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Abstract 

he growing urgency of climate change and the rising atmospheric concentration of CO2 
have necessitated the development of sustainable energy solutions, positioning the 

electrochemical CO2 reduction reaction as a promising route for producing carbon-neutral fuels 
and value-added chemicals. In parallel, the oxygen reduction reaction is likewise a key process 
in sustainable energy conversion and storage systems, including fuel cells and metal-air 
batteries. This dissertation focuses on the rational synthesis and structural tuning of novel 
electrocatalysts, emphasizing the relationship between material structure, product selectivity, 
and reaction kinetics within the framework of the sustainable energy transition. 
This thesis integrates a range of advanced characterization techniques to elucidate catalyst 
properties, including X-ray diffraction (XRD) for crystallinity analysis, Scanning Electron 
Microscopy (SEM) for morphological evaluation, and X-ray Photoelectron Spectroscopy 
(XPS) for surface chemical state determination. Electrochemical testing was performed in both 
three-compartment flow cells and zero-gap membrane electrode assemblies (MEA), while 
product distribution was analysed using Gas Chromatography (GC) for gas-phase species and 
High-Performance Liquid Chromatography (HPLC) for liquid-phase species. 
The research first investigates Zeolitic Imidazolate Frameworks (ZIFs) prepared via a green, 
solvent-free steam-assisted dry-gel synthesis route. It is demonstrated that while ZIF-8 (Zn-
based) achieves selective CO production with a Faradaic efficiency of approximately 60%, the 
isostructural ZIF-67 (Co-based) predominantly favours the competing hydrogen evolution 
reaction, highlighting the decisive role of the metal centre over surface area or CO2 adsorption 
capacity alone. Expanding toward multi-carbon products, a nitrogen-coordinated Cu-MOF 
with a hierarchical flake morphology was engineered. In MEA, this catalyst achieved a 
maximum ethylene Faradaic efficiency of 51.6% at 200 mA cm-2, with operando X-ray 
absorption spectroscopy revealing reversible Cu redox transitions during the reaction. 
To address operational robustness, the study explores nickel sulfide (NiSx) nanostructures 
supported on nitrogen-doped mesoporous carbon (NiSx@NMC). Following strategic acid 
leaching, the resulting NiSx@NMC_AL catalyst exhibits near-unity CO selectivity across a 
broad pH range, including under strongly acidic conditions with a pH of 1, while significantly 
outperforming sulfur-free Ni-based samples and the non-acid-treated NiSx@NMC. The sulfur-
enriched NiSx surface effectively suppresses the competing hydrogen evolution reaction and 
promotes selective CO2-to-CO conversion. By adjusting the anolyte to a mildly acidic pH of 

T 
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3, salt deposition at the cathode is effectively mitigated, enabling stable continuous operation 
for 450 minutes at 100 mA cm-2with a sustained full-cell energy efficiency of 43.7%. Finally, 
the thesis examines Fe-doped nitrogen-rich mesoporous carbons for the oxygen reduction 
reaction, showing that Fe3C active sites promote an efficient four-electron pathway, 
particularly in alkaline media. 
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1.1. Global Carbon Challenge  

The growing urgency of climate change and the increasing demand for sustainable energy 
solutions have placed carbon dioxide (CO2) at the centre of the global energy and materials 
transition. As a long-lived greenhouse gas with a steadily increasing atmospheric 
concentration, surpassing 420 ppm in 2023 and standing 51% above pre-industrial levels, CO2 
is both a major environmental threat and, paradoxically, an underutilized chemical feedstock 
(1,2). Anthropogenic CO2 emissions continue to increase atmospheric concentrations, altering 
carbon uptake by land and ocean reservoirs in response to climate change, natural variability, 
and other human-driven factors (Figure 1-1). Transforming CO2 from waste into a resource is 
therefore not only a scientific challenge, but also a key element of circular carbon strategies 
for a sustainable energy future  

 

Figure 1-1. Schematic representation of the overall perturbation of the global carbon cycle 
caused by anthropogenic activities, averaged globally for the decade 2013-2022. Fluxes are in 
gigatonnes of carbon per year (GtC yr-1) and reservoirs in gigatonnes of carbon (Gt C) (1)  

Among carbon management technologies, the electrochemical CO2 reduction reaction 
(CO2RR) has emerged as a promising route for producing carbon-neutral fuels and value-added 
chemicals directly from CO2, water, and renewable electricity (3,4). CO2RR offers a modular, 
low-temperature pathway that can be integrated with intermittent renewable energy sources 
such as wind and solar, making it an attractive alternative to fossil-based thermochemical 
processes (5). In principle, CO2RR enables the production of a wide range of compounds, from 
carbon monoxide and formate to hydrocarbons and oxygenates, through controlled multi-
electron, multi-proton transformations (6). 
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Despite this promise, CO2RR remains fundamentally challenging. CO2 is a linear, 
thermodynamically stable molecule (with a standard heat of formation ΔfH0 = -394.4 kJ mol-

1)1, and its electrochemical conversion is kinetically sluggish and highly sensitive to reaction 
conditions and catalyst properties. In aqueous electrolytes, CO2RR takes place alongside the 
hydrogen evolution reaction (HER), which can decrease both the energy efficiency and the 
selectivity toward the desired CO2 reduction products (7,8). Overcoming this competition 
requires not only improvements in reactor design and operating conditions, but also the 
development of electrocatalysts that can favour the desired reaction pathway while maintaining 
high activity, selectivity, and stability. In recent years, considerable effort has therefore been 
devoted to tailoring catalyst structure and composition to improve CO2RR performance. Early 
work by Hori showed that Cu is particularly distinctive among metallic catalysts because it can 
produce C2 and C3 products, including ethylene and ethanol, under ambient conditions (9). 
Since then, a wide range of strategies have been explored, including oxide-derived structures, 
high-index facets, subsurface modification, bimetallic systems, defect engineering in two-
dimensional materials, and atomically dispersed active sites (10–14). These studies have shown 
that CO2RR performance is influenced not only by the chemical identity of the catalyst, but 
also by its structure, coordination environment, electronic properties, and interaction with the 
surrounding electrolyte. 
From a synthetic perspective, these insights have driven a new generation of catalyst design 
strategies in which rational synthesis, in situ characterization, and mechanistic modelling are 
closely integrated. High-surface-area nanostructures, facet-controlled crystals, and defect-
engineered materials are being tailored to tune the binding strengths of key intermediates such 
as *COOH, *CO2, and *CHO, with the aim of selectively promoting C–C coupling and multi-
proton/electron transfer pathways (15–17). At the same time, the field is increasingly 
embracing more sustainable materials synthesis approaches based on earth-abundant elements, 
green solvents, low-temperature processing, and scalable fabrication routes aligned with 
broader energy-transition goals (18). 
Catalyst development must also be considered at the system level. The performance of a 
CO2RR catalyst is strongly influenced by electrolyte composition, mass-transport behaviour, 
and reactor architecture, all of which shape the local reaction environment and determine 
practical viability (19). A materials-centred approach to CO2RR therefore requires evaluation 
under realistic operating conditions, including operando spectroscopy, flow-cell testing, and 
long-term durability studies (20,21). 
This thesis is positioned within this evolving framework at the interface of electrochemical 
science, materials engineering, and sustainable energy systems. It focuses on the rational 

 
1  𝐶𝑂2 + 𝑋 ⟶ 𝑌 + 𝑍  ∆𝑟𝐻 = ∆𝑓𝐻(𝑌) + ∆𝑓𝐻(𝑍) − ∆𝑓𝐻(𝐶𝑂2) − ∆𝑓𝐻(𝑋) , shows a general reaction of carbon 
dioxide. The heat of reaction is determined by the difference between the heat of formation of all the products and 
that of all the reactants  
2 *CO refers to adsorbed carbon monoxide, that is, a CO molecule that is bound to the surface of a catalyst during 
the reaction process. The asterisk (*) denotes that the molecule is adsorbed on the catalyst surface. 



Introduction 

17 

synthesis and structural tuning of novel synthesis catalyst for CO2RR, with dual emphasis on 
electrocatalytic performance and sustainability. Through controlled fabrication, advanced 
characterization, and mechanistic analysis, this thesis aims to clarify how material structure 
governs product selectivity and reaction kinetics. The broader objective is to contribute to 
materials-by-design strategies for scalable CO2 utilization in future energy systems. 

1.2. Electrochemical CO2 Reduction 

The CO2RR has evolved from a scientific curiosity in the nineteenth century into a central topic 
in sustainable energy research. Early observations in simple electrolytic cells attracted limited 
interest because of sluggish kinetics, poor selectivity, and strong competition from HER (22). 
Major progress was achieved in the 1980s and 1990s through the systematic studies of Hori 
and co-workers, who examined CO2 electroreduction on a wide range of metallic electrodes. 
Their work revealed the unique ability of Cu to reduce CO2 to hydrocarbons and alcohols, 
unlike most other metals, and established the foundation for understanding material-dependent 
selectivity in CO2RR (23). Several fundamental principles constrain this reaction. First, CO2 
is a linear, highly stable molecule, and the first electron transfer required to form the *CO2

− 
intermediate is energetically demanding. Second, CO2RR proceeds through complex multi-
step mechanisms involving coupled proton–electron transfer steps, often requiring between 2 
and 12 electrons depending on the target product. Third, multiple competing pathways may 
occur in parallel, making selective product formation difficult. Finally, in aqueous media, HER 
often dominates at similar potentials, especially when catalysts do not selectively stabilize 
CO2RR intermediates (24). To address these challenges, recent advances have focused on 
designing next generation electrocatalysts that tune the adsorption energetics of key 
intermediates. Recent approaches include nanostructuring, heteroatom doping, surface 
reconstruction, and the introduction of transition metals into single-atom catalysts (SACs) and 
porous materials such as metal–organic frameworks (MOFs) (25,26). Together, these strategies 
illustrate the broad range of approaches used to control CO2RR activity and selectivity. The 
following sections discuss these aspects in more detail, starting with the reaction pathways and 
surface intermediates involved in CO2 reduction. 

