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CHAPTER 1

Introduction

1.1 The problem of CO2 emissions

Climate change represents one of the most pressing global challenges of the 21st cen-

tury, largely driven by the continuous increase in atmospheric carbon dioxide (CO2)

levels due to human activities, as shown in Fig.1.1. This greenhouse gas is released

mainly through fossil fuel combustion and industrial processes, such as the production

of cement and steel [1], and its accumulation in the atmosphere has triggered serious

environmental consequences and presents an urgent and potentially irreversible threat

to human society, including global warming and extreme weather events [2]. Address-

ing this issue by achieving net zero CO2 emissions before the middle of the century is

essential to mitigate the most severe impacts of climate change; however, it requires

not only massive implementation of renewable energy sources, but also developing

strategies to capture and reuse CO2 in a sustainable way [3].

1.2 CO2 conversion as a sustainable approach

Among the different solutions under investigation for CO2 conversion (see Fig.1.2),

electrochemical reduction of carbon dioxide (CO2RR) is one of the most promising

approaches to recycle this greenhouse gas into chemical fuels and feedstocks [4],[5].

The electricity required for this process can be derived from renewable sources, so that

the CO2RR enables the storage of intermittent renewable energy in chemical form [6].

Since for many energy services in industrial value chains it is hard to use electricity

directly, energy carriers will be needed. The higher the energy density value, the more

useful a carrier becomes as an energy service supplier: they become easier to store and

transport [7].
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Figure 1.1: Global CO2 emissions over the decades. 1

For these reasons, CO2 conversion using renewable energy sources represents an el-

egant long-term solution to climate change, in which value-added products such as

hydrocarbons and oxygenates could be selectively produced [8],[9], as show in Fig.1.3.

Compared with other approaches, namely thermochemical or photochemical conver-

sion methods, electrochemical reduction (ECR) is one of the most promising strategies

because of the mild operating conditions, high reaction efficiency, and modular reactor

designs [10], which allows easy scalability to industrial applications while maintaining

flexibility in reaction conditions and system design.

1.3 The challenge of CO2 stability

Despite these promising features, several challenges still limit the practical applica-

tion of CO2RR. The first one, to obtain a cost-effective process, is the high energy

requirement to break the double bonds (C=O) in the CO2 molecules [13]. Since those

molecules are thermodynamically stable and kinetically inert, a significant energy in-

put is necessary as well as the presence of efficient catalysts to lower the activation

barrier [14].

1https://decarbonization.visualcapitalist.com/global-co2-emissions-through-time-1950-2022/

https://decarbonization.visualcapitalist.com/global-co2-emissions-through-time-1950-2022/
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Figure 1.2: Different mechanisms for the CO2 conversion [11].

Figure 1.3: A schematic diagram of electrochemical CO2 reduction to chemical fuels

from clean energy sources [12].
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In addition, the hydrogen evolution reaction (HER) competes with the CO2RR under

similar electrochemical conditions, thus further hindering its development toward in-

dustrial applications. This technology requires a careful selection of materials, as many

catalysts exhibit low conversion selectivity and tend to suffer from performance degra-

dation over time. Usually, the performance of electrocatalysis can be quantitatively

measured for several fundamental parameters, such as the onset potential, the faradaic

efficiency (FE), the energy efficiency and the current density [15]. The analysis of the

latter gives feedback on the potential application of specific material for the CO2RR.

For example, from these parameters, product selectivity can be evaluated by measuring

the FEs and current densities [16]. Therefore, developing efficient, selective and stable

catalysts is a key research priority for the CO2 conversion.

1.4 Objective of the thesis

In this thesis work, copper (Cu)-based catalysts supported on commercial gas diffusion

layer (GDL) carbon paper were fabricated by electrodeposition method, which is a

simple, cost-effective and scalable technique for synthesizing catalytic films with con-

trolled morphology and thickness. This process enabled the fabrication of free-standing

gas diffusion electrodes (GDEs) by directly depositing the Cu catalyst onto the sub-

strate. Furthermore, to explore the potential benefits of bimetallic systems, a part of

the electrodes was subsequently modified with a displacement reaction in silver sulfate

(Ag2SO4) aqueous solution. The prepared GDEs were then characterized with field-

emission scanning electron microscopy (FESEM) and energy-dispersive spectroscopy

(EDS), to study their surface morphology and elemental composition. Furthermore,

they were tested in a membrane electrode assembly (MEA) cell configuration to eval-

uate their activity, selectivity and stability toward the CO2RR. The amount of liquid

and gaseous products were estimated with a high-performance liquid chromatograph

(HPLC) and a micro-gas chromatograph (µGC) respectively. The resulting values were

subsequently used to estimate the FEs of the reaction products and to assess the over-

all performance of the fabricated samples. The main objectives of this work can be

summarized as follows:

1. To synthesize and characterize Cu electrodes fabricated with electrodeposition

method on GDL carbon paper, giving particular consideration to the deposition

reaction parameters.

2. To prepare Cu-Ag bimetallic electrodes via silver displacement and compare their

physical and electrochemical properties with the monometallic ones.

3. To investigate the electrochemical performance of the fabricated electrodes in

MEA systems, with emphasis on the relation between the deposition parameters

and the obtained product selectivity.
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1.5 Structure of the thesis

This thesis is organized into four chapters:

1. State of the art of current CO2RR.

2. Materials and methods.

3. Results and discussion.

4. Conclusion and future perspectives.



CHAPTER 2

State of the art

This chapter presents an overview of the current state of the art in the CO2RR, with

a focus on the key scientific concepts and technological approaches that support the

ongoing developments. A detailed analysis of the electrocatalytic process, along with

the current employed catalyst materials, electrode design, and cell architecture, is

provided.

2.1 Fundamentals of electrochemical CO2 reduction

The CO2RR has emerged as a promising strategy to mitigate greenhouse gas emis-

sion while producing renewable fuels and chemicals [17]. During this process, CO2

molecules dissolved in an electrolyte are reduced under the influence of an applied po-

tential and converted into value-added products [18]. While this mechanism occurs at

the cathode, water oxidizes at the anode to supply the protons and electrons neces-

sary for the reaction. However, CO2 molecules have linear structures and strong C=O

bonds (750 kJ/mol), which make them quite stable and kinetically inert, thus posing

a significant challenge for their activation and subsequent reduction [19]. They possess

a high activation barrier, which in turn leads to significant overpotentials [20], making

the process energy-intensive and economically unfavorable. In addition, the CO2RR

proceeds through multiple reaction steps involving different numbers of protons and

electrons, where various intermediates can evolve into different products [21], such as

CO, methane (CH4), formic acid (HCOOH) and alcohols. For these reasons, the use

of reaction catalyst materials, capable of reducing the activation barrier and steering

the products selectivity, is necessary. As many as 16 reaction products, ranging from

hydrocarbons to oxygenates, have been identified for the CO2RR in an aqueous elec-

trolyte on Cu catalysts [22] (see Table2.1), leading to a wide variety but, nevertheless,

low product selectivity. Unfortunately, the competing HER at cathode requires a lower

overpotential than the CO2 activation and tends to dominate, thus consuming the elec-

trons and protons that would otherwise contribute to CO2 conversion.

6
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Finally, the generated oxygenates are usually mixed with solutes in the electrolyte,

which then require extra separation and concentration processes to recover pure liquid

fuel solutions in practical applications. At the same time, the evolved hydrocarbons are

also mixed with H2 and residual CO2, making a costly separation process indispensable

[23]. For these reasons, steering selectivity toward fewer desired products is one of the

keys to industrial applications of the CO2 conversion.

Table 2.1: Half electrochemical thermodynamic reactions of the main CO2RR products,

together with the corresponding standard redox potentials [23].

2.1.1 Electrocatalytic process

In general, an overall electrocatalytic process consists of cathodic and anodic pro-

cesses occurring in two compartments separated by a membrane to prevent the mixing

of the respective products, as shown in Fig.2.1. Over the course of the reaction, a

non-spontaneous electron transfer is driven by an external power supply, to activate

the reduction mechanism on one electrode (cathode), while the other (anode) oxi-

dizes [24]. So, the conversion of the reactants occurs at the cathode together with

the competing HER, while the oxygen evolution reaction (OER) commonly occurs at

the anode thereby providing the necessary protons and electrons. The charge transfer

between electrodes (electron-conducting phases) occurs within an electrolyte medium

(ion-conducting phase), while the electrochemical reduction of the reactants takes place

at the cathode electrode/electrolyte interface. As a rule, the CO2RR involves three ma-

jor steps [25]:
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1. Mass transport of CO2 molecules to the catalyst layer and chemical adsorption

onto its surface. This process weakens the linear structure and lowers the energy

barrier for the following reactions.

2. The activated CO2 species are reduced through sequential transfer of electrons

and protons, which leads to the formation of reaction intermediates.

3. The fully reduced reaction intermediates undergo rearrangement into final prod-

ucts and subsequently desorb from the catalyst surface.

Figure 2.1: Schematic representation of a conventional electrocatalytic system for the

CO2RR [26].

