethanol mixtures and

finally redispersed in hexane for further use and characterization.

180 °C 270 °C

30 minutes 30 minutes

CuOAC + Ascorbic Acid +
TDPA in TOA

Figure 3.1: Schematic of the solvothermal synthesis of Cu nanoparticles used in this work.

3.3 Synthesis of CuPd alloy nanoparticles via sequential and co-reduction
For the synthesis of CuPd alloy nanoparticles via sequential reduction, monometallic Cu

nanoparticles were first prepared following the procedure described in Section 3.2. After
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heating the reaction mixture to 270 °C and maintaining it for 30 minutes, the solution was
cooled to 200 °C. A predetermined amount of Pd(OAc), dissolved in 0.5 mL oleylamine was
then added dropwise, and the reaction was maintained at this temperature for an additional 30

minutes (Figure 3.2).

Subsequently, the heat source was removed, and the reaction mixture was cooled to 100 °C.
Ethanol was added to precipitate the nanoparticles, followed by centrifugation at 8000 rpm for
10 minutes. The collected nanoparticles were washed multiple times using a hexane-ethanol

mixture and finally redispersed in hexane for further use and characterization.

For the co-reduction approach, Cu and Pd precursors were introduced simultaneously and
reduced using the same protocol described for the synthesis of monometallic Cu nanoparticles

in the previous section (Figure 3.2).
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Figure 3.2: Schematic of the synthesis of CuPd dilute alloys via sequential and coreduction

methods.

3.4 Material characterization

3.2.1 Inductively coupled plasma mass spectroscopy
The Cu and Pd contents were determined via inductively coupled plasma mass spectrometry

(ICP-MS). The samples were digested in freshly prepared aqua regia (HCI:HNOs3, 3:1 v/v).
Briefly, 1 mL of the colloidal nanoparticle dispersion in hexane was dried under a nitrogen
stream to remove the organic solvent. Subsequently, 2.5 mL of aqua regia was added, and the
mixture was kept at room temperature until complete digestion was achieved. The resulting
solution was diluted to a final volume of 15 mL with Milli-Q water to obtain the stock solution.

Serial dilution was performed by transferring 0.5 mL of the stock solution into 49.5 mL of 0.5
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M HNO:;. Finally, 1 mL of this intermediate solution was further diluted with 9 mL of 0.5 M

HNO:s containing 2 ppb yttrium as an internal standard prior to analysis.

3.2.2 X-Ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed using a HIS000 VersaProbe III

instrument equipped with a monochromatic Al Ka source. Dual charge compensation was
applied during data acquisition. All spectra were calibrated with respect to the adventitious

carbon C 1s peak at 284.5 eV.

XPS analysis was conducted to determine the surface chemical composition and oxidation
states of Cu and CuPd alloy nanoparticles. Colloidal dispersions of the nanoparticles in hexane
were drop-casted onto silicon wafers and allowed to dry under ambient conditions.

Measurements were carried out without further sample preparation.

3.2.3 Transmission electron microscopy
Transmission electron microscopy (TEM) was employed to investigate the morphology and

size distribution of the synthesized nanoparticles. TEM is a high-resolution imaging technique
in which a thin sample is irradiated with a high-energy electron beam, and the transmitted
electrons are used to form an image with nanometer-scale resolution. In this thesis, imaging
was carried out using an FEI Titan 80-300 microscope operated in TEM mode at an
accelerating voltage of 200 kV. Particle size distributions were analyzed using the Fiji (ImagelJ)
image analysis software. TEM samples were prepared by drop-casting a diluted nanoparticle

suspension onto a Cu grid, followed by solvent evaporation under ambient conditions.

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
was performed using a JEOL ARM200F monochromated microscope equipped with a
Schottky field emission gun, a double Wien monochromator, and both probe and image
aberration correctors. The instrument was further equipped with dual silicon drift detectors
(SDDs) for energy-dispersive X-ray spectroscopy (EDS), enabling elemental mapping and

compositional analysis at high spatial resolution.

Samples were prepared by drop-casting a diluted nanoparticle dispersion onto silicon nitride
TEM grids (2.9 mm hexagonal grids with eight 100 x 100 um windows and one 100 % 350 um
window) and allowing the solvent to evaporate under ambient conditions. Prior to use, the grids
were cleaned using a suspension of activated carbon in ethanol to minimize contamination from

surface ligands during electron microscopy analysis.
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3.3 Electrode preparation
A catalyst ink was prepared by dispersing the desired amount of catalyst in an isopropanol—

water mixture (0.9:0.1, v/v) together with a PiperlON ionomer dispersion (5 wt%) as the
binder. For each milligram of catalyst, 26.7 pL of solvent and 20 pL of ionomer dispersion
were used, corresponding to a catalyst-to-ionomer weight ratio of 9:1. The mixture was
homogenized by ultrasonication in a water bath (T <35 °C) for 30 minutes to obtain a uniform

dispersion.