1.3. Mechanistic Pathways 

The electrochemical reduction of CO2 starts with its adsorption and subsequent activation on 
the electrode surface. In aqueous solutions, CO2 exists in equilibrium with bicarbonate 
(HCO3

−) and carbonate (CO3
2−); however, under most electrochemical conditions, the 

electroactive species is undissociated CO2(g). Due to its linear geometry (O=C=O, 180°) and 
closed-shell electronic structure (HOMO-LUMO gap of ~12.5 eV), CO2 is chemically inert 
and requires activation to form reactive surface-bound species. 
The first electron transfer is often the rate-limiting step, leading to the formation of a bent 
radical anion (*CO2⁻): 
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𝐶𝑂2 + 𝑒− →∗ 𝐶𝑂2− Eq. 1-1 

These intermediate features a bent geometry (~133°) with the negative charge delocalized 
mainly on the oxygen atoms. The activation energy for this step is significant in the gas phase 
(~1.9 eV) but is reduced to ~0.6-1.1 eV in aqueous environments or on catalytic surfaces, 
especially those that stabilize the resulting negative charge via electron back-donation or local 
electrostatic fields (27,28). Studies using ab initio3 molecular dynamics and Density Functional 
Theory (DFT) have shown that the activation is surface-specific, for example, Cu (100)4, the 
interaction with *CO2

- is stronger than Cu(111), due to differences in orbital hybridization and 
local coordination (29). After activation, the mechanism diverges depending on catalyst 
composition, applied potential, and electrolyte environment. As shown in Figure 1-2, CO2RR 
pathways can be broadly divided into those leading to C1 products such as formate, carbon 
monoxide, and methane, and those leading to C2 products such as ethylene and ethanol. 
One common route is the *COOH pathway, typical of transition metals such as Cu, Ag, and 
Au. In this pathway, *CO2

− is protonated at the carbon atom to form the carboxyl intermediate 
*COOH: ∗ 𝐶𝑂2− + 𝐻+ + 𝑒− →∗ 𝐶𝑂𝑂𝐻 Eq. 1-2 

∗ 𝐶𝑂𝑂𝐻 + 𝐻+ + 𝑒− →∗ 𝐶𝑂 + 𝐻2𝑂 Eq. 1-3 

The *COOH intermediate is a key branching point. Its stability determines whether the reaction 
proceeds toward CO desorption, as on Au and Ag, or toward further reduction, as on Cu. In 
situ infrared spectroscopy has confirmed the formation of *COOH on both Au and Cu surfaces 
under applied bias (30). On Au, *CO binds relatively weakly, so it desorbs readily without 
further reduction (23). Under acidic or near-neutral conditions, where protons are readily 
available, the overall CO formation reaction is expressed as: 𝐶𝑂2 + 2𝐻+ + 2𝑒− → 𝐶𝑂 + 𝐻2𝑂 Eq. 1-4 

Under alkaline conditions, free protons are scarce, and water acts as the proton donor. 
Therefore, the CO formation reaction is written as:  𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐶𝑂 + 2𝑂𝐻− Eq. 1-5 

An alternative route is the *OCHO pathway, which proceeds through protonation at the oxygen 
atom to form a bidentate *OCHO intermediate. This pathway is more favorable on p-block 
metals such as Sn, Bi, and In, where metal–oxygen interactions are energetically preferred: 

 
3 “ab initio” refers to methods based on quantum mechanical first principles, without empirical input. 
4 “Cu (100)” refers to the (100) crystallographic surface of a copper crystal, indicating the orientation of the surface 
with respect to its cubic lattice. 
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𝐶𝑂2 + 𝐻+ + 𝑒− →∗ 𝑂𝐶𝐻𝑂 Eq. 1-6 

∗ 𝑂𝐶𝐻𝑂 + 𝐻+ + 𝑒− → 𝐻𝐶𝑂𝑂𝐻 Eq. 1-7 

This route yields formate (HCOO−) or formic acid (HCOOH), depending on electrolyte pH and 
buffering conditions. 𝐶𝑂2 + 2𝐻+ + 2𝑒− → 𝐻𝐶𝑂𝑂𝐻 Eq. 1-8 

Or under alkaline conditions:  𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐻𝐶𝑂𝑂− + 𝑂𝐻− Eq. 1-9 

DFT studies indicate that for example Sn(111) effectively stabilizes *OCHO while suppressing 
*CO formation, explaining its high Faradaic efficiency for formate production (31). Product 
speciation is also governed by acid–base equilibrium: below the pKa5 of formic acid (~3.75), 
HCOOH predominates, whereas at higher pH, HCOO− is favoured (32). In Cu-based systems, 
the *CO pathway is central because *CO can accumulate on the surface under operating 
conditions. High *CO coverage opens two main possibilities. In the C1 pathway, *CO is 
protonated further to form intermediates such as *CHO and *CH2O, eventually leading to 
methane or methanol. In the C2 pathway, two *CO species couple to form a *OCCO dimer, 
which is the key intermediate for multicarbon products such as ethylene and ethanol. Surface 
structure is crucial: Cu(100) facets favor *CO dimerization more strongly than Cu(111), which 
explains why nanocubes and stepped Cu surfaces often enhance C2 product formation (33). 
Applied potential also influences selectivity, with methanol generally favored at moderate 
negative potentials and methane becoming more dominant at more negative potentials (34). 

 
5 Ka is the acid dissociation constant, which quantifies the extent to which an acid releases a proton (H⁺) in solution. 
pKa is the negative logarithm of Ka (pKa = –log₁₀Ka) and provides a more convenient way to express acid strength; 
lower pKa values indicate stronger acids. 
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Figure 1-2. Proposed mechanism for carbon dioxide electroreduction. a) The pathway to C1 
products (formate, carbon monoxide, and methane) and b) the pathway to C2 products (ethylene 
and ethanol) (35). 

1.4. Thermodynamic and Kinetic 

A key thermodynamic parameter in electrochemical systems is the open-circuit voltage (OCV), 
defined as the equilibrium potential of the cell when no net current flows. Under open-circuit 
conditions, no net current flows because the forward and reverse reactions occur at the same 
rate. The measured electrode potential therefore reflects the equilibrium between the oxidized 
and reduced species involved in the reaction. This relationship forms the basis of the Nernst 
description of electrochemical equilibrium, which connects thermodynamics with the potential 
measured in an electrochemical cell. Each CO2RR product has its own standard reduction 
potential, E°, which indicates the potential required to drive its formation under standard 
conditions. These values are summarized in Table 1-1.  

Table 1-1. Standard Reduction Potentials (36). 

Reaction 

Electrolyte Standard 

Potential (E° vs. 

RHE) 

CO2 + 2H++ 2e- → CO + H2O Acid –0.104 
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Reaction 

Electrolyte Standard 

Potential (E° vs. 

RHE) 𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐶𝑂 + 2𝑂𝐻− Alkaline –0.932 

CO2 + 2H+ + 2e- → HCOOH 𝐶𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐻𝐶𝑂𝑂− + 𝑂𝐻− 

Acid 

Alkaline 

–0.171 

–0.639 

CO2 + 6H+ + 6e- → CH3OH + H2O 𝐶𝑂2 + 5𝐻2𝑂 + 6𝑒− → 𝐶𝐻3𝑂𝐻 + 6𝑂𝐻− 

Acid 

Alkaline 

0.016 

–0.812 

CO2 + 8H+ + 8e- → CH4 + 2H2O 𝐶𝑂2 + 6𝐻2𝑂 + 8𝑒− → 𝐶𝐻4 + 8𝑂𝐻− 

Acid 

Alkaline 

0.169 

–0.659 

2CO2 + 12H+ + 12e- → C2H4 + 4H2O 2𝐶𝑂2 + 8𝐻2𝑂 + 12𝑒− → 𝐶2𝐻4 + 12𝑂𝐻− 

Acid 

Alkaline 

0.085  

–0.743 2𝐶𝑂2 + 14𝐻+ + 14𝑒− → 𝐶2𝐻6 + 4𝐻2𝑂 2𝐶𝑂2 + 10𝐻2𝑂 + 14𝑒− → 𝐶2𝐻6 + 14𝑂𝐻− 

Acid 

Alkaline 

0.144 

–0.685 2𝐶𝑂2 + 12𝐻+ + 12𝑒− → 𝐶𝐻3𝐶𝐻2𝑂𝐻 + 3𝐻2𝑂 2𝐶𝑂2 + 9𝐻2𝑂 + 12𝑒− → 𝐶𝐻3𝐶𝐻2 + 12𝑂𝐻− 

Acid 

Alkaline 

0.084 

–0.744 2𝐶𝑂2 + 8𝐻+ + 8𝑒− → 𝐶𝐻3𝐶𝑂𝑂𝐻 + 2𝐻2𝑂 2𝐶𝑂2 + 5𝐻2𝑂 + 8𝑒− → 𝐶𝐻3𝐶𝑂𝑂− + 7𝑂𝐻− 

Acid 

Alkaline 

0.098 

–0.653 

2H+ + 2e- → H2 (Hydrogen Evolution Reaction) 2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻− 