2.1.2 Electric double layer

In electrochemistry the electrodes are affected by the negative charges present on their

surface, which in turn influence their interaction with the electrolyte, and lead to the

formation of a region called the electrical double layer. The structure of the electrode/-

electrolyte interface is typically divided into five distinct regions, namely the electrode

surface, the inner Helmholtz layer (IHL), the outer Helmholtz layer (OHL), the diffuse

layer and the bulk solution [27] (see Fig.2.2). The closest layer to the working electrode

is the IHL, which contains the adsorbed reactants and the reaction intermediates, while

the OHL is comprised of solvated ions with the opposite charge of that of the active

electrode. The diffuse layer contains non-specifically adsorbed ions and together with

the Helmholtz layer form the electrical double layer [28].
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Overall, its conformation affects the local reaction environment by modifying the inter-

facial electric field and ion distribution, thereby impacting the kinetics and selectivity

of the CO2RR. Usually, the conversion of CO2 is an inner-sphere process because the

adsorption and bond rearrangement of its molecules and reaction intermediates pro-

ceed within the IHL [29],[30]. So, an improved understanding of the electric double

layer highlights the critical role of electrode morphology and surface structure in steer-

ing product selectivity during the CO2RR. The choice of the catalyst material is only

the first step as it needs to be nanostructured for enhanced performance, since certain

sites at catalytic surfaces are usually inactive because of their inability to stabilize

adsorbates and reaction intermediates [31].

Figure 2.2: Visual overview of the electrochemical double layer with specifically ad-

sorbed anions at the IHL and solvated cations at OHL [26].

2.1.3 Electrolyte selection

The choice of electrolytes also plays a fundamental role in determining the efficiency

and selectivity of the CO2RR, as it significantly influences the structure of the electric

double layer. The solvated metal cations at the OHL can electrostatically interact with

adsorbed species and influence the distribution of products [32]. In general, the elec-

trolyte provides ionic conductivity and charge balance between anodic and cathodic

reactions. Moreover, it should not interact with the electrode materials thereby ensur-

ing a stable pH environment, which is essential for maintaining reaction kinetics and

product selectivity.
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Since carbonates are chemically compatible with most electrode materials, they are

commonly employed in aqueous systems [33]. In addition, bicarbonate solutions, such

as potassium bicarbonate (KHCO3, 0.1-1M), provide capacity to buffer the local pH at

the electrode surface during the reduction of CO2 [34], thus maintaining a stable envi-

ronment and homogeneous reaction conditions due to the consistent proton availability.

Neutral and slightly alkaline electrolytes are therefore widely used, since acidic envi-

ronments strongly promote the competing HER because of the abundance of protons,

while highly alkaline environments induce the formation of carbonate and bicarbonate

salts at the interface [35]. For these reasons, a careful selection of the electrolyte is

essential, as it must be aligned with the choice of the catalyst and plays a critical role

in governing interfacial interaction dynamics during the CO2RR.

2.1.4 Reaction parameters

To perform a qualitative and quantitative evaluation and comparison of catalysts and

devices employed for the CO2RR, several key parameters are typically considered:

1. FE is defined as the ratio of the charge used to form a specific product, calculated

from Faraday’s law, to the total charge supplied for the overall reaction [36]. It

is typically expressed as a percentage and indicates the fraction of electrons that

contribute to the formation of the desired products.

2. Current density, that is the total current per unit area (mA/cm2) of the work-

ing electrode and constitute the most direct measure of catalytic activity (rate

of charge transfer) [37]. Together with the FE, it allows the evaluation of the

catalyst products selectivity.

3. Energy efficiency, known as the percentage of energy stored in chemical products

compared to the total electrical energy input that is proportional to the total

cell voltage, as shown in Fig.2.3. Therefore, increasing energy efficiency means

decreasing total cell voltage. The latter involves the thermodynamic cell voltage,

defined as difference between the thermodynamic potentials of the cathodic and

anodic reactions, the activation voltage drop at a specific current density, and

the ohmic voltage drop, caused by current flow resistance in electrode, electrolyte

and membrane [38].

4. Stability, defined as the ability of the catalyst system to maintain its performance

over time (long-term durability) under continuous operation. It is a critical pa-

rameter for scaling CO2RR technologies to industrial applications.
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Figure 2.3: Total cell voltage components as a function of current density [38].

2.2 Catalyst materials

The choice of the catalyst is the most crucial factor in determining the activity, se-

lectivity and efficiency of the CO2RR. Since this process involves multiple competing

reaction pathways, the reaction outcome is ultimately determined by each material

capability of binding with the key intermediates [39].

2.2.1 Copper

Cu-based materials are the most widely studied group metal catalysts that allow room-

temperature reduction of CO2 into highly reduced multi-carbon products with rela-

tively high energy efficiencies [40],[41]. As a rule, Cu is the only known metal that can

selectively catalyze the formation of products requiring more than two electron transfer

steps [42],[43], due to its unique ability to stabilize the reaction intermediates, which

can then be further reduced [44]. Those are usually called C2+ products and include

ethylene (C2H4), ethane (C2H6) and ethanol (CH3CH2OH), which are all high-valuable

chemicals and energy-dense fuels. The reason is that Cu has strong enough binding

energy to stabilize *COOH, *CO and *CHO intermediates, preventing their immedi-

ate desorption without leading to irreversible adsorption and thus surface poisoning,

which is beneficial for further C-C coupling and forming multi-carbon species [45],[46].

Therefore, depending on the system configuration, which includes the electrode design,

electrolyte choice and cell setup, specific reaction pathways are favored (see Fig.2.4),

ultimately determining the distribution of products [47],[48]. However, Cu typically

produces a broad spectrum of products with low selectivity, thus requiring energy-

intensive separation processes [49].
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Moreover, its activity tends to degrade during operation due to the CO2RR products,

which can lead to surface restructuring, and partial dissolution under reaction con-

ditions, thereby hindering long-term stability [50]. A major limitation of Cu-based

materials is their significant HER activity, which competes with the CO2RR and low-

ers overall conversion efficiency [51]. Since the morphology and the crystallite size of

the Cu electrocatalysts are key factors influencing CO2 conversion performance [52],

they must be understood and carefully optimized.

Figure 2.4: Possible mechanism of the CO2RR in aqueous systems [25].

2.2.2 Noble metals

Noble metals, in contrast, show a narrower selectivity window at lower overpotential

with respect to Cu. Specifically, silver (Ag) and gold (Au) are highly effective in

converting CO2 to CO with excellent FE [53],[54]. Despite Au offering exceptional

stability, its high cost hinders large-scale applications, so Ag is usually preferred due

to its greater natural abundance and lower material expense [55]. In addition, Ag has

a significant lower hydrogen binding energy compared to Cu, so its presence near Cu-

based catalysts results in a lower *H ions surface coverage under reaction conditions

and therefore suppressed rates of HER [56]. For these reasons, coupling Ag and Cu to

produce bimetallic catalysts offers a potential way to enhance the CO2RR performance

[57]. For example, the addition of Ag to Cu-based materials has been demonstrated to

be an effective strategy for steering product selectivity toward C2+ oxygenates [58],[59].

This effect has been attributed to a cascade mechanism, called “tandem effect”, which

integrates two consecutive steps of CO2-to-CO and CO-to-C2+ conversion on two dis-

tinct catalytic sites, thereby combining the different properties of each material [60].



13

Apart from noble metals, alternative elements such as antimony (Sb) are increasingly

attracting attention as a cheaper yet promising alternative to promote the cascade

mechanism in bimetallic catalysts [61]. Therefore, understanding the interactions be-

tween different materials within bimetallic electrocatalysts constitutes another key re-

search priority for improving the CO2RR.

2.3 Bimetallic electrodes

The development of bimetallic electrodes has emerged as an effective strategy to im-

prove the performance of the CO2RR beyond what is achievable with pure metals.

Combining two different catalytic surfaces and thereby breaking down the multistep

CO2 conversion process into two consecutive steps, might be a strategy to overcome

fundamental efficiency limitations and steer the selectivity toward fewer desired prod-

ucts [62]. A series of alloy materials including Au-Cu, Sb-Cu and Ag-Cu have been

demonstrated for high efficiency C1 products formation by stabilizing the critical inter-

mediates [63],[64]. Meanwhile, various Cu-Ag catalysts have been reported to exhibit

enhanced CO2RR selectivity and activity toward multi-carbon products. The enhance-

ment has been attributed to the suppression of the competing HER and thereby in-

creased surface population of *CO intermediates on the catalysts [65],[66]. On one

hand, the introduction of alloying element brings about change of electronic structure

owing to charge transfer between matrix and the solute atoms, which further alters,

to modulate binding strength of intermediates [67]. On the other hand, the addition

of foreign atoms accompanies variation of atomic configuration in comparison with the

monometallic counterpart, which plays a vital influence on the adsorption of intermedi-

ates at the active sites [68]. Generally speaking, the mechanism by which CO produced

on Ag (or Au) sites diffuses toward adjacent Cu sites for further reduction into C1-

C3 products [69],[70], as shown in Fig.2.5, is called “tandem effect” or “CO spillover”

and can be employed to improve the CO2RR performance. Moreover, the bimetallic

electrode architecture can be designed in several forms, including alloyed nanoparti-

cles, layered thin films, core-shell structures and spatially separated domains. Each

one provides different degrees of interaction between the constituent elements, which

in turn influence CO availability and reaction intermediates stabilization. For exam-

ple, Ag nanoparticles-decorated Cu2O nanocubes displayed enhanced selectivity toward

C2+ liquid products, while the production of formate (HCOO-) and H2 was suppressed.