The catalyst ink was deposited onto the microporous layer (MPL) side of a commercially
available gas diffusion layer (Sigracet 39BB) using a hand-brushing method. During
deposition, the GDL was placed on a hot plate maintained at 60 °C to promote rapid solvent
evaporation and ensure uniform coating. The catalyst loading was controlled at 1 mg cm™ by
adjusting the ink volume and verified gravimetrically before and after deposition. The obtained

Gas Diffusion Electrode (GDE) serve as the cathode.

3.4 Electrochemical measurements
Electrochemical measurements were performed in a zero-gap configuration (Figure 3.3) having

a two-electrode configuration using a Biologic-VSP potentiostat.

A 40 um thick PiperION anion-exchange membrane (AEM) was employed the membrane, [rO:
supported on Ti felt as the anode and 0.1 M CsHCO: as the anolyte. The CO: feed (99.996%,
Nippon Gases) and anolyte flow rates were both maintained at 20 mL min™'. Electrolysis
experiments were conducted for 15 minutes at current densities of 100 mA cm™, 200 mA cm™2,
and 300 mA cm™ in sequence, with fresh anolyte supplied for each current density. All
measurements were performed in duplicate to ensure reproducibility and enable estimation of

standard deviations.

Gaseous products were analyzed using a Perkin Elmer Clarus 590 GC equipped with a thermal
conductivity detector and flame ionization detector. The CO> gas flow rate was controlled by
a red-y smart series thermal mass flow controller from Vogtlin instruments. The CO» gas is
N45 purchased from Air Liquide. Liquid products formed at the cathode were quantified using
an Agilent 1260 Infinity II HPLC equipped with Refractive Index Detector (RID). The anolyte

was also collected and analyzed by HPLC after each experiment to assess product crossover.

The Faradaic efficiency (FE) for each product was calculated according to:

~n-F-Ci-V

FE;
I
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where 7 is the number of electrons transferred, /" is Faraday’s constant, C; is the molar
concentration of product 7, V' is the volumetric flow rate, and / is the applied current using

chronopotentiometry.

S 0.1M CSHCO,

@)

Products — :

Flow channel Ir0, on Ti felt

CuPd on Gas Piperion
difussion layer membrane
(Sigracet 39BB)

Figure 3.3: Schematic diagram of the zero-gap electrolyzer and components used in thiswork.
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4. Summary of appended papers

This thesis is based on two complementary studies investigating how Pd composition (Paper I)
and synthesis route (Paper II) govern the structure and CO> electroreduction performance of
Cu-Pd dilute alloy nanoparticles in a zero-gap electrolyzer at industrially relevant current

densities.
Paper I

Paper I examines the effect of Pd composition across the dilute alloy regime (2-6 at. %) on
CO2RR performance. A series of Cu-Pd dilute alloy nanoparticles with nominal Pd
compositions of 2, 4.5, and 6 at.% were synthesized by a solvothermal method and
characterized to confirm composition, morphology, and oxidation state. ICP-MS analysis
confirmed that the measured bulk Pd compositions were close to the nominal targets at 1.71,
4.69, and 6.33 at. % respectively, demonstrating good synthetic control over alloy composition
across the dilute regime. TEM imaging (Figure 4.1) revealed that all samples consisted of well-
dispersed nanoparticles with a narrow size distribution of 5-6 nm, with no significant difference
in particle size or morphology between Cu and Cu-Pd. XPS analysis confirmed that both Cu
and Pd were present in the metallic state at the nanoparticle surface prior to electrochemical
testing, consistent with successful reduction of both metal precursors and the minor surface

oxide layers due to air exposure, that could mask the intrinsic catalytic behavior of the alloy.
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Figure 4.1: (a) Schematic of CuPd synthesis; (b) TEM image of Cuos sPd4 s and its size

distribution.
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Electrochemical performance was evaluated in a zero-gap electrolyzer at current densities of
100, 200, and 300 mA cm?, with gaseous products analyzed by online gas chromatography
and liquid products quantified by HPLC. The results reveal three distinct performance regimes,
each governed by a different balance between ensemble disruption and structural stabilization
(Figure 4.2). At 100 mA cm™, monometallic Cu outperforms all Cu-Pd compositions with a
C»>+ Faradaic efficiency of 40.25 %, a C»+/C; ratio of 2.8, and an H> FE of 16 % as Pd
incorporation blocks the Cu active sites required for C-C coupling and shifts selectivity toward
Ci products. At higher current densities, however, this trend reverses: pure Cu exhibits a sharp
doubling in H» evolution from 16 % to 35 %, accompanied by a drop in C2+ FE from 40.25 %
to 29 % between 100 and 200 mA cm, while Cu-Pd dilute alloys suppress this current-density-
dependent HER surge and improve faradaic efficiency toward CO:z reduction products.
Cuos.sPds s maintains an H> FE of 26 % (barely unchanged from 100 mA cm™), C»+ FE of 35
%, and C»+/C; ratio of 3.20 outperforming pure Cu under identical conditions. An optimal Pd
content of 2-4.5 at. % is identified, beyond which excessive dilution of Cu active sites
diminishes performance. These results establish that dilute Pd alloying functions as a HER
suppressor under high-rate operating conditions and provide a compositional design principle

for robust Cu-based catalysts in practical zero-gap COx> electrolyzers.
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Figure 4.2: (a) Full product distribution at 100 mAcm; (b) at 200 mAcm™%; (c) at 300 mAcm”
2 (d) H, Faradaic Efficiency; (e) ratio of total Ca+ to total C; Faradaic efficiency.
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Paper 11