Acid 

Alkaline 

0.00 

–0.828 

Although many products are thermodynamically accessible at relatively low potentials, large 
overpotentials are generally required because of kinetic barriers and poor stabilization of 
intermediates (37,38). In an electrolytic cell, non-spontaneous reactions are driven by electrical 
energy, which is converted into chemical energy. The Gibbs free-energy change is related to 
the applied potential by: ∆𝐺 = −𝑛𝐹𝐸 Eq. 1-10 

Where n is the number of electrons transferred, F is the Faraday constant, and E is the electrode 
potential. 
When current flows, the system departs from equilibrium and additional potential must be 
applied to overcome kinetic and transport limitations. The difference between the equilibrium 
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potential and the operating potential is defined as the overpotential (η). Overpotential 
represents the energetic penalty associated with irreversible processes including electron 
transfer, ionic conduction, and mass transport (39–41) 

The cell voltage in Equation 1.8 is reported 

𝑉𝑐(𝑇, 𝑃) = 𝑂𝐶𝑉 + ∑ 𝜂𝑛 (𝑖)3
𝑛=1  

Eq. 1-11 

Equation 1.9 is reformulates of Equation 1.8 by separating individual overpotential 
contributions: 

𝑉𝑐(𝑇, 𝑃) = 𝑂𝐶𝑉 + 𝜂𝑎𝑐𝑡(𝑖) + 𝜂𝑜ℎ𝑚 (𝑖) + 𝜂𝑑𝑖𝑓𝑓 (𝑖)  Eq. 1-12 

The total cell voltage therefore consists of the equilibrium potential plus contributions from 
activation, ohmic, and diffusion overpotentials. Activation losses arise from sluggish charge-
transfer kinetics and are commonly described by the Butler–Volmer equation through the 
exchange current density and charge-transfer coefficient. In CO2RR, the rate-determining step 
often involves *COOH formation or C–C coupling, depending on the catalyst and local 
environment.(42). Ohmic losses originate from resistance to ion transport in the electrolyte, 
electron transport in electrodes, and resistance in the external circuit. These losses increase 
linearly with current density and are commonly expressed as the iR drop. Mass-transport losses 
become significant at high current density, when the supply of reactants and removal of 
products cannot keep pace with the reaction rate. These effects are especially important in gas-
diffusion electrodes and zero-gap configurations (42). 
In CO2 reduction, the equilibrium potential depends on the selected half-reaction, electrolyte 
composition, and CO2 partial pressure. For example, the reduction of CO2 to CO is given by:  

𝐶𝑂2 + 2𝐻+ + 2𝑒− → 𝐶𝑂 + 𝐻2𝑂 Eq. 1-13 

Although the thermodynamic potential for CO2 reduction to CO is approximately −0.11 V vs 
RHE at pH 0, experimentally observed onset potentials are significantly more negative due to 
activation barriers associated with *COOH formation and competing hydrogen evolution. 
Therefore, the difference between the equilibrium potential and the operational potential 
directly reflects kinetic limitations of the system.  

1.5. Catalyst  

The performance of electrocatalysts for CO2RR is governed not only by the intrinsic nature of 
the active site, but also by the surrounding structural and chemical environment. Parameters 
such as local pH, reactant accessibility, intermediate stabilization, and mass transport play a 
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critical role in determining catalytic activity and selectivity. These factors depend not only on 
catalyst composition, but also on the architecture of the supporting material and the 
microenvironment at the catalyst–electrolyte interface (43–45). Designing an efficient catalyst 
therefore requires looking beyond the active site itself and considering the environment in 
which the reaction takes place. 
Porous materials are particularly useful in this regard. Their large surface area can provide 
more accessible sites for the reaction, while the interconnected pores can help CO2, electrolyte 
ions, and reaction intermediates move through the catalyst layer. The pore structure can also 
affect the local concentration of reactants and how long intermediates remain near the active 
sites, which in turn can influence the reaction pathway and the products formed. In this context, 
micropores provide confinement and high surface area, whereas mesopores enable efficient 
mass transport, particularly under high current density conditions (46,47). 
The pioneering work of Hori and co-workers identified Cu as the only pure metal capable of 
producing hydrocarbons and alcohols, while Ag and Au mainly yield CO at low overpotentials 
(48). Subsequent strategies, including alloying and nanostructuring, focused on tuning the 
adsorption energies of key intermediates such as *COOH and *CO (49). However, limitations 
related to mass transport and active-site utilization led to the development of porous and ligand-
supported materials. Among these, metal–organic frameworks (MOFs), particularly zeolitic 
imidazolate frameworks (ZIFs), have emerged as versatile platforms due to their high surface 
area, well-defined metal–ligand coordination, and tunable pore structures (Figure 1-3a) (50). 
In parallel, nitrogen-doped mesoporous carbon (NMC) has gained increasing attention as a 
conductive and robust alternative. When NMC is prepared using a hard template such as SBA-
15, the template helps form an ordered mesoporous structure with a relatively well-defined 
pore size and interconnected pore network. This structure can facilitate the transport of CO2, 
ions, and reaction intermediates through the material. Nitrogen incorporation also changes the 
electronic properties of the carbon and creates sites that can interact with and anchor metal 
species, helping to distribute them throughout the carbon framework (Figure 1-3b). Compared 
with MOF-based materials, N-doped mesoporous carbon generally combines good electrical 
conductivity with good stability under electrochemical conditions, which makes it attractive 
for CO2RR at relatively high current densities (51,52). In this context, this thesis focuses on 
the design of porous catalytic systems that integrate controlled structure, conductivity, and 
active-site dispersion. Specifically, Section 1.5.1 examines ZIF-based catalytic platforms, 
Section 1.5.2 focuses on Cu-based MOFs, while Section 1.5.3 examines Ni-based doped 
nitrogen mesoporous carbon, including nickel sulfides.(Ni3S2) Across these sections, the 
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structures, synthesis strategies, and design rationales that underpin their activity and selectivity 
toward CO2 reduction are highlighted. 

 

Figure 1-3. (a) MOF-derived porous semiconductor heterostructures. (b) Nitrogen-doped 
carbon derived SBA-15. 

1.5.1. Zeolitic imidazolate frameworks  

Zeolitic imidazolate frameworks (ZIFs) are a subclass of metal–organic frameworks composed 
of tetrahedrally coordinated metal ions, such as Zn2+, Co2+, or Fe2+, linked by imidazolate 
ligands to form three-dimensional porous crystalline networks. A defining feature of ZIFs is 
their structural analogy to aluminosilicate zeolites: the M–Im–M bond angle of approximately 
145° closely resembles the Si–O–Si angle in zeolites, allowing ZIFs to adopt similar topologies 
such as SOD, RHO, LTA, and GME (Figure 1-4) (53).  

 

Figure 1-4. Structure of ZIF-8 sodalite (SOD) net. On the left, the sodalite-like -cage (11.6 Å) 
with the yellow sphere representing the van der Waals surface within the pore, and with the 
ZnN4 tetrahedra highlighted, and General structural model of ZIFs showing angle similarities 
with the aluminosilicate zeolites on the right. 
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Unlike conventional zeolites and many carboxylate-based MOFs, ZIFs combine zeolite-like 
rigidity and shape selectivity with the chemical tunability of organic frameworks (54,55). 
Strong metal–imidazolate bonds provide high thermal and chemical stability, while the organic 
linkers introduce hydrophobicity and functional diversity. Among the most studied members 
are ZIF-8 (Zn(mIm)2) and ZIF-67 (Co(mIm)2) (Figure 1-5) both of which exhibit sodalite 
topology, surface areas above 1500 m2 g−1, and excellent chemical stability (56). 

 

Figure 1-5. Crystal structures and topologies of ZIF-8 and ZIF-67 (57). 