Most importantly, an increase in the size of Cu/Ag interfaces correlates with a stronger

selectivity enhancement [71]. Despite these promising features, bimetallic electrodes

still face limitations with respect to precise control of surface composition, scalability

and long-term stability, which hinder the transition toward industrial implementation.
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Figure 2.5: Schematic representation of the CO spillover mechanism in Cu-Ag bimetal-

lic electrodes [72].

2.4 Electrode design

Besides catalyst composition, the architecture of the electrodes plays a central role

in determining the CO2RR performance. While the choice of the catalyst dictates

the intrinsic activity and selectivity of the CO2 conversion process, electrode structure

governs the efficiency of reactants transport to the active sites and subsequent prod-

uct removal. Specifically, it must enable efficient CO2 delivery to the catalyst surface,

minimize ohmic resistance, and ultimately enhance reaction kinetics [26]. One of the

main limitations concerns mass transport, because the solubility of CO2 in aqueous

systems is relatively low at room temperature. This restricts reactants availability at

the catalyst surface during electrochemical reduction, thereby constraining the reac-

tion kinetics [73]. To address this issue, replacing liquid-fed electrodes with gas-fed

counterparts represents a promising strategy, since the mass transport of CO2 and re-

action products can be enhanced by tuning the electrode architecture at the micro-

and nanometer scale [74]. For these reasons, GDLs are often employed to support

the electrodes, as they provide mechanical stability, high conductivity and a porous

structure that facilitate CO2 gas diffusion [75]. They are composed of a macroporous

layer, the structural backbone that provides mechanical stability and high gas per-

meability, combined with a microporous layer (MPL) [76]. The MPL is hydrophobic

and characterized by small pores composed of carbon powder and PTFE to prevent

liquid electrolyte from seeping into the gas flow channel, while ensuring good electrical

contact with the catalyst layer, thus minimizing ohmic losses at the interface [77].
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Normally, GDLs are coupled with the catalyst layer to form GDEs, enabling high

current densities and improved catalytic efficiencies when implemented in a flow cell

or zero-gap cell [78]. Since CO2 gas can diffuse through the GDL to reach the elec-

trode/electrolyte interface within the catalyst layer (see Fig.2.6), mass transfer limita-

tions associated with sluggish kinetics are mitigated, thereby enhancing CO2RR rates.

Additionally, catalyst particles can be integrated into the porous structure using elec-

trodeposition technique, providing a high active surface area. Carbon paper is widely

used as substrates for GDEs, as it offers high electric conductivity, good mechanical

stability, and an ideal hydrophobic porous structure, making it an excellent support

for the CO2RR.

Figure 2.6: Visual overview of CO2 diffusing inside the GDE structure [26].

2.5 Cell configuration

The configuration of the electrochemical cell is another key factor in determining the

performance and reliability of the CO2RR, since the overall efficiency of the process is

also governed by how the electrodes, electrolyte and membranes are arranged within

the reaction environment. Over the years, several cell designs have been developed,

each with its own specific advantages and limitations:

1. The most traditional setup used in early research is the H-cell, which is com-

prised of independent cathode and anode chambers that are connected by an

ion-exchange membrane [79], with the electrodes simply immersed in liquid elec-

trolytes with CO2 gas bubbled to saturate the catholyte.
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While the cathode reduces CO2, the anode typically oxidizes water to oxygen, fol-

lowing the OER. This configuration is simple, low cost, and allows rapid screening

of novel electrocatalyst, but is not practical for large-scale deployments because

the rates of CO2 mass transfer to the electrodes surface are too slow and the

achievable current density too low, thus preventing any industrial applications

[80].

2. Flow cells were developed to overcome these limitations. In this setup, the cath-

ode is a GDE where gaseous CO2 is continuously fed to the catalyst layer, while

the electrolyte is circulated in separate liquid channels, as shown in Fig.2.7. This

design ensures a constant supply of CO2, drastically the reaction kinetics and

current density [81]. However, the presence of liquid electrolytes in direct con-

tact with the GDE can lead to electrode flooding and carbonate precipitations,

thus posing severe long-term stability issues.

3. Finally, the MEA configuration was developed, where the catalyst layer is directly

integrated with (pressed against) the ion-exchange membrane (zero-gap design),

so that the cathode/anode distance is reduced to a few micrometers thereby re-

ducing the ohmic resistance. In addition, since the MEA configuration eliminates

the presence of liquid electrolyte between the cathode and membrane, it prevents

the flooding mechanism and limits the carbonate precipitations, while enabling

even higher current densities [12].

Figure 2.7: Simplified illustration of the flow cell configuration together with the MEA

development [12].
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It is also important to consider the role of the cathode/anode separators, specifically

the ion-exchange membranes. They represent a critical component of the system, as

they ensure efficient cell operation by preventing the exchange of reactants and products

between the chambers (product crossover), minimizing the risk of short circuit between

electrodes and providing mechanical support while preserving ionic conductivity [26].

There exist three main groups of membranes (see Fig.2.8):

1. Cation exchange membranes (CEMs), which are composed of polymer matri-

ces functionalized with negatively charged groups that allow selective passage

of cations from the anode to the cathode, while blocking anions and neutral

molecules. However, in acidic environments they favor the competing HER.

2. Anion exchange membranes (AEMs) can transport hydroxide (OH-) anions through

positively charged functional groups, thus creating a locally alkaline environment

at the cathode, while suppressing the HER. Commonly employed in MEA sys-

tems, they suffer from carbonate formation at the surface, which reduces the

mass transport efficiency.

3. Bipolar membranes (BMPs) combine both PEM and AEM layers within a single

structure. Water dissociation occurs inside the junction, allowing the simultane-

ous supply of H+ and OH- depending on polarization, thereby generating a pH

gradient across the membrane.

Figure 2.8: Graphical summary of the existing ion-exchange membrane properties [38].



CHAPTER 3

Materials and methods

This chapter describes the experimental procedures and analytical techniques employed

in this work. It outlines the preparation of the GDEs, including Cu electrodeposition

and Ag displacement, followed by the physical and electrochemical characterization of

the samples. Furthermore, the analytical methods used to evaluate the selectivity of

gaseous and liquid products are presented.

3.1 Electrodeposition process

Electrodeposition is a versatile and cost-effective technique used to fabricate metal-

lic coating and nanostructured films on conductive substrates. In the context of the

CO2RR, Cu electrodeposition on carbon-based substrates allows precise control over

the catalyst loading, particle size and surface morphology, all of which strongly influ-

ence catalytic performance and product selectivity. This process involves the reduction

of Cu ions, present in a liquid electrolyte, onto the surface of a conductive substrate

under the influence of an applied potential or current, leading to controlled growth of

a metallic layer. Normally, the electrodeposition method is governed by the reaction

conditions:

1. The composition of the electrolyte, which plays a major role, because the concen-

tration and nature of the metal precursors strongly influence the nucleation and

growth rates of the catalyst layer, due to their specific mass transport properties

and availability during the reduction process.

2. The applied potential or current density, otherwise known as the driving forces of

the reduction mechanism, that determine the sample morphology and the mass

loading on the substrate for a given time.

3. The deposition time, which is the total duration of the reduction process on

the target and dictates the overall thickness of the metallic layer at a given

potential/current.
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Generally speaking, electrodeposition is attractive for catalyst preparation because it

combines simplicity (easy setup), reproducibility and cost-effectiveness. Unlike other

methods like sputtering or chemical vapor deposition, this procedure requires only an

electrochemical cell, a metal salt solution and electrical power source, without the need

of vacuum systems or high temperatures, while offering precise control over surface

morphology by tuning the deposition parameters.

3.2 Electrode preparation

3.2.1 Copper electrodeposition on carbon paper

In this thesis work, Cu electrodeposition was performed on commercial GDL carbon

paper inside a two-electrode flow cell, to obtain free-standing GDEs. The chosen elec-

trolyte was a solution of acetonitrile (CH3CN, ACN) and copper acetate (Cu(CH3COO)2
anhydrous), 0.5g of Cu(CH3COO)2 was added into 100 ml of ACN in a glass beaker,

followed by magnetic steering for half an hour to facilitate complete dissolution of the

metal salts in the solvent. The choice of the solvent was determined by the need to

ensure the full wettability of the hydrophobic GDL substrate, to guarantee the com-

plete access of the electrolyte inside its porous structure and thereby homogenous and

reproducible depositions. Regarding the setup of the flow cell, it is composed of indi-

vidual gasket pieces properly cut and assembled together (see Fig.3.1), alternating the

rigid and the soft ones (black and white ones), in such a way to obtain two connected

chambers, but with different functions. The idea is to build two separate compart-

ments, one between anode and cathode of approximately two millimeters, where the

metal reduction can occur (working chamber), while the other, about double the thick-

ness, is employed as a supply chamber to prevent the working chamber from emptying

and thereby securing proper execution of the procedure for all its duration. This hap-

pens because ACN tends to evaporate at ambient temperature, that is the condition in

which the electrodeposition was performed, thus emptying the working chamber during

the course of the process. Prior to this development, the electrodepositions inevitably

faced failure in obtaining homogeneous catalyst layers. Since the flow cell was posi-

tioned with the anode below the cathode, the supply chamber was placed above the

cathode, so that gravitational force maintained the working chamber in a constantly

filled state, as the upper one emptied. With this configuration, a total of approximately

twenty milliliters of electrolyte was required for each deposition process. A thin Cu

plate was chosen for the anode, to be used as reference electrode and provide an extra

supply of Cu ions, since those dissolved in the small amount of electrolyte employed

were not sufficient to guarantee the entire duration of the electrodeposition.
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(a) Gasket pieces (b) Double chamber

Figure 3.1: Cell assembly from individual components.