While Paper I established that dilute Pd alloying suppresses current-density-dependent
hydrogen evolution and preserves Ca+ selectivity in Cu-based catalysts, it evaluated catalysts
prepared by a single synthesis route. A fundamental but underexplored question remains on
how the synthesis route and the atomic-scale Pd distribution it produces independently govern
catalytic performance for fixed bulk composition. In bimetallic nanoparticle systems, the same
nominal composition prepared by different routes can produce different atomic-scale
structures, with different degrees of dopant surface enrichment or depletion and different
probabilities of dopant nearest-neighbor contacts. Paper I addresses these by systematically
comparing Cu-Pd nanoparticles prepared by sequential reduction and co-reduction across four
Pd compositions as shown in Figure 3.2. Sequential reduction, in which Cu nanoparticles are
formed first and Pd subsequently incorporated, appears to produce preferentially isolated
surface Pd sites through a core-enriched Pd distribution, while co-reduction appears to produce
a more homogeneous Pd distribution with higher surface Pd density at equivalent bulk

composition, as confirmed by STEM-EDS characterization (Figure 4.3).

(a Sequential
Reduction

(b) Co-reduction

Figure 4.3: STEM-EDS images of Cu-Pd nanoparticles synthesized by (a) sequential
reduction (4.5 at. % Pd) and; (b) co-reduction (6 at. % Pd).

Electrochemical performance was evaluated in a zero-gap electrolyzer at 200 mA ¢cm™ which
was established as the current density identified in Paper I as the onset of significant
performance divergence between Cu and Cu-Pd. At low Pd compositions, sequentially reduced
samples consistently outperform their co-reduced counterparts prepared at identical bulk

composition (Figure 4.4). The difference is most clearly illustrated at nominal composition 4.5
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at.% Pd, where the sequentially reduced alloys achieve a C,+ FE of 31%, compared to 23% for
the co-reduced equivalent which may be attributed to the difference in Pd spatial distribution
between the two synthesis routes (Figure 4.4). At higher Pd compositions, the performance gap
between the two routes narrows, consistent with the increasing probability that Pd distribution

in both synthesis are similar.
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Figure 4.4: Full product distribution for (a) Sequential Reduction, (b) Co-Reduction, and (c)
H; Faradaic Efficiency, (d) ratio of total Cz+ to total C; Faradaic efficiency.

Together, these studies from papers I and II establish that both composition and synthesis route
must be jointly considered to realize the full performance benefits of the dilute alloy
architecture and provide transferable design principles for robust and selective Cu-based CO»

electroreduction catalysts under practical operating conditions.
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5. Conclusion and outlook
This thesis investigated how alloy composition and synthesis pathway jointly govern the

structure and electrocatalytic performance of Cu-Pd dilute alloy nanoparticles for CO-

electroreduction in zero-gap electrolyzers at industrially relevant current densities.

The first study established that the effect of Pd incorporation is strongly current-density
dependent. At 100 mA cm, Pd is detrimental, blocking the Cu surface sites required for C-C
coupling and shifting selectivity toward C; products. At 200-300 mA cm™, the trend reverses:
pure Cu exhibits a drastic increase in H> FE accompanied by significant C»+ selectivity loss,
while Cu-Pd dilute alloys suppress this current-density-dependent HER surge and maintain
faradaic efficiency toward CO:> reduction products. An optimal Pd content of 2-4.5 at.% is
identified, beyond which active Cu site dilution outweighs stabilization. These results establish
dilute Pd as a HER suppressor under high-rate conditions and demonstrate that evaluating

bimetallic CO2RR catalysts at mild current densities alone is insufficient.

The second study established that synthesis route independently governs catalytic performance
at fixed bulk composition. Sequential reduction produces preferentially isolated surface Pd
sites through core-enriched Pd distribution, while co-reduction yields homogeneous
distribution with higher surface Pd density as confirmed by STEM-EDS. At 200 mA cm~,
sequentially reduced Cu-Pd achieves C»+ FE of 31% compared to 23% for the co-reduced
equivalent, establishing that Pd surface composition is dictated by the synthesis route in the

dilute regime.

By and large, these findings show that composition and synthesis routes must be jointly
optimized to realize the full performance benefits of the dilute alloy electrocatalysts and
provide design principles for robust Cu-based CO» electroreduction catalysts under practical

operating conditions.

Looking ahead, several directions warrant further investigation, some of which are currently
ongoing. DFT calculations of hydrogen adsorption energy and *CO binding strength on Cu
sites adjacent to isolated Pd atoms would provide the mechanistic backbone currently missing
from the experimental observations. Long-term stability studies under continuous high-current
operation would address the open question of whether the Pd stabilization effect persists over
extended operation. Finally, tracking how Pd evolves structurally and compositionally under
operating conditions using operando characterization techniques would provide direct insight

into the dynamic behavior of the dilute alloy architecture during CO> electroreduction.
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