Their robust frameworks and tunable chemistry have made them central to applications in gas 
storage, separation, catalysis, and electrochemical energy conversion (58). The concept of ZIFs 
was first demonstrated in the mid-2000s by Huang et al., who reported ligand-directed 
synthesis of zeolite-type Zn-imidazolate frameworks (59). This was followed by the systematic 
development of ZIF families by Park et al., who demonstrated structural isomorphism with 
established zeolite nets (60). Subsequent work expanded the ZIF family through linker 
functionalization and mixed-metal strategies, enabling control over topology, pore size, and 
adsorption behaviour (61,62). ZIFs therefore occupy an intermediate position between zeolites 
and conventional MOFs, combining structural rigidity and stability with extensive 
opportunities for chemical modification (60,61). This combination enables fine tuning of 
adsorption, catalytic activity, and ion-transport properties (63,64). 
ZIFs are typically microporous materials with pore widths below 2 nm and high internal surface 
areas (65,66). This microporosity allows selective adsorption of small molecules such as H2, 
CO2, and CH4 while excluding larger species, giving materials such as ZIF-8 strong molecular-
sieving behavior. ZIF-8 commonly exhibits BET surface areas in the range of 1400–2000 m2 
g−1, while ZIF-67 shows similar pore dimensions and can reach even higher surface areas 
(67,68). Across the broader ZIF family, pore size and surface area vary substantially depending 
on topology and activation conditions (69). ZIFs are among the most thermally and chemically 
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stable MOFs, with decomposition temperatures often above 500–600 °C (70,71). Their 
robustness arises from strong metal–nitrogen bonds and the hydrophobic character of the 
imidazolate linkers, which reduce susceptibility to hydrolysis and solvent intrusion (72). 
However, stability may decrease in frameworks bearing more polar or bulky substituents, 
particularly under harsh chemical conditions (73). 
ZIFs, particularly ZIF-8, are widely used in gas separation, catalysis, and CO2RR because of 
their stability, tunable porosity, and adaptable active sites (74) In gas separation, ZIF-8 acts as 
a molecular sieve that selectively separates CO2 from larger gases such as N2 and CH4 through 
a combination of size exclusion and preferential adsorption (75,76). This behaviour has been 
exploited in CO2 capture and mixed-matrix membranes to improve CO2/N2 and H2/CO2 
separation performance (77). In catalysis and CO2RR, ZIFs provide a versatile platform for 
incorporating catalytically active metals such as Zn, Co, Fe, Cu, and Ni. In ZIF-8, Zn2+ sites 
exhibit Lewis acidity and can coordinate intermediates, while metal doping or ion exchange 
introduces further catalytic functionality without necessarily disrupting the framework (78). 
ZIF-derived materials are particularly important electrocatalysts. Pyrolysis of ZIF-8 can 
generate nitrogen-doped porous carbons containing atomically dispersed metal sites (M–N–
C), combining high conductivity, large surface area, and efficient active-site utilization (79). 
These features make them well suited for multi-electron CO2RR pathways. For example, Cu-
doped ZIF-8 derivatives have been reported to achieve high Faradaic efficiency for CO 
formation at low overpotentials (80). In addition, ZIF-based structures can act as confinement 
scaffolds, stabilizing intermediates such as *COOH and *CO while suppressing HER, thereby 
improving CO2RR selectivity (81). 

1.5.2. Copper-Based Metal-Organic Frameworks  

Copper-based metal–organic frameworks (Cu-MOFs) are a versatile class of crystalline porous 
materials that combine the redox activity of copper centres with the structural tunability of 
organic linkers. Unlike MOFs based on redox-inactive metals such as Zn2+ or Mg2+, Cu-MOFs 
can actively participate in catalytic transformations because of accessible Cu(I)/Cu(II) redox 
couples, making them promising for adsorption, separation, and especially CO2RR (82). 
Among these materials, Cu-MOFs based on 2-methylimidazole (2-mIm), often referred to as 
ZIF-like frameworks, have attracted considerable attention because of their stability in aqueous 
media, nitrogen-rich coordination environment, and tunable electronic properties (83). n these 
structures, Cu2+ centres are coordinated mainly by nitrogen atoms from the imidazolate ligands, 
although the coordination number and geometry can change depending on the synthesis 
conditions and framework topology. The methyl group of 2-mIm also affects the local polarity, 
hydrophobicity, and electron density around the Cu centres, which can influence CO2 
adsorption and the stabilization of reaction intermediates during electroreduction (84). An 
important characteristic of Cu-MOFs is their ability to undergo structural and electronic 
changes under electrochemical conditions. During CO2RR, Cu2+ centres can be partially 
reduced to Cu+ or Cu0, forming catalytically active species while retaining a significant part of 
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the original framework structure. This in situ transformation is central to their activity (85). 
Cu-MOFs based on 2-mIm have shown activity toward a range of products including CO, 
formate, methane, ethylene, and ethanol. In particular, C2+ formation is promoted by adjacent 
Cu sites or Cu clusters that facilitate C–C coupling through CO dimerization. The porous 
structure can further enhance selectivity by confining intermediates, modulating local pH, and 
influencing diffusion (86). From a mechanistic perspective, Cu-MOFs offer atomic-level 
control over active-site geometry, spacing, and electronic structure that is difficult to achieve 
with conventional Cu catalysts such as polycrystalline foils (87). Reversible 
Cu(I)/Cu(II)/Cu(0) redox transitions further tune local electron density, helping to stabilize 
intermediates such as *COOH and *CHO and thus enabling deeper reduction pathways (88–
90). Their performance can also be adjusted through linker substitution, post-synthetic 
modification, and incorporation of conductive supports such as carbon nanotubes or graphene 
to improve charge transport and site accessibility (91). Operando studies using X-ray 
absorption spectroscopy and surface-enhanced Raman scattering have confirmed dynamic 
changes in Cu oxidation state and active-site structure during catalysis (92). 

1.5.3. Ni-based materials  

In CO2RR research, growing attention has shifted from noble metals toward catalysts based on 
earth-abundant transition metals. Although Cu remains central because of its unique ability to 
form multicarbon products, nickel-based systems have emerged as attractive alternatives for 
the selective production of carbon monoxide, an important intermediate and industrial 
feedstock. Nickel-based catalysts are promising for CO2RR because of their electronic 
structure and their ability to interact with key reaction intermediates, particularly *COOH and 
*CO. Their properties can also be adjusted at both the atomic and nanoscale levels, allowing 
their catalytic behaviour to be tuned. In the CO2-to-CO pathway, Ni can bind CO strongly 
enough to promote its formation while still allowing its subsequent desorption. The partially 
filled d band of Ni also enables interaction with the electronic states of CO2-derived 
intermediates, which can help stabilize the reaction intermediates and facilitate the overall 
reaction process. favourable thermodynamics for CO2-to-CO conversion without excessively 
strong HER activity (94) These intrinsic properties have motivated the development of Ni-
based catalysts beyond bulk metallic forms, including nickel sulfides (Ni3S2) and nickel-
containing nitrogen-doped mesoporous carbons (Ni@NMC). Each class uses a distinct 
structural strategy to tailor local coordination, adsorption energetics, and electron transfer: 

• Ni3S2 exploits sulfur incorporation to tune the electron density of Ni sites, enhancing 
CO2 adsorption and suppressing HER through ligand and interfacial polarization 
effects (95,96). 

• Ni@NMC uses a mesoporous nitrogen-doped carbon matrix as a conductive, high-
surface-area scaffold while encapsulated Ni nanoparticles provide catalytically active 
centres with improved stability and dispersion (97,98). 
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The design of Ni-based catalysts has further benefited from advanced synthesis methods such 
as MOF templating, wet impregnation, and pyrolysis, as well as operando spectroscopies and 
DFT calculations, which together enable detailed understanding of structure–activity 
relationships. Such systems also provide opportunities for heteroatom doping, defect 
engineering, and interface modulation to suppress HER and improve CO2RR selectivity. For 
these reasons, Ni-based materials occupy a central position in current CO2 electroreduction 
research. Ni3S2 is a crystalline transition-metal chalcogenide with a hexagonal-rhombohedral 
lattice (space group: R-3m), in which Ni atoms are coordinated by sulfur in trigonal prismatic 
environments (99,100). In contrast to many simple oxides, the covalent Ni–S bonding imparts 
moderate conductivity and partial metallic character, which improves charge transport during 
electrocatalysis. Ni3S2 also exhibits mixed Ni0/Ni2+ character, providing redox-active centers 
that may promote CO2 adsorption, stabilization of *COOH intermediates, and subsequent CO 
evolution (101,102) The surface of Ni3S2 exposes multiple crystallographic facets, such as 
(101) and (110), each providing distinct coordination environments and adsorption behavior. 
These facets influence the binding energies of intermediates such as *COOH and *CO, thereby 
affecting overpotential and selectivity. Sulfur not only modifies the electronic density at Ni 
centers but may also influence proton-transfer behavior and suppress HER relative to CO2RR 
(102). 

1.6. Electrolyte  

In CO2RR, the electrolyte is not merely an inert ion-conducting medium; it plays an active role 
in determining catalytic behaviour at the electrode–electrolyte interface. Parameters such as 
pH, ionic composition, and buffer strength influence reaction thermodynamics, kinetics, and 
competition with HER (103–105). One of the most important electrolyte effects is its control 
over the local reaction environment. Although bulk pH may be well defined, the local pH at 
the catalyst surface can differ substantially under operating conditions because of proton 
consumption or hydroxide generation (106,107). This local environment affects the speciation 
of dissolved carbon, including CO2(aq), HCO3

−, and CO3
2−, with important consequences for 

adsorption and reaction pathways (108). Figure 1-6 clearly illustrates that the solubility of CO2 
in aqueous electrolytes is strongly influenced by pH. As the pH rises above 8.2, the amount of 
free CO2 decreases significantly, nearly vanishing altogether. Consequently, during CO2RR, 
the availability of reducible CO2 is typically low because CO2 is consumed by reacting with 
OH⁻ ions in the electrolyte, forming carbonate (CO3

2⁻), especially in neutral and alkaline 
conditions  
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Figure 1-6. Solubility of CO2, H2CO3, HCO3 and CO3
2- as a function of pH. 