However, it needed a clean procedure after each use, because each deposition process

led to the formation of an oxide layer that prevented subsequent uses. The cleaning was

performed inside a suction hood with hydrochloric acid (HCl, 2M), directly pouring

on the oxidized anode. The cathode preparation was more complex, since it required

the manual assembly of the GDL carbon paper on a gasket support, one of the soft

pieces which were part of the flow cell. First, the carbon paper was cut to specific

measures (shown in Fig.3.2), to fit inside the working chamber while still offering both

a great surface area (9cm2) and enough space for the electrical contacts, necessary

for the connection with the external circuit. Then, it was meticulously cleaned with

acetone to prevent most of the contamination from sticking to its surface and thereby

entering the hermetic chamber, thus altering the deposition process with the presence

of unwanted elements.

4cm

4cm

3cm

2cm

Figure 3.2: Visual representation of the sample dimensions: in blue the carbon paper

active area, in red the conductive Cu frame.
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Afterwards, using appropriate tapes, a conductive Cu frame was applied with great

precision around the entire perimeter and both sides of the carbon paper to ensure ho-

mogeneous electrical contacts, which result in a smooth electric potential distribution

all around the target. In addition, above the Cu tape an insulator one, made of poly-

imide (Kapton), was then applied. The latter one is essential to prevent the electrolyte

from reacting with the conductive frame, thus altering the local environment of the

cathode surface during electrodeposition and preventing repeatable results from being

accomplished. After the completion of these preparations, the flow cell was finally

assembled and filled with electrolyte using appropriate syringes. Although a flow cell

setup was used, it was operated without active flow to ensure a more uniform mass

transport environment, since the first depositions, performed with fluxing electrolyte,

were found to be uneven and useless to replicate. This was accomplished by closing

two of the four entrances with syringes, one empty and one full of electrolyte, while the

other two were already closed because of the way the component pieces of the cell were

cut and assembled (see Fig.3.3). The filling of the cell has been the most complex part,

since it led several times to leakage issues, maybe due to the extra pressure applied

inside the chambers during the procedure, and required careful handling. However,

it never compromised critically the conduct of the electrodeposition, since the leaks

would have eventually stopped after a few minutes. Moreover, to ensure full wetting of

the highly porous carbon paper, the system was left at rest for several hours both be-

fore the initiation and after the completion of the deposition process, while monitoring

with an open-circuit voltage technique (OCV), to obtain a stable potential between

the electrodes.

(a) Complete assembly (b) Electrical contacts

Figure 3.3: Real laboratory cell setup.
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This step was necessary for measuring electrical resistance with a potentiostatic

electrochemical impedance spectroscopy (PEIS). The latter one is particularly infor-

mative, as a decrease in electrode resistance is expected following the deposition, due to

the higher electrical conductivity of Cu with respect to carbon paper, thereby confirm-

ing the proper occurrence of the process. Finally, the electrodeposition was performed

by applying a constant negative potential to the cathode using a chronoamperometry

(CA), with values ranging from -300 mV to -500 mV, for a given time. This poten-

tial range was selected following a cyclic voltammetry (CV), a technique in which the

potential is cycled linearly between two values while the resulting current is recorded,

thus providing informations on the redox processes [82]. A series of experiments were

performed at 50 mV increments across the selected potential range, with a deposition

time of both four and eight hours, in order to gain full knowledge of the procedure and

select the most uniform catalysts for the electrochemical characterization with CO2.

Additionally, Cu mass loading on the substrate was estimated through weighing the

sample before and after the deposition using an analytical balance. These measure-

ments, together with the material characterization, enabled the comparison of all the

GDEs prepared under different process parameters. It is important to clarify that the

experimental setup did not include a reference electrode, since it led to unsolvable leak-

age problems. Therefore, the applied potential refers to the voltage directly imposed

between the anode and the cathode, with the cathode held at a negative potential

relative to the anode to enable metal deposition.

3.2.2 Silver galvanic displacement

Once the Cu deposition process had occurred, the fabricated samples were manually

cut from their frames before proceeding to the next step. The method involving the

formation of bimetallic catalysts is known as galvanic displacement. This mechanism

relies on the difference in standard reduction potentials between two metals. When a

Cu-coated substrate is immersed in a solution containing Ag ions, a spontaneous redox

reaction occurs because Ag has a higher reduction potential than Cu. This process

results in the partial replacement of the outermost Cu atoms by Ag atoms, forming a

surface enriched Ag layer while maintaining the underlying Cu structure [83]. More-

over, it does not require an external power source, because the redox reaction proceeds

spontaneously. This procedure was performed by immersing the Cu-based electrodes

in a suitably heated aqueous solution of silver sulfate (Ag2SO4, 0.5mM) for a few min-

utes, so that the heat could enhance the reaction kinetics. The Ag solution, placed in

a small glass beaker, was brought to temperature (70°C) through a bain-marie inside a

silicon oil heated on a hotplate, as shown in Fig.3.4. After approximately five minutes,

the electrodes were carefully removed using tweezers and dried under a gentle stream

of nitrogen gas, taking care to avoid altering their morphology due to excessive flow.
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This method allowed the simple fabrication of bimetallic GDEs, which will be fur-

ther characterized to understand their physical and chemical properties and compare

them with the monometallic ones.

Figure 3.4: Real setup of Ag displacement.

3.3 Material characterization

A comprehensive understanding of the morphology and composition of the synthesized

GDEs is essential to establish reliable correlations with physicochemical properties and

electrochemical performance. Moreover, such studies unveil the correlation between

electrodeposition process parameters and the resulting samples conformation, which

in turn affects the CO2RR. For this purpose, a combination of mutually informative

techniques was employed, namely FESEM and EDS. These studies provided infor-

mation about the surface morphology and the chemical composition of the samples,

respectively.
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3.3.1 Field Emission Scanning Electron Microscopy

FESEM is a powerful technique used for imaging the surface of the electrodes with

really high magnification (up to 106) at nanometer resolution. This analysis is es-

sential to understand the effects of the different electrodeposition parameters on the

morphology of the fabricated samples. FESEM employs a field emission gun to gener-

ate a highly focused electron beam with small probe size and high brightness, which

is focused by two sets of magnetic lenses toward the target. The gun is composed of

a sharp single-crystal tip, where a huge electrostatic field is generated by applied po-

tential, so that the electrons could be extracted by the tunneling effect. Subsequently,

the condenser lenses confine the electron flux while the objective lenses focus the beam

on the samples surface to obtain optimal focal length. When the electron beam in-

teracts with the surface atoms, various signals are generated, including backscattered

electrons (BSE), secondary electrons (SE), Auger electrons and characteristic X-rays

(see Fig.3.5). SE are low-energy electron ejected from the very surface layers of the

sample and provide high-resolution images of the surface morphology with excellent

sensitivity, while BSE are higher-energy electrons that are reflected back from deeper

regions of the sample and thereby offer higher depth of field and compositional contrast

between light and heavy elements. The combined detection of these signals enables the

acquisition of detailed topographical images, while preserving high depth of field, of

the material surface, effectively highlighting particle size distribution and uniformity

of surface coverage of the analyzed samples.

3.3.2 Energy Dispersive Spectroscopy

EDS is an analytical technique coupled with FESEM system to determine the elemen-

tal composition of a sample. This method has been essential to confirm the presence

of Ag on Cu-based samples fabricated with the displacement procedure. EDS collects

and analyzes characteristic X-rays, unique to each element, which are emitted by the

electrode atoms as a result of electronic relaxation of their inner shell following the

excitation caused by the impinging electron beam. Typically, the detector consists of

an array of different p-i-n junctions cooled at cryogenic temperatures, so that electron-

holes pairs are created when a specific X-ray comes at their surface, thus giving both

qualitative and quantitative information of the elements present. By coupling EDS

with mapping functions, the complete spatial distribution (two-dimensional map) of

the various elements present on the sample is obtained.
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(a) Schematic illustration of FESEM. 1 (b) Interaction area of the e-beam. 2

Figure 3.5: Working mechanism of a FESEM device.

3.4 Electrochemical characterization

The electrochemical characterization was performed mainly through a series of gal-

vanostatic and potentiostatic tests, with the MEA configuration chosen as reaction

environment, where the CO2RR has been driven at a fixed current density while mon-

itoring the resulting cell potential over time.

3.4.1 MEA cell configuration

Electrochemical measurements were carried out using a MEA cell configuration. In

this setup, the cathode (working electrode) is chosen from the previously fabricated

Cu-based or bimetallic GDEs, while the anode is an iridium-coated titanium mesh

(IrO2-Ti), selected for its high stability toward the OER.

1https://inano.au.dk/research/research-platforms/nanoanalysis/

transmission-and-scanning-electron-microscopy
2https://atriainnovation.com/en/blog/scanning-electron-microscopy-uses/

https://inano.au.dk/research/research-platforms/nanoanalysis/transmission-and-scanning-electron-microscopy
https://inano.au.dk/research/research-platforms/nanoanalysis/transmission-and-scanning-electron-microscopy
https://atriainnovation.com/en/blog/scanning-electron-microscopy-uses/
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For each test, the fabricated GDEs has been precisely cut from the frames before

utilization (2.23cm x 2.23cm), since a defined area of 5cm2 was required to accurately

evaluate the current density applied during subsequent galvanostatic tests. The re-

maining part was then stored for the upcoming material characterization. Both the

electrodes were pressed directly against the ion-exchange membrane, to minimize the

ionic resistance. The latter one has been previously activated and stored inside the elec-

trolyte used for the measurements, which is potassium bicarbonate (KHCO3, 0.1M),

to prevent it from drying out. However, the concentration of the electrolyte employed

for the activation of the membranes was ten times higher than the one used for stor-

age, to ensure that maximum conductivity was achieved prior to application. Finally,

the cell was assembled and closed with a torque wrench, to guarantee that all sides

exerted the same pressure inside of it, thus preventing any imbalance in the local re-

action environment. The cathode side of the MEA was supplied with pure CO2 gas

at controlled flow rate of 25 ml/min, while the anode side was continuously fed with

a recirculating KHCO3 electrolyte at 10 ml/min. The gas outlet was connected to a

micro-gas chromatograph (µGC, Fusion, INFICON) for the real-time analysis of the

gaseous product selectivity, whereas the liquid outlet was connected back to the elec-

trolyte reservoir to maintain continuous circulation throughout the measurement. In

addition, a trap was installed along the gas line to prevent any liquid residues from

entering the µGC by allowing their collection beforehand. Following these preparations

steps, electrical contacts were applied to the MEA cell, to carry out the electrochemical

analysis performed with the use of a CH potentiostat (CH1760D). Liquid samples were

taken during the measurement to estimate the selectivity of the liquid products inside

a high-performance liquid chromatograph (HPLC, Nexera series, SHIMADZU).

3.4.2 Electrochemical test: LSV, PEIS, CP

In this work, three complementary techniques were mainly employed:

linear sweep voltammetry (LSV), PEIS and chronopotentiometry (CP):

1. LSV consists in scanning the working electrode potential, in a range between 0

and 4 V, linearly with time while recording the resulting current response (see

Fig.3.6a). This technique gives information about the minimum potential at

which catalytic activity becomes evident, which usually occurred once 2.5 V was

exceeded. In addition, it provides evidence of the electrochemical reduction of

Cu oxide to metallic Cu during the procedure, since oxide-derived materials can

lead to morphology or structure evolution during in situ reduction processes [84].

2. PEIS involves applying a small sinusoidal potential perturbation around a fixed

potential and measuring the current response over a range of frequencies. The

data are typically represented in a Nyquist plot and analyzed with equivalent

circuit models to extract resistance values (see Fig.3.6b).
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This technique is used to investigate the stability of the electrode/electrolyte

interface and the efficiency of mass transport. When the estimated resistance

exceeds a certain threshold, such as one ohm, the reaction kinetics could be

hampered by poor cell closure or defective membranes.

3. CP, also known as current electrolysis, is a galvanostatic technique in which

the current passing through the MEA cell is fixed, while the working electrode

potential is continuously recorded as a function of time, as shown in Fig.3.6c.

The CP represents the core of the CO2RR analysis, because it simulates realistic

electrolysis conditions, where the electrodes must sustain fixed current loads to

drive the reduction of carbon dioxide into the different reaction products at a

controlled rate. Meanwhile the time evolution of the potential provides insight

into the stability of the catalytic system, as a sudden change of it typically reflects

a system failure resulting from either catalyst degradation of GDE flooding. The

measurements were performed at constant current of 1000 mA for a maximum

of two hours. The total charge passed during this procedure has been utilized to

compute the FEs of each product, both gaseous and liquid.

(a) Example of LSV (b) Example of PEIS

(c) Example of stable CP (d) Example of system failure

Figure 3.6: Examples of electrochemical measurements.
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3.5 Product analysis

The accurate quantification of reaction products is essential to evaluate the selectivity

of catalysts and compute the faradaic efficiency of each reaction pathway. In this

work, two complementary chromatography techniques were employed to analyze both

the liquid and the gaseous products.

3.5.1 Gas Chromatography

Gas chromatography is a widely used analytical technique to identify and quantify

gaseous products formed during the CO2RR. The recognition mechanism is based on

the separation of volatile species in a gas stream (gas sample + mobile phase) as they

pass through a chromatographic column (see Fig.3.7). In particular, our µGC system

is composed of two columns: the first one uses argon as mobile phase (carrier gas) and

deals with the separation of light molecules (CO, H2, N2, O2), while the second one

uses helium as carrier gas and deals with the separation of heavier gases (C2H4, C2H6).

The instrument performs the online real-time analysis throughout the duration of the

measure, since the effluent gas stream from the MEA cell is continuously directed inside

the instrument. The gaseous samples are injected into a heated inlet, along with the

mobile phase, where they are vaporized and subsequently carried into the columns that

allow the separation of the different compounds. The detector identifies the difference

in thermal conductivity between the reference (carrier gas) and the sample injected,

generating an electric signal and leading to the chromatogram construction, which

identifies the different gaseous species and displays their concentration. The instrument

can reach 1 ppm (part per million) sensibility, which is very useful for identifying traces

of products. However, calibration curves with standard gas mixtures are required to

translate detector signals into molar concentrations and thereby compute the FEs of

the sample with the following equation:

%FE =
V̇ · C · n · F · t

Vm ·Q
· 100 (3.1)

where:

< V̇ > is the flow rate of CO2 at the cathode [L/min],

< C > is the product concentration [%v/v],

< n > is the number of electrons required for the reducing reaction,

< F > represents the Faraday constant [96485.3 C/mol],

< t > is the time interval (fixed at 1 min),
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< Vm > represents the molar volume for an ideal gas at standard conditions (0◦C and

1 atm) [22.4 L/mol],

< Q > is the total electric charge passing through the cell during 1 minute of mea-

surement [C].

(a) GC device (b) Gas recognition mechanism

Figure 3.7: Gas chromatography technique

3.5.2 High-Performance Liquid Chromatography

The identification and quantification of liquid products formed during the CO2RR is

performed with liquid chromatography. Similarly to gas chromatography, the sepa-

ration technique is based on the differential interaction of liquid samples carried by

the mobile phase (sulfuric acid, 9mM) and the stationary phase packed inside the in-

strument (chromatographic column). Through this analysis, the retention time of the

species found in the injected sample is displayed and thereby the individual components

are identified. Meanwhile, the quantitative analysis is performed with a photodiode

array detector (PDA) and a refractive index detector (RID), which function by exploit-

ing the interaction of light with the analytes, such as absorbance and refractive index

changes, as shown in Fig.3.8. Since each compound exhibits a unique electromagnetic

absorption spectrum, the Lambert Beer’s law (where the absorbance is directly propor-

tional to the analyte concentration), can be applied to estimate the concentration of

products. Specifically, our instrument includes two lamps, a deuterium (190-380 nm)

one and a tungsten (380-800 nm) one, to cover all the UV/visible range.
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The light emitted by the lamps irradiates the liquid sample contained in an optical cell,

hence the transmitted light is both collected by the PDA to measure its absorbance and

separated by a diffraction grating to detect the change in refraction index with the RID.

The typical liquid products detected by the HPLC device are formic acid (HCOOH),

acetic acid (CH3COOH) and ethanol (CH3CH2OH). The quantification was carried out

by calibration with standard solutions of target compounds, to enable the determina-

tion of product distribution and the calculation of the FEs, in conjunction with the

total charge passed during electrolysis, with the followig equation:

%FE =
V · C · n · F · ρ

MM ·Q
· 100 (3.2)

where:

< V > is the sample volume [mL],

< C > is the product concentration [%v/v],

< n > is the number of electrons required for the reducing reaction,

< F > represents the Faraday constant [96485.3 C/mol],

< ρ > is the product density [g/mL],

< MM > represents the product molecular weight [g/mol],

< Q > is the total charge passed during electrolysis [C].