The structure of the electric double layer (EDL) 6  is also highly sensitive to electrolyte 
composition. In particular, the identity and hydration properties of cations strongly affect local 
electric fields and the stabilization of adsorbed intermediates through non-covalent interactions 
(109). Larger alkali cations such as Cs+ and K+ compress the EDL more effectively than smaller 
cations such as Li+, which can favour multicarbon product formation on Cu by stabilizing *CO 
dimerization steps (110,111). The type of anion present in the electrolyte can also affect the 
conditions at the catalyst surface by changing the local solvation environment, the 
bicarbonate/carbonate equilibrium, and the competition between different species for surface 
sites (112). These effects can become even more pronounced at high current densities, where 
mass-transport limitations, carbonate formation, and gas evolution can progressively change 
the composition of the electrolyte close to the electrode (113). In a membrane-electrode 
assembly, the choice of electrolyte also has to be considered together with the ion-exchange 
membrane, since both influence ion transport, CO2 crossover, and the pH gradient across the 
cell. Anion exchange membranes (AEMs), such as Sustainion®, are suitable for alkaline media 
due to their high OH- conductivity and chemical stability, while cation exchange membranes 
(CEMs) like Nafion® facilitate proton transport and are more compatible with acidic or near-
neutral environments (114,115). Taken together, these phenomena highlight the critical need 
to treat electrolyte selection as a design parameter rather than a background condition. A 
comprehensive understanding of electrolyte-catalyst-membrane interactions is essential for 
optimizing selectivity, activity, and stability in electrochemical CO2 reduction systems. 

1.6.1. Alkaline electrolyte 

Alkaline electrolytes such as 1 M KOH (pH ≈ 13.7) are widely used in CO2RR, particularly 
with Cu-based catalysts, because they strongly influence both reaction selectivity and system 
efficiency. One of the main advantages of this highly alkaline environment is suppression of 
HER. The very low proton availability significantly slows proton-driven side reactions, thereby 
shifting the reaction toward CO2RR pathways that require fewer protons per electron 
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 The activity and selectivity of the cathode depend not only on the choice of catalyst but also on the 
composition of the electrolyte adjacent to the cathode (i.e., the electrical double layer (EDL) 
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transferred and improving selectivity toward C1 and C2+ products (116). At the mechanistic 
level, the scarcity of protons hinders the Volmer step: 𝐻+ + 𝑒− → 𝐻∗ 

which is the initial and often rate-limiting step of HER. At the same time, the abundance of 
OH− helps neutralize locally generated protons, maintaining a high interfacial pH near the 
catalyst surface even at high current densities. This localized alkaline microenvironment 
further reinforces CO2RR selectivity by continuously suppressing hydrogen formation (116). 
However, these benefits come with an important trade-off: CO2 availability near the electrode 
decreases because CO2 readily reacts with hydroxide ions to form bicarbonate and carbonate 
species: 𝐶𝑂2 + 𝑂𝐻− → 𝐻𝐶𝑂3−   ;    𝐻𝐶𝑂3− + 𝑂𝐻− → 𝐶𝑂32− + 𝐻2𝑂                  Eq. 1-14 

This conversion lowers the concentration of free CO2 at the catalyst surface and introduces 
mass-transport limitations that can affect overall performance. Another major challenge in 
alkaline systems is carbonate accumulation. The formation and precipitation of carbonate 
species, particularly near the catalyst layer and membrane interface, can block active sites, 
increase transport resistance, and gradually degrade performance over time (117). Despite these 
limitations, 1 M KOH provides excellent ionic conductivity (~250 mS cm−1), enabling low-
resistance operation and supporting current densities above 200 mA cm−2, which are relevant 
for industrial-scale electrolysis. Membrane selection is also critical in such systems. AEMs such 
as Sustainion® are commonly used because they combine high OH− conductivity with good 
chemical stability in alkaline environments. They also reduce CO2 crossover to the anode and 
generally offer better mechanical and chemical durability than many conventional AEMs, 
making them suitable for long-term CO2RR operation (118). 

1.6.2. Neutral-buffered electrolyte 

Potassium bicarbonate (KHCO3) is one of the most commonly used electrolytes for CO2RR 
because it provides a buffered, near-neutral environment, with the pH typically remaining 
around 7.2–8.3. This helps maintain stable electrolysis conditions while supporting the 
formation of different products. A 2 M KHCO3 solution can provide a suitable environment 
for both C1 and C2+ products, particularly on polycrystalline Cu, where C–C coupling is 
strongly affected by the local CO coverage and pH. The buffering capacity of KHCO3 mainly 
comes from the HCO3

-/CO2 equilibrium, which helps maintain the concentration of dissolved 
CO2 during electrolysis and limits large changes in the local pH. The bicarbonate system can 
also act as both a proton donor and acceptor, participating in proton-coupled electron transfer 
(PCET) steps central to CO2RR pathways (108). At the interface, 2 M KHCO3 provides 
moderate ionic strength, which helps stabilize the EDL without causing excessive cation 
crowding near the catalyst surface. In this environment, K+ ions play an important role in 
modulating catalytic behaviour. Because of their relatively large ionic radius and weak 
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hydration, K+ ions accumulate near the electrode interface and enhance the local electric field. 
This effect strengthens CO adsorption and promotes C–C coupling, thereby favouring the 
formation of multicarbon products such as ethylene and ethanol (111). Membrane selection is 
also important in KHCO3-based systems. Nafion® CEMs are frequently used because they 
allow selective cation transport while maintaining a proton gradient across the cell. However, 
long-term operation can lead to partial ion exchange within the sulfonic acid groups of Nafion, 
where K+ ions, or Na+ impurities, gradually replace H+. This process may contribute to 
membrane degradation, pH drift, and a gradual decline in performance (114) 

1.6.3. Interfacial electrolyte-electrode interactions 

The electrode–electrolyte interface is the region where electrolyte composition directly 
interacts with the catalyst surface and therefore plays an important role in determining CO2RR 
activity and selectivity. At this interface, solvated ions, water molecules, and adsorbed reaction 
intermediates are continuously rearranged in response to the applied potential and the local 
chemical environment. As a result, the behavior of the electrical double layer can affect both 
CO2 activation and the subsequent conversion of surface intermediates (106,119). Alkali-metal 
cations are particularly relevant in this context. K+ and Cs+ can accumulate close to the 
electrode surface and modify the local electric field. These interfacial effects have been 
associated with changes in the stabilization of negatively charged intermediates, including 
*CO2

- and *COOH, and can consequently influence the surface coverage of *CO and the 
probability of C–C coupling. For Cu-based catalysts, the presence of K+ has been linked to 
enhanced *CO dimerization, while the weaker hydration of Cs+ allows it to approach the 
surface more closely and produce a different interfacial electric environment (120,121). In 
particular, K+ ions present in both 1 M KOH and 2 M KHCO3 preferentially accumulate near 
Cu surfaces, enhancing *CO dimerization and promoting ethylene formation (122). Larger 
cations such as Cs+, because of weaker hydration, can approach the surface more closely than 
K+, generating even stronger interfacial electric fields and further altering adsorption 
energetics, work function, and the potential of zero charge (123). The local pH at the electrode 
may also differ substantially from the bulk electrolyte. In alkaline operation, rapid proton 
consumption can increase the interfacial pH and thereby reduce the contribution of HER.(116). 
In acidic electrolytes, the high proton availability has the opposite tendency and can increase 
the competition from hydrogen evolution (124). Buffered electrolytes such as KHCO3 can 
moderate these changes through the CO2/HCO3

-/CO3
2- equilibrium, although this buffering 

capacity may become insufficient at high current densities.  
Ion-specific interactions provide an additional contribution. Cations may interact with 
adsorbed intermediates through outer-sphere interactions, while anions can modify interfacial 
hydration, surface charge, or adsorption behavior (125). Water itself is also an active 
component of the interface because it participates in proton-coupled electron-transfer steps and 
influences the stabilization of reaction intermediates through hydrogen bonding. These effects 
show that electrolyte selection cannot be separated completely from catalyst design: the local 
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environment established at the electrode surface is part of the catalytic system itself (126). 
Membrane transport is closely coupled to these interfacial phenomena. Proton-conducting 
Nafion® membranes can support acidic operation but may also facilitate water crossover and 
CO2 loss, whereas anion-exchange membranes such as Sustainion® promote OH- transport 
under alkaline conditions while introducing challenges related to carbonate accumulation and 
CO2 crossover (127). 