Figure 3.8: PDA mechanism



CHAPTER 4

Results and discussion

The performance of the CO2RR strongly depends on a combination of structural, mor-

phological and electrochemical properties of the catalysts. In this chapter, the results

obtained from the preparation and characterization of Cu and Cu-Ag samples are

presented and discussed. The Cu GDEs include: Cu300, Cu350, Cu400, Cu450, and

Cu500. The number in the sample name indicates the electrodeposition potential with-

out negative sign. E.g. Cu300 is the Cu electrode prepared at -300mV. Moreover, the

Cu-Ag GDEs include Cu300-Ag and Cu400-Ag, indicating that the Cu substrates are

Cu300 and Cu400 respectively. The analysis is organized into three main parts: first,

the physical characterization of the fabricated GDEs, focusing on surface morphology,

mass loading and electrical resistance; second, the evaluation of their electrochemical

behavior in MEA cells through LSV, PEIS and CP; third, the analysis of product

selectivity with GC and HPLC. The objective is to correlate structural features with

electrochemical performance, thereby identifying the factors that most influence activ-

ity and reaction products selectivity for the CO2RR.

4.1 Physical characterization

The study of physical properties enable a comparison between the GDEs obtained

from the various deposition, thereby allowing an assessment of the experiment’s re-

producibility. After extensive preliminary testing, a fixed deposition time of 8 hours

was selected. With the electrolyte composition held constant, the study proceeded by

varying only the applied potential. In the following, the different properties of some of

the best selected samples will be presented:

1. FESEM imaging offered valuable insights into the surface morphology, which

plays a key role in governing the interaction between CO2 and the catalytic ma-

terial. The electrodeposition, performed on carbon paper (see Fig.4.1), produced

a granular Cu layer uniformly distributed along the carbon fibers, characterized

by excellent surface coverage, good roughness and high active surface area.

31
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2. The total amount of catalyst deposited on the substrate, known as mass loading,

also plays a critical role in determining the CO2RR performance of the fabricated

GDEs. An optimal mass loading ensures a sufficient density of active sites while

maintaining the porosity of the carbon paper, which is necessary for efficient

gas transport. Excessive loading often results in particle agglomeration and pore

blocking, hindering CO2 diffusion and reducing accessibility to catalytic sites. On

the other hand, too little loading limits the overall activity due to the scarcity of

active centers. The deposition procedure allowed precise control of Cu loading,

by tuning the reaction parameters such as the applied voltage and the deposition

time.

3. The electrical conductivity is another crucial parameter, as it influences charge

transfer and overall cell efficiency. Bare carbon paper, while conductive, suffers

from relatively high resistance due to its porous structure and limited conductive

pathways. The resistance analysis of the GDEs after Cu deposition demonstrated

that the process was successful, as evidenced by the significant decrease in electri-

cal resistance, since the metallic coating provided continuous conductive channels

along the carbon fibers.

(a) FESEM at 1K magnification (b) FESEM at 10K magnification

Figure 4.1: FESEM performed on naked carbon paper.

4.1.1 Cu300 samples

The samples displayed in Fig.4.2 were fabricated using the most positive potential in

the selected range, namely -300mV, to evaluate whether the lowest driving force was

sufficient to ensure the progression of the electrodeposition. Despite the success of the

procedure, the synthesized GDEs exhibited the highest electrical resistance and the

lowest mass loading of all the samples analyzed (see Tab.4.1).
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This is attributed to the low driving force applied during the process, which resulted

in a slower mass transport rate, compared to the others. However, this mechanism

ultimately led to uniform distribution of homogeneous Cu particles across the entire

surface, with excellent surface coverage and roughness, as shown in Fig.4.3.

(a) Cu300 - n.1 (b) Cu300 - n.2

Figure 4.2: GDEs synthesized with potential fixed at -300mV.

Figure 4.3: FESEM images of the Cu300 - n.1 at different magnification levels: 1K,

2.5K, 10K and 25K.
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Table 4.1: Electrical resistance and mass loading: Cu300 comparison.

Sample Resistance: before Resistance: after Mass Loading

N. 1 ≈ 400 Ω 80 Ω 7.1 mg/cm2

N. 2 ≈ 400 Ω 70 Ω 8.1 mg/cm2

4.1.2 Cu350 samples

The samples displayed in Fig.4.4 were fabricated using a less positive potential in the

selected range, namely -350mV, to determine whether a small increase in the driving

force may lead to some improvements. The procedure was successful and the syn-

thesized GDEs revealed a decrease in electrical resistance accompanied by a slight

increase in mass loading (see Tab.4.2). Nevertheless, the FESEM images did not show

significant differences compared to the previous samples, as shown in Fig.4.5.

(a) Cu350 - n.1 (b) Cu350 - n.2

Figure 4.4: GDEs synthesized with potential fixed at -350mV.

Table 4.2: Electrical resistance and mass loading: Cu350 comparison.

Sample Resistance: before Resistance: after Mass Loading

N. 1 ≈ 300 Ω 39 Ω 9.4 mg/cm2

N. 2 ≈ 400 Ω 36 Ω 9.8 mg/cm2

However, there was no evidence indicating whether such surface properties are

more beneficial for the Ag displacement procedure and the CO2RR, or if a less regular

morphology would be preferable. Overall, the application of a moderate potential leads

to a uniform and homogeneous distribution of the deposited material across the surface.
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Figure 4.5: FESEM images of the Cu350 - n.1 at increasing magnification levels: 1K,

2.5K, 10K and 25K.

4.1.3 Cu400 samples

The samples displayed in Fig.4.6 were fabricated using the average potential in the

selected range, namely -400mV, to understand how the dynamics of the phenomenon

change when an even greater driving force is applied. After the completion of the

process, the fabricated GDEs demonstrated a further increase in mass loading, but

comparable electrical resistances (see Tab.4.3). Despite the similar surface properties

with respect to the others samples, the formation of large Cu clusters is observed. This

suggests that shifting the applied potential towards more negative values does not affect

significantly mass transport, but rather influences the nucleation and agglomeration of

particles, since their size increased rather than their number, as shown in Fig.4.7.

Table 4.3: Electrical resistance and mass loading: Cu400 comparison.

Sample Resistance: before Resistance: after Mass Loading

N. 1 ≈ 200 Ω 37 Ω 12.1 mg/cm2

N. 2 ≈ 200 Ω 40 Ω 10.4 mg/cm2
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(a) Cu400 - n.1 (b) Cu400 - n.2

Figure 4.6: GDEs synthesized with potential fixed at -400mV.

Figure 4.7: FESEM images of the Cu400 - n.1 at increasing magnification levels: 1K,

2.5K, 10K and 25K.

The samples shown so far are very similar to each other, thereby ensuring the

reproducibility of the experiment for the chosen reaction conditions. However, only a

selection of FESEM images is shown for the sake of simplicity.
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4.1.4 Cu450 samples

The samples displayed in Fig.4.9 were fabricated using a even more potential in the

selected range, namely -450mV, to assess the outcome of the deposition process when

a strong driving force is employed. Upon completion of the procedure, the synthesized

GDEs did not exhibit an increase in mass loading, neither a change in electrical re-

sistances (see Tab.4.4). Nonetheless, FESEM images did show a variation in surface

properties with respect to the previous samples, as the particle distribution changed

significantly, resulting in samples with less mass coverage but, conversely, a larger

active surface area, as shown in Fig.4.8.

Figure 4.8: FESEM images of Cu450 - n.1 at increasing magnification levels: 1K, 2.5K,

10K and 25K.

Table 4.4: Electrical resistance and mass loading: Cu450 comparison.

Sample Resistance: before Resistance: after Mass Loading

N. 1 ≈ 300 Ω 38 Ω 10.7 mg/cm2

N. 2 ≈ 400 Ω 39 Ω 10.1 mg/cm2



38

(a) Cu450 - n.1 (b) Cu450 - n.2

Figure 4.9: GDEs synthesized with potential fixed at -450mV.

4.1.5 Cu500 samples

The samples displayed in Fig.4.10 were fabricated using the most negative potential in

the selected range, namely -500mV, to evaluate whether applying a really high driv-

ing force contributed to advancements in the understanding of the electrodeposition

process. As a result of the procedure, the fabricated GDEs showed the highest mass

loading among all the samples analyzed, while maintaining comparable electrical re-

sistances (see Tab.4.5). This can be attributed to the fact that applying a highly

negative potential enhances reaction kinetics during electrodeposition, as it provides

a stronger driving force for the electrochemical processes. It accelerates the reduction

and deposition of Cu ions onto the substrate, thus promoting particle agglomeration

and resulting in increased surface roughness. The presence of massive Cu clusters is

evident, resulting in a highly irregular surface morphology, as shown in Fig.4.11.

(a) Cu500 - n.1 (b) Cu500 - n.2

Figure 4.10: GDEs synthesized with potential fixed at -500mV.
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Figure 4.11: FESEM images of Cu500 - n.1 at increasing magnification levels: 1K,

2.5K, 10K and 25K.

Table 4.5: Electrical resistance and mass loading: Cu500 comparison.