1.7. Electrochemical Cell Design 

Catalyst performance cannot be considered independently of the reactor in which the 
electrochemical reaction takes place. The cell architecture determines how CO2 reaches the 
catalyst, how ions move through the system, and how products and heat are removed. These 
effects become increasingly important as the current density increases because concentration 
gradients, local pH changes, gas evolution, and ion migration become more pronounced. 
A typical CO2RR electrolyzer contains a cathode, anode, ion-exchange membrane, gas 
diffusion layer, flow channels, and, depending on the configuration, one or more circulating 
electrolyte compartments. The relative arrangement of these components determines both mass 
transport and ohmic losses. Flow-cell and membrane-electrode-assembly configurations are 
particularly attractive for high-rate operation because gaseous CO2 can be delivered directly to 
a gas diffusion electrode rather than relying exclusively on dissolution and diffusion through a 
bulk liquid electrolyte. (128). In a flow cell, continuous CO2 feeding reduces the effective 
transport distance between the gas phase and catalyst layer and allows sustained product 
removal (129) Three-compartment designs provide additional control over the cathodic and 
anodic environments, while zero-gap architectures place the catalyst layer, membrane, and 
electrode in close contact and therefore reduce ionic transport distances. These configurations 
can support higher current densities, but they also introduce practical challenges, including 
water management, carbonate accumulation, membrane stability, and control of the local 
reaction environment (130). Consequently, the choice of electrochemical cell should be 
regarded as part of experimental design rather than simply as a hardware detail. Differences in 
transport conditions and interfacial composition can change the measured activity, selectivity, 
and stability of the same catalyst. Figure 1-7 shows representative CO2RR cell configurations: 
(a) H-type, (b) three-compartment flow cell, and (c) zero-gap flow cell. Despite these 
advantages, challenges remain, including system complexity, cost, water management in GDLs 
(flooding vs. dehydration), electrolyte carbonation, and membrane degradation. At high current 
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densities, additional issues such as increased overpotential and heat generation arise, requiring 
careful optimization for stable long-term operation. 

 

Figure 1-7. Schematic diagrams of CO2 electrolyzers. (a) H-cell, (b) flow-cell and (c) MEA-
cell (131). 

1.7.1. Intrinsic Catalyst Activity versus Reactor Performance 

The electrochemical response measured during CO2 reduction reflects more than the chemistry 
of the catalyst itself. Catalyst composition and surface structure determine the intrinsic 
tendency of an active site to bind and transform reaction intermediates, but the experimentally 
observed response is also affected by catalyst loading, electrode morphology, electrolyte 
composition, gas transport, membrane properties, and operating conditions. (132). For this 
reason, geometric current density and Faradaic efficiency should be interpreted as measures of 
overall electrode performance rather than as direct descriptors of intrinsic catalytic activity. In 
principle, intrinsic activity is associated with the behavior of individual active sites under 
conditions where transport limitations and differences in accessible surface area are 
minimized. In practical CO2RR experiments, however, these contributions are strongly 
coupled, particularly at high reaction rates. (132). This distinction becomes especially 
important when comparing different reactor configurations. In an H-cell, dissolved CO2 must 
travel through the liquid electrolyte before reaching the catalyst surface, which can impose a 
strong mass-transfer limitation. A gas-diffusion electrode shortens this transport pathway by 
supplying CO2 from the gas side of the electrode and can therefore sustain much higher 
reaction rates. However, the GDE introduces its own variables, including wetting, ion 
transport, gas permeability, and intermediate residence time. (133). Zero-gap MEA systems 
further increase this coupling because the catalyst, membrane, and gas-diffusion layer operate 
as a closely integrated unit. Consequently, changes in Faradaic efficiency or product 
distribution between an H-cell, flow cell, and MEA should not automatically be attributed to 
changes in intrinsic catalyst activity. The reactor itself can modify the local conditions under 
which the reaction proceeds. 
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1.7.2. Cathode 

The cathode is the site of CO2RR, where a catalyst deposited on a conductive substrate controls 
product selectivity. In gas-fed systems, gas diffusion electrodes (GDEs) are used to bring CO2, 
the electrolyte, and the catalyst into close contact. The GDE is composed of a catalyst layer 
(CL) supported on a gas diffusion layer (GDL). The GDL provides a pathway for CO2 to reach 
the active sites, while also maintaining electrical conductivity and reducing the risk of 
electrolyte flooding. Its hydrophobic nature is particularly important because it helps preserve 
the gas–liquid–solid interface needed for efficient CO2RR. GDLs are typically made from 
porous carbon-based materials such as carbon paper or carbon cloth, which combine 
conductivity, porosity, and chemical stability (142). Structurally, single-layer GDLs consist 
only of a macroporous substrate (MPS), which allows direct gas transport but offers limited 
water management. GDL thickness generally ranges from 100 to 500 μm, with thinner layers 
often preferred to enhance mass transport (Figure 1-8). Hydrophobic treatment with PTFE, 
typically 10–30 wt%, is used to optimize wettability and balance gas permeability against 
flooding resistance, thereby maintaining efficient cell operation (143). 

 

Figure 1-8. (a) Layered GDE between gas flow field and electrolyte, comprising a gas diffusion 
layer (MPS + MPL) and a catalyst layer (CL), (b) CO2 diffuses through porous carbon-based 
MPS/MPL to the nanoparticle CL, while electrons are conducted to the catalyst. 

1.7.3. Anode 

In CO2RR systems, the anode must exhibit high conductivity, chemical and electrochemical 
stability, and catalytic activity under strongly oxidative conditions. The most commonly used 
anode materials are iridium oxide (IrO2) and mixed metal oxides (MMOs). IrO2 is widely 
employed because it combines high catalytic activity for the oxygen evolution reaction (OER) 
with good stability in acidic and neutral media. Its relatively low OER overpotential and high 
resistance to corrosion can contribute to improved energy efficiency during electrolysis. The 
activity and long-term stability of IrO2 also depend on the chemical environment and local 
structure of the Ir species, with Ir–Ir interactions playing an important role in these properties. 
(144,145). MMOs are often based on titanium substrates coated with oxides of Ir, Ru, or related 
noble metals. These coatings combine good electrocatalytic performance with reduced noble-



Introduction 

35 

metal loading, lowering overall cost. MMOs also show stable performance in strong alkaline 
electrolytes and are therefore well suited for long-duration operation (146). 

1.7.4. Membrane electrode assembly 

Under an applied electric field, anion exchange membranes (AEM), and cation exchange 
membranes (CEM) exhibit distinct ion transport behaviors that strongly influence CO2RR 
performance. Figure 1-9 illustrates the ion transport mechanisms and key differences between 
AEM, CEM. 

 

Figure 1-9. Schematic representation of the working principles of two types of membrane under 
an electric field. (AEM anion exchange membrane, CEM cation exchange membrane) (147) 

AEMs are particularly important for CO2RR under alkaline conditions, where they transport 
OH⁻ from cathode to anode, helping maintain a locally alkaline environment that suppresses 
the HER and enhances Faradaic efficiency for CO-derived products. However, AEM systems 
can suffer from unwanted transport of alkali metal ions, which may result in carbonate 
formation, salt precipitation, and loss of carbon during operation. CEM systems, on the other 
hand, mainly transport cations, but the accumulation of these ions near the cathode can cause 
local changes in pH and promote salt deposition. These effects can also increase competition 
from the hydrogen evolution reaction (HER) and eventually affect the stability of the gas 
diffusion electrode (147,148). Among the commercially available membranes, Sustainion® 
37-50 is widely used because it combines good ionic conductivity with chemical stability and 
sufficient mechanical strength. It consists of a reinforced poly(phenylene) backbone 
functionalized with imidazolium groups and has a dry thickness of approximately 50 μm. In 1 
M KOH at 60 °C, it exhibits a low area-specific resistance of about 0.045 Ω·cm2 and ionic 
conductivity above 60 mS·cm−1, enabling efficient ion transport with limited ohmic loss (149). 
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CEMs conduct positively charged ions, primarily H+, from the anode to the cathode. The most 
widely known example is Nafion®, a perfluorinated sulfonic acid polymer developed by 
DuPont. Nafion membranes are known for their chemical and thermal stability and their high 
proton conductivity, which makes them suitable for acidic CO2RR systems and PEM 
electrolyzers. Nafion® 117 is one of the commonly used membrane grades, with a thickness 
of about 183 μm and an equivalent weight of 1100 g mol-1. Depending on the temperature and 
hydration level, its proton conductivity is typically in the range of 0.1–0.2 S·cm-1. The sulfonic 
acid groups in the membrane facilitate proton transport, while the perfluorinated backbone 
provides the chemical stability needed under electrochemical operating conditions. However, 
in CO2RR systems, CEMs such as Nafion® may favor HER over CO2 reduction because of 
the high local proton concentration at the cathode interface. In addition, CO2 crossover and 
carbonate formation in the anode compartment can cause performance losses and gas-
management challenges. Despite these limitations, Nafion remains useful when acidic 
operation is required or when targeting specific products such as formic acid or methanol in 
tandem systems (150–152).  

1.7.5. Flow channels and electrolyte compartments 

Flow channels and electrolyte compartments are integral to the design and operation of 
electrochemical CO2 reduction systems. Together, they control reactant delivery, product 
removal, ion transport, and the electrochemical environment at each electrode, thereby strongly 
influencing overall performance and efficiency. Flow channels are machined or molded into 
flow plates and direct the movement of gas and liquid reactants across the electrode surfaces. 
They also help remove the gaseous and liquid products generated during electrolysis. The 
geometry of the flow field has a direct effect on how evenly the reactants are distributed, the 
pressure drop across the cell, and the overall mass-transport behavior. Common configurations 
include serpentine, parallel, and interdigitated channels. As illustrated in Figure 1-10, each 
design creates different flow and transport conditions within the electrode. In particular, 
interdigitated channels can increase through-plane convection and provide more effective CO2 
transport to the catalyst layer than conventional serpentine channels. This effect was reported 
by Xing et al., who showed that flow-field architecture significantly influences CO2 transport 
and CO2RR performance in gas-diffusion electrolysis (153). 
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Figure 1-10. Illustration of the components of an exchange MEA cell with the catalyst layer on 
a carbon gas-diffusion layer. Shown here are the three different flow patterns at the cathode: 
(b) serpentine, (c) parallel, and (d) interdigitated flow patterns. 

The electrolyte compartments, namely the anolyte at the anode and the catholyte at the cathode, 
complete the electrochemical circuit by enabling ion migration while supporting the respective 
half-reactions. In flow-cell configurations, these compartments also control electrolyte 
circulation, gas removal, and pH during electrolysis. As shown in Figure 1-11, the catholyte 
and anolyte are generally circulated through separate reservoirs, while the membrane allows 
ionic transport between the two sides and limits direct mixing of the products. Their design 
and operating conditions therefore have an important role in maintaining stable and efficient 
electrolysis. In CO2RR systems, the anolyte is often an alkaline solution such as 0.5–1 M KOH, 
which provides a suitable environment for the OER at the anode. The alkaline conditions can 
improve OER kinetics and reduce the required overpotential (154). The anolyte is usually 
recirculated using a peristaltic or gear pump to maintain a relatively constant ionic strength, 
remove the O2 produced at the anode, and limit pH gradients near the electrode surface. The 
catholyte, in contrast, can be operated either in recirculating or single-pass mode. In the 
recirculating configuration, the electrolyte continuously passes through the cathode 
compartment, giving better control over pH and ion concentration and helping to maintain 
stable catalytic conditions during operation (155). In single-pass operation, fresh electrolyte is 
continuously fed to the cathode, which can reduce product crossover and make the collection 
and analysis of liquid products such as formate or ethanol more straightforward. The choice 
between the two configurations depends on factors such as the product of interest, electrolyte 
consumption, and the overall design of the system. Recirculating catholytes are generally more 
suitable for extended operation, while single-pass operation can be more convenient when 
product collection and quantification are the main objectives. 
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Figure 1-11. Schematic illustration of a flow-cell configuration for CO2 electroreduction, 
showing separate catholyte and anolyte circulation loops, gas inlet and outlet streams, and 
membrane separation between the cathode and anode compartments 

1.7.6. Reference electrode 

The reference electrode provides stable potential against which the potential of the working 
electrode can be measured. In CO2RR experiments, Ag/AgCl electrodes are commonly used 
because they provide a well-defined and reproducible reference potential, particularly in 
neutral and alkaline electrolytes (156). A limitation of conventional Ag/AgCl electrodes is that 
their porous junction can allow small amounts of Ag+ to diffuse into the electrolyte. These Ag+ 
ions may subsequently reach the working electrode and deposit on its surface. This can be 
particularly problematic for Cu electrodes, as the deposited Ag can influence the catalytic 
behavior and promote CO formation due to the intrinsic activity of Ag. Such contamination 
can therefore affect both product selectivity and the reproducibility of the measurements. To 
minimize this issue, leak-free Ag/AgCl electrodes, such as the LF-1 from BASi, can be used. 
Their non-porous junction prevents Ag+ from leaking into the electrolyte, helping to maintain 
the composition of the electrolyte during long-term measurements. This is especially relevant 
in CO2RR studies, where even small amounts of contamination can affect the observed product 
distribution. Double-junction Ag/AgCl electrodes provide another option, as an intermediate 
salt bridge further separates the internal reference electrolyte from the main electrolyte, 
although this design results in a larger and bulkier electrode. (157). 

1.7.7. Gaskets 

Gaskets are critical sealing components in electrochemical cells, serving to prevent gas and 
liquid leakage between compartments while maintaining uniform compression and mechanical 
stability across the cell assembly. They also help define the effective electrode area and ensure 
proper alignment of flow channels, membranes, and electrodes. The choice of gasket material 
must satisfy several requirements: chemical resistance to alkaline or acidic electrolytes, 
mechanical robustness under compression, low permeability to gases such as CO2 or H2, and 
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dimensional stability under operational temperatures and pressures. Common gasket materials 
used in electrochemical cells include polytetrafluoroethylene (PTFE), ethylene propylene diene 
monomer (EPDM), and silicone-based elastomers. PTFE is highly chemically inert and 
thermally stable, so it can be used under both acidic and alkaline conditions. Its main limitation 
is its low elasticity, which can make sealing more difficult when the cell is exposed to changes 
in pressure. EPDM is a synthetic rubber that combines good elasticity with resistance to KOH 
and acidic environments, and its ease of compression makes it widely used in fuel cells and 
CO2 electrolyzers. Silicone-based elastomers are flexible and can withstand relatively high 
temperatures, although they may swell in some organic electrolytes, limiting their use in non-
aqueous systems. In more advanced cell designs, gaskets are often custom-cut to match the 
shape and dimensions of the electrodes and membrane. This improves the seal and helps reduce 
the dead volume inside the cell. Choosing the appropriate gasket is important for maintaining 
stable operation over long periods and for preventing cross-leakage, particularly when the cell 
is operated at high current densities or under pressure. 

  



Introduction 

40 

1.8. Research Questions Addressed 

These limitations point to the need for improved materials and a more systematic understanding 
of the factors that control CO2RR performance. Based on these considerations, the following 
research questions were addressed in this thesis: 
 

1. How can porous materials, including ZIF-derived and MOF-based catalysts, be 
designed and synthesized to improve CO2 reduction activity and selectivity? 

2. Which reaction pathways and intermediates play the main role in determining product 
distribution during electrochemical CO2 reduction? 

3. How do the electrolyte composition and operating conditions affect catalytic activity 
and product selectivity? 

4. How can the electrode architecture and cell configuration be optimized to improve the 
efficiency and scalability of CO2 electroreduction systems? 

5. How can catalyst performance be systematically evaluated and related to the structural 
and surface properties of the material? 

 
To address these questions, several catalyst systems were prepared and studied, including ZIF-
based materials, mesoporous Cu-MOF flakes, and Ni3S2-derived nitrogen-doped mesoporous 
carbons. Their CO2RR performance was evaluated using controlled electrochemical setups 
under different operating conditions. Electrochemical measurements together with product 
analysis were used to assess catalytic activity and selectivity, while structural and surface 
characterization was carried out to relate the observed performance to the properties of the 
materials. In addition, complementary studies on the oxygen reduction reaction (ORR) were 
performed to further examine catalytic behaviour and provide a basis for comparison and 
benchmarking. 
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1.9. Layout of the work  

The current thesis is an effort to tackle the mentioned research questions. To address the 
questions properly, the thesis is divided in 7 chapters: 

The 1st chapter introduces the global carbon challenge and the fundamentals of 
electrochemical CO2 reduction. It briefly covers reaction mechanisms, thermodynamic and 
kinetic aspects, catalyst development, electrolyte effects, and cell design, forming the 
foundation for the rest of the work. 

2nd chapter describes the experimental and analytical methodologies used in this work. 
It details the electrochemical testing setups, along with operating conditions and electrode 
preparation techniques. The chapter also outlines the electrochemical methods employed, as 
well as product quantification, analysis, and structural and surface characterization techniques. 

3rd chapter focuses on ZIF-based materials for electrochemical CO2 reduction, 
presenting their synthesis methods followed by a discussion of the obtained results. 

4th chapter explores mesoporous Cu-MOF flakes as a platform for the electrosynthesis 
of ethylene from CO2, detailing the material preparation and corresponding performance 
results. 

5th investigates Ni3S2 anchored nitrogen-doped mesoporous carbon for selective CO2-
to-CO conversion, including synthesis procedures and discussion of electrochemical 
performance. 

6th chapter addresses the oxygen reduction reaction (ORR), covering material synthesis, 
performance evaluation, and RRDE analysis to assess catalytic activity. 

Finally in the last chapter, some conclusions are brought, addressed research questions 
are highlighted, and possible future works are discussed. 

1.10. Publication and conferences 
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Chapter 2. Methodologies 
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This chapter aims to provide a detailed overview of the principal methodologies employed for 
evaluating the performance of electrocatalysts in the context of CO2 electrochemical reduction. 
We will delve into the electrochemical techniques used to assess activity, selectivity, and 
stability, alongside the analytical methods essential for identifying and quantifying the reaction 
products. Furthermore, the crucial role of surface characterization techniques in elucidating the 
catalyst's structural and chemical properties before and after electrochemical testing will be 
highlighted. By presenting a systematic examination of these evaluation methods, this chapter 
seeks to establish a foundational understanding for interpreting catalytic performance and 
comparing different catalytic systems reported in the literature. The challenges and important 
considerations associated with each methodology will also be discussed to promote rigor and 
reproducibility in the field. 
The experimental measurements were carried out at Centre for Sustainable Future 
Technologies (CSFT) lab. It is located within the Environment Park of Turin through a 
collaboration between the IIT (Istituto Italiano di Tecnologia) Foundation and the Polytechnic 
of Turin, serves as an interdisciplinary hub dedicated to energy transition, sustainability, and 
the circular economy. Its research targets include reducing anthropogenic CO2 emissions, 
improving renewable energy efficiency, and advancing green hydrogen technologies through 
the development of nanomaterials, catalysts, membranes, and integrated systems. 