Sample Resistance: before Resistance: after Mass Loading

N. 1 ≈ 600 Ω 30 Ω 17.5 mg/cm2

N. 2 ≈ 300 Ω 40 Ω 13.4 mg/cm2

4.1.6 Cu-Ag samples

While the synthesis of Cu-based GDEs was primarily aimed at understanding and op-

timizing the electrodeposition process, some of the fabricated samples were subjected

to Ag displacement in an attempt to exploit the tandem effect to steer the reaction

product selectivity. In addition, such procedure is very simple and enables a mean-

ingful comparison of the Cu-Ag GDEs with the monometallic ones, both to evaluate

their electrochemical performance and to assess the success of the Ag replacement. The

samples displayed in Fig.4.12 and Fig.4.14 were fabricated from Cu350 and Cu400 elec-

trodes, as they provided both a uniform and homogeneous surface morphology, which

in turn resulted in bimetallic surfaces sharing similar physical properties.
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The replacement mechanism occurred uniformly across the entire surface enhancing

both the surface roughness and the extent of the active surface area. Nevertheless, dis-

tinct morphological changes were observed, such as the appearance of brighter, compact

regions characterized by needle-shaped or crystal-like formations, as shown in Fig.4.13

and Fig.4.15 respectively, corresponding to Ag-rich domains.

(a) Cu350 (b) Cu350-Ag

Figure 4.12: Bimetallic GDE synthesized with potential fixed at -350mV.

Figure 4.13: Cu350-Ag images at increasing magnification levels: 1K, 2.5K, 10K, 25K.
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(a) Cu400 (b) Cu400-Ag

Figure 4.14: Bimetallic GDE synthesize with potential fixed at -400mV.

Figure 4.15: Cu400-Ag images at increasing magnification levels: 1K, 2.5K, 10K, 25K.

To conclude the physical characterization, it can be observed that deposition at

low negative potentials results in a uniform and homogeneous Cu surface distribution.

Meanwhile, as the magnitude of the potential increases, the morphology becomes pro-

gressively more irregular, and large Cu clusters begin to form.
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Additionally, the mass loading appears to be directly proportional to the driving force

intensity, whereas the electrical resistance does not seem to be affected by the magni-

tude of the applied potential. In general, the mass coverage determines the uniformity

of the Cu distribution and thus the reproducibility of the experiments, while the num-

ber active sites influence the reaction kinetics, as they control how much CO2 can be

reduced simultaneously. Hence, balancing these two properties by appropriately tun-

ing the deposition potential is crucial to maximize the conversion efficiency. Finally,

EDS analysis demonstrated the presence of Ag following the displacement process (see

Fig.4.16), specifically with a Cu:Ag molar ratio of 1.92 and 2.57 for the Cu350-Ag

and Cu400-Ag respectively. However, the successful fabrication of GDEs alone does

not guarantee the effectiveness of the materials toward the CO2RR, which must be

assessed through experimental testing in MEA cells.

(a) EDS analysis on Cu350-Ag (b) EDS analysis on Cu400-Ag

Figure 4.16: Compositional analysis of the bimetallic GDEs.

4.2 Electrochemical characterization

The electrochemical characterization provides essential insight into the catalytic activ-

ity, selectivity and stability of the prepared samples. The following sections present

the results for Cu-based and Cu-Ag bimetallic GDEs, highlighting the differences or

similarities in onset potential, short-term stability and charge-transfer behavior:

1. LSV was performed to evaluate the onset potential of the catalysts for the

CO2RR. During LSV tests, the samples exhibited a noticeable increase in current

density at high potentials, indicating the activation of CO2 reduction pathways.

Moreover, reduction peaks were observed at low potentials, clearly indicating the

reduction of the outermost Cu oxide particles during the measurement.
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2. PEIS measurements were conducted to investigate charge-transfer kinetics re-

lated to each GDEs, while also confirming the correct setup of the cell through

consistent resistance values, evaluated through the study of the Nyquist plots.

This step was essential prior to the subsequent tests to ensure proper functioning

of the system and verify the absence of short circuits.

3. CP experiments, performed at constant current density, were used to probe the

selectivity and short-term stability of the GDEs under continuous operation. The

tested samples showed stable overall performance, although minor potential fluc-

tuations were observed, suggesting partial deactivation likely caused by surface

restructuring occurring during the process. In general, the CP tests provided an

estimation of the FE by correlating the sustained current with the quantity of

detected products.

4.2.1 Monometallic catalysts

Typically, the CO2RR inside the MEA cell setup occurs at potentials exceeding the

value of 3 V, as shown by the noticeable increase in current density response of the

Cu-based GDEs tested with LSV (see Fig.4.17, 4.18). Moreover, reduction peaks are

observed at potentials between 2 - 3 V, suggesting that the outhermost Cu oxide layer,

developed during exposure of the samples to air, is reduced due to the applied potential.

Overall, most of the fabricated GDEs tested in MEA cell demonstrated a maximum

achievable current significantly higher than that required for the subsequent CP testing,

which is 1000 mA, thereby guaranteeing the CO2 electrolysis at 200 mA/cm2 at a

reasonable cell voltage. This outcome is crucial to future industrial applications.

(a) First LSV attempt on Cu350 - n.1 (b) Second LSV attempt on Cu350 - n.1

Figure 4.17: LSV study on Cu350 sample, shown in Fig.4.4a.
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(a) First LSV attempt on Cu450 - n.1 (b) Second LSV attempt on Cu450 - n.1

Figure 4.18: LSV study on Cu450 sample, shown in Fig.4.9a.

The electrical resistance measurements were conducted to verify the proper func-

tioning of the AEM employed, which would otherwise hinders charge-transfer kinetics,

and the correct assembly of the cell. Since this parameter is only partially influenced

by the GDEs conformation and is instead primarily determined by the operating en-

vironment, which is kept constant, we expect the measured values to be very similar

across the tested samples, as shown in Fig.4.19.

(a) PEIS on Cu350 - n.1, see Fig4.4a (b) PEIS on Cu450 - n.1, see Fig.4.9a.

(c) PEIS on Cu300 - n.2, see Fig4.2b (d) PEIS on Cu500 - n.2, see Fig.4.10b.

Figure 4.19: Electrical resistance measurements on Cu GDEs
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In general, within the MEA experimental setup, values in the range of 0.1 Ω to 0.3

Ω are considered indicative of normal operation. Values above this threshold, instead,

typically signal a malfunction or a deviation from expected behavior. The samples

under analysis did not exhibit any significant issues and can therefore be subjected to

subsequent CP experiments.

(a) CP on Cu350 - n.1, see Fig4.4a (b) CP on Cu450 - n.1, see Fig.4.9a.

(c) CP on Cu300 - n.2, see Fig4.2b (d) CP on Cu500 - n.2, see Fig.4.10b.

Figure 4.20: Voltage response to fixed current density of -200 mA/cm2.

CP measurements are central to the overall electrochemical characterization, as

they closely reproduce the real operating conditions of the GDEs. Under steady-state

galvanostatic conditions, once the MEA cell voltage exceeds the activation threshold

for the CO2RR, the catalysts are expected to initiate the electrochemical conversion of

CO2, thereby fulfilling their intended function. In general, a stable potential is desir-

able, as it reflects uniform reaction conditions. Conversely, potential fluctuations are

indicative of an unstable working environment, which can negatively affect the ongo-

ing electrochemical process. All analyzed samples showed stable performance for the

CO2RR under the tested conditions (see Fig.4.20), although long-term stability assess-

ments remain necessary. Notably, the Cu500 GDE exhibit local potential fluctuations,

which are likely attributable to their distinct morphology.
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4.2.2 Bimetallic catalysts

The Cu-Ag bimetallic catalysts exhibited performance closely comparable to their

monometallic counterparts, with respect to both maximum current density and ac-

tivation potential (see Fig.4.21). The reduction peaks were also observed, likely at-

tributable mainly to Cu rather than Ag, as the latter one is a nobler metal and there-

fore less susceptible to oxidation. However, the possibility that Ag was also reduced

during the measurement cannot be excluded.

(a) LSV on Cu400-Ag, see Fig.4.14b (b) LSV on Cu350-Ag, see Fig.4.12b

Figure 4.21: LSV study on Cu350-Ag and Cu400-Ag samples

The measured resistance values are consistent with those of previously studied sam-

ples and ensure the proper functioning of the cell, as shown in Fig.4.22.

(a) PEIS on Cu400-Ag, see Fig4.14b (b) PEIS on Cu350-Ag, see Fig.4.12b.

Figure 4.22: Electrical resistance measurements on Cu350-Ag and Cu400-Ag GDEs

Similar considerations apply to the CP tests (see Fig.4.23), which exhibit good

short-term stability and appropriate voltages for the CO2RR. The presence of Ag does

not appear to significantly affect the dynamics of the experiment, although a slight

increase in voltage response at the same applied current is observed compared to the

monometallic GDEs.
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(a) CP on Cu400-Ag, see Fig4.14b (b) CP on Cu350-Ag, see Fig.4.12b.

Figure 4.23: Voltage response to fixed current density of -200 mA/cm2.

4.3 Products analysis

Electrochemical activity alone does not provide a complete picture of the catalysts

performance. Product analysis is essential to determine selectivity, efficiency, and the

practical relevance of the prepared GDEs. The following sections present the results

obtained from gas and liquid phase analysis of the Cu-based and Cu-Ag samples.

4.3.1 Gas selectivity

The selectivity toward the following gas products was assessed using through Eq.3.1:

1. H2: Hydrogen is typically the most significant competing product, originating

from the HER. Its formation reduces the overall selectivity toward carbon-based

products, as a large fraction of the current is consumed by this side process.

2. CO: Carbon monoxide is a two-electron product commonly generated on metals

and is a key intermediate for multi-carbon products. When it desorbs rapidly,

CO is obtained as the final product, where if it remains adsorbed it can undergo

further reductions.

3. C2H4: Ethylene is one of the most valuable C2+ products. It is primarily used

as a precursor for the production of polyethylene, the most widely employed

plastic worldwide, as well as others polymers such as polyvinyl chloride (PVC).

Moreover, it is also essential for the synthesis of industrial chemicals and polyester

fibers, which are commonly used in the textile and apparel industry due to their

durability and cost-effectiveness.

4. C2H6: Ethane is a valuable feedstock in the petrochemical sector. It is used as

a fuel and as a potential energy carrier, due to its relatively clean combustion

compared to heavier hydrocarbons.
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Overall, the Cu-based GDEs exhibit a steady production of H2 and CO, as these are

typical products of the CO2RR. The competing HER hinders the formation of multi-

carbon products by occupying most of the catalytic active sites with *H intermediates

and thereby preventing the proper adsorption and further reductions of *CO intermedi-

ates, which therefore obstacles C2+ product formation. This issue can worsen over the

course of the measurement due to system malfunctions, such as membrane failure or

restructuring of the Cu. Nevertheless, a significant amount of C2H4 was produced, with

FE values exceeding 20%, while C2H6 was detected only in trace quantities, as shown

in Fig.4.24. Although identifying the best-performing sample is not straightforward,

the poorest performance was observed for the Cu500 sample, which was fabricated at

the most negative applied voltage. It appears that an irregular morphology is unable

to provide a stable working environment, and therefore negatively affects performance,

particularly in terms of stability, as an overly reactive surface tends to degrade and

restructure quickly.

(a) Gas FEs of Cu350 - n.1, see Fig4.4a (b) Gas FEs of Cu450 - n.1, see Fig.4.9a.

(c) Gas FEs of Cu300 - n.2, see Fig4.2b (d) Gas FEs of Cu500 - n.2, see Fig.4.10b.

Figure 4.24: Gaseous product selectivity over time.
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A similar trend is observed for the bimetallic GDEs (see Fig.4.25), which show no

substantial variation in selectivity, regardless of the incorporation of a second metallic

element. On the contrary, a decline in performance is observed, marked by an increased

production of H2, which, according to the literature that guided the design of these

catalysts, should have been suppressed. This effect is probably related to the wettability

of the electrode surface. Although no catholyte is used in the MEA configuration, the

cathode surface is in contact with the membrane, which exhibits a high water uptake

capability. The addition of Ag to the surface may have increased the hydrophilicity

of the Cu electrode, thereby enhancing its wettability and thereby resulting in higher

HER rates. Futher experiments, such as contact angle measurements, are required to

proof this hypothesis.

(a) Gas FEs of Cu400-Ag, Fig4.14b (b) Gas FEs of Cu350-Ag, Fig.4.12b.

Figure 4.25: Gaseous product selectivity over time during the CP4.23.

In general, all samples appear to be only marginally influenced by surface mor-

phology or material composition, as they exhibit similar selectivity trends. Perhaps,

a more uniform surface coverage correlates with greater reliability and stability of the

results. In conclusion, while the electrodeposition method enables straightforward syn-

thesis of GDEs for the CO2RR in MEA configuration, it provides limited control over

the selectivity toward gaseous products. Furthermore, the incorporation of Ag through

displacement did not yield the expected improvements, as demonstrated in this study.

4.3.2 Liquid selectivity

The liquid selectivity toward the following products was determined using Eq.3.2:

1. HCOOH: Formic acid is a simple carboxylic acid obtained through two-electron

reduction of CO2. It is common reaction intermediate and it is employed in

chemical manufacturing as a preservative or reducing agent for the synthesis of

more complex chemicals.
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2. CH3COOH: Acetic acid is small organic acid, used in industry as a platform

chemical, meaning that it serves as a starting point to make other important

compounds. For example, it is essential to produce vinyl acetate and cellulose

acetate, which are building blocks of adhesives, plastics and fibers.

3. CH3CH2OH: Ethanol is a simple alcohol with high energy density, widely used as

solvent for chemicals and pharmaceuticals. It can be employed as bio-fuel or fuel

additive, since it can be burned directly or blended with gasoline, thus helping

reducing reliance on fossil fuels.

Overall, both the Cu-based and the Cu-Ag GDEs demonstrated good selectivity

toward HCOOH, as expected given that it is an easily accessible single-carbon product,

and CH3CH2OH, with FEs approaching a value of 10%. Meanwhile, CH3COOH was

detected only in trace amounts. The following graphs (see Fig.4.26,4.27) present the

sum of the selectivities calculated for the analyzed GDEs, allowing a visual and concise

appreciation of their performance in terms of CO2 conversion.

(a) Total FEs of Cu350 - n.1, see Fig4.4a (b) Total FEs of Cu450 - n.1, see Fig.4.9a.

(c) Total FEs of Cu300 - n.2, see Fig4.2b (d) Total FEs of Cu500 - n.2, see Fig.4.10b.

Figure 4.26: Complete product selectivity of the Cu GDEs.



51

Samples 1 and 2 represent the liquid samples collected at the midpoint and at the

end of the measurement, respectively, appropriately integrated with the corresponding

gas samplings. In general, the total selectivity did not reach 100%, likely due to product

losses during operation as well as limitations in the analytical procedure, which, for

the sake of computational simplicity, may have resulted in an small underestimation

of products. Also in this instance, the presence of a second metallic element did not

result in any appreciable change in the reaction pathways.

(a) Total FEs of Cu400-Ag, see Fig4.14b (b) Total FEs of Cu350-Ag, see Fig.4.12b.

Figure 4.27: Complete product selectivity of Cu-Ag GDEs

Although the selectivity toward valuable reaction products was successfully achieved,

a significant challenge persists in directing it toward a narrower and more defined range

of products. Achieving such specificity is crucial, as it would greatly facilitate the sub-

sequent separation and collection processes, ultimately enhancing the overall efficiency

and practicality of the catalytic system. Moreover, despite promising indications, un-

certainties still remain regarding the effective utilization of the catalytic capabilities

of Ag. Further investigation is required to fully understand the role that this noble

metal plays when coupled with Cu for the CO2RR and to optimize its incorporation

for improved bimetallic systems.



CHAPTER 5

Conclusion and future perspectives

This thesis work has shown that Cu electrodeposition on GDL carbon paper represents

a valid alternative to more sophisticated techniques such as sputtering or chemical va-

por deposition for the fabrication of GDEs aimed at CO2 conversion in a MEA cell

configuration. Unlike these methods, electrodeposition offers the advantages of being

simpler, more cost-effective and easily scalable. Moreover, the process is inherently

flexible, as tuning the deposition parameters such as potential and time allows modu-

lation of the morphology of the resulting metallic electrodes.

The electrochemical characterization and subsequent product analysis demonstrated

the successful outcome of the CO2RR. In particular, the detection of ethylene and

ethanol highlights the ability of the synthesized GDEs to generate products with sig-

nificant industrial and energetic value. Nevertheless, the variations in catalysts surface

morphology did not translate into noticeable changes in reaction product selectivity.

Similarly, the introduction of Ag through a displacement reaction, despite being suc-

cessfully carried out on Cu-based samples, did not lead to a significant shift in the

FEs. These findings suggest that, although the electrodeposition strategy provides a

versatile and simple pathway to produce functional GDEs, the underlying mechanisms

that govern the selectivity remain insufficiently understood.

Future studies should therefore aim at unraveling the complex relationships between

the GDEs surface morphology and resulting reaction pathways during the CO2RR. Fur-

ther deposition experiments are required, particularly under conditions distinct from

those previously examined. For instance, the co-deposition of Cu and Ag may result in

more uniform bimetallic structures or even the formation of alloys. Additionally, the

Cu to Ag ratio could be more precisely controlled using such an approach. Therefore,

the electrodeposition process presented here provides a foundation for the fabrication

of Cu–Ag and other Cu-based bimetallic electrodes.

52
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A more comprehensive and diverse physical characterization can also facilitate the

optimization of the fabrication process. Moreover, electrochemical tests should be con-

ducted over a wide range of current densities to enable a comprehensive comparison of

all samples. In addition, employing electrolytes with compositions and properties dif-

ferent from those previously used could provide a better understanding of the samples

performance under varying operating conditions.

Ultimately, all these efforts have been driven by a collective ambition: to transform one

of the greatest challenges of our time, the rising concentration of CO2, into an oppor-

tunity for innovation and hope. By advancing the understanding of catalyst material

preparation for electrochemical conversion of such greenhouse gas, this work aims to

take a small yet meaningful step toward a future in which science and technology play

a pivotal role in mitigating climate change and building a more sustainable world.
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Angela Dibenedetto, Suren Erkman, Jim Gripekoven, Grégoire Léonard, Sylvain
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[81] Blanka Endrődi, Gergely Bencsik, Ferenc Darvas, Robert Jones, Krishnan Ra-
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