  

2.1. Electrochemical Testing Setups 

2.1.1. Three-compartment flow cell assembly 

Proper design and control of the electrochemical testing setup are essential for accurately 
evaluating catalyst performance in CO2. In this thesis, two distinct electrochemical systems 
were employed: a three-compartment flow cell and a zero-gap MEA. The. Gas flow was 
regulated using computer-controlled mass flow controllers (MFCs), and liquid electrolytes were 
supplied via peristaltic pumps. Product gases were analyzed by gas chromatography (GC). 
When electrolyte was used, a mass flow meter was installed at the gas outlet to correct for 
deviations in gas flow caused by gas-liquid interactions within the system. 
The three-compartment flow cell, illustrated in (Figure 2-1), was engineered to ensure a 
modular and efficient arrangement suitable for GDE testing. It comprises separate 
compartments for the anode, cathode, and gas handling, thereby enabling precise control of 
reactant and electrolyte flows. 
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Figure 2-1. three-compartment flow cell, 

Gas diffusion electrodes were fabricated using Sigracet 28BC (SGL Technologies), with an 
active geometric area of 1.5 cm2. The catalyst layer was deposited onto the microporous side 
of the GDE, which was oriented toward the membrane during assembly (Figure 2-2).  

 

Figure 2-2. Schematic diagrams of 3-compartment flow cell 

As shown in Figure 2-3, to ensure reliable electrical conduction between the GDE and the 
metallic flow field plate, copper tape was applied on the backside of the GDE, serving as a 
current collector. This configuration minimizes interfacial contact resistance and provides 
uniform current distribution across the active area while maintaining mechanical integrity 
under compression. A PTFE tape was applied to define the geometric active area, ensuring that 
only the exposed window participated in the electrochemical reaction. This approach allows 
precise control over the current density calculation by restricting the electrochemically 
accessible region.  
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Figure 2-3. Preparation of the catalyst-coated gas diffusion electrode (GDE). 

Following preparation of the catalyst-coated GDE, the assembly sequence of the 
electrochemical cell is illustrated in Figure 2-4 and was performed in a layered configuration 
using alignment pins to ensure precise positioning of all components.  
A black sealing frame (gasket layer) was first positioned onto the white support plate and 
aligned using the guiding pins. This frame defines the outer boundary of the active region and 
provides the initial structural support for subsequent layers (Step 1). A central insert was then 
placed within the frame. This component does not function as a flow-field but rather acts as a 
spacer to adjust the chamber height and define the internal volume of the compartment (Step 
2). A second black sealing frame was placed on top of the spacer to complete the base structure 
of the compartment and ensure proper sealing before inserting the electrode (Step 3). The 
anode electrode was positioned within the defined opening of the sealing frame, ensuring 
alignment with the active window. The anode electrode, consisting of an Ir-based mixed metal 
oxide (Ir-MMO, ElectroCell) coated on a titanium substrate, was positioned within the defined 
opening of the sealing frame. The anode was carefully aligned to match the membrane active 
area to ensure uniform current distribution and efficient oxygen evolution during operation 
(Step 4). The anolyte chamber was formed by placing the corresponding spacer frame. A 
plastic mesh was inserted inside the anolyte compartment to promote homogeneous electrolyte 
distribution and assist in bubble removal during operation (Step 5). The membrane separators 
included Nafion 117 (Ion Power) and Sustainion X37-RT (Dioxide Materials), chosen based 
on the desired pH and ion transport conditions; the separator was placed between two black 
sealing frames. These frames define the active area and control compression thickness, 
ensuring proper sealing and ionic conduction (Step 6). The catholyte chamber was assembled 
next. A reference electrode (1 mm mini-Ag/AgCl, leak-free type LF-1) was introduced into the 
catholyte compartment for three-electrode measurements. The catholyte inlet and outlet ports 
allowed continuous electrolyte circulation. A plastic mesh was again inserted to improve 
electrolyte flow distribution and facilitate removal of gas bubbles generated during CO2 
reduction (Step 7). A black sealing frame was positioned to define the cathode active area. The 
catalyst-coated GDE was then placed inside this frame, with the catalyst layer facing the 
membrane (Step 8). The backside of the cathode corresponds to the gas chamber through which 
CO2 is supplied. The gas flow-field plate was positioned to distribute CO2 uniformly across 
the electrode surface. To balance compression and maintain structural stability, an additional 
plastic mesh was inserted into this region (Step 9). A final black sealing frame was added, and 
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the top plate was positioned. The cell was then closed and compressed uniformly using bolts 
tightened in a cross-pattern to ensure homogeneous pressure distribution, stable electrical 
contact, and leak-free operation (Step 10). The system was equipped with peristaltic pumps to 
control the flow of the liquid electrolyte at a rate of 5 mL min-1, while MFCs were used to 
precisely regulate the gaseous CO2 feed. A mass flow meter was also installed at the outlet of 
the gas line, prior to the GC. This configuration enabled real-time monitoring and correction 
of the actual gas output rate, which was critical due to the complex interaction between gas 
and liquid flows in the system. 

 

Figure 2-4. Sequential assembly of the three-compartment electrochemical flow cell, 
illustrating the ordered stacking of sealing frames, electrodes, membrane, and flow-field 
components. 

2.1.2. Zero-gap assembly  

In the zero-gap setup, the catalyst layer on the GDE was placed in direct contact with the ion-
exchange membrane, eliminating the liquid electrolyte layer between them (Figure 2-5).  
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Figure 2-5. Schematic diagrams of zero-gap electrochemical cell (MEA-cell). 

The same GDEs and membranes (Nafion or Sustainion) were used, ensuring consistency across 
setups. Gas and liquid feeds were similarly controlled with MFCs and peristaltic pumps, 
maintaining operational parity between both configurations. 
Following preparation of the catalyst-coated GDE, the assembly sequence of the MEA 
electrochemical cell is illustrated in Figure 2-6 and was performed in a layered configuration 
using alignment pins to ensure precise positioning of all components. In contrast to the 
previously described flow-cell configuration, conventional gasket frames were not used. 
Instead, black sealing washers were employed to provide compression and prevent leakage of 
both gas and electrolyte during operation. The assembly begins from the liquid (anolyte) side. 
The front metallic plate containing the inlet and outlet ports was first positioned and aligned 
using the guiding pins (Step 1). These ports allow the connection of tubing for electrolyte 
circulation. A second plate containing elongated openings was then placed on top (Step 2). 
These openings function as flow distribution channels, ensuring homogeneous electrolyte 
access and minimizing concentration gradients across the electrode surface. Next, the 
serpentine flow-field plate was positioned (Step 3). This patterned structure promotes uniform 
liquid distribution across the electrode area while facilitating the removal of gas bubbles 
generated during operation. After forming the liquid distribution structure, the electrochemical 
layers were inserted. A metal mesh current collector (Ir-MMO) anode on titanium was first 
placed into the chamber (Step 4). This mesh ensures good electrical contact while maintaining 
an open structure that allows electrolyte transport. The ion-exchange membrane was then 
carefully positioned on top of the mesh (Step 5). The membrane separates the anode and 
cathode environments while allowing selective ion transport to maintain charge balance during 
electrolysis. Subsequently, the catalyst-coated GDE was placed on the cathode side with the 
catalyst layer facing the membrane (Step 6). The GDE provides a porous pathway for gas 
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transport and ensures effective contact between the catalyst layer, membrane, and gas phase. 
The gas-side distribution structure was then assembled. Two plates with channel patterns 
similar to those used on the liquid side were installed sequentially (Steps 7 and 8). These plates 
distribute the incoming CO2 gas uniformly across the GDE surface and assist in the removal 
of gaseous reaction products during electrochemical operation. After all layers were aligned, 
the cell was mechanically sealed and compressed using bolts (Step 9). At this stage, the black 
sealing washers ensured tight sealing of the assembly and prevented leakage of both gas and 
liquid phases while maintaining uniform pressure across the MEA. Finally, the assembled cell 
was connected to the electrochemical measurement setup, including gas supply lines, tubing, 
and the potentiostat (Step 10). This configuration enabled stable operation of the MEA cell and 
efficient delivery of CO2 directly to the catalyst layer during electrochemical CO2 reduction 
experiments. 

 

Figure 2-6. Stepwise assembly of the MEA electrochemical cell. 

2.2. Electrode Preparation 

Among the various techniques, drop casting remains one of the most widely adopted due to its 
simplicity, minimal equipment requirement, and suitability for small-scale research 
applications. Drop casting involves dispensing a measured volume of catalyst ink, typically 
containing catalyst particles, solvent (e.g., isopropanol or ethanol), and a polymeric binder such 
as Nafion, onto a substrate such as carbon paper, carbon cloth, or a gas diffusion layer. The ink 
is then allowed to dry under ambient or controlled conditions, forming a film on the surface. 
This method provides easy control over catalyst loading by adjusting the concentration and 
volume of the ink. However, challenges such as non-uniform film thickness, coffee-ring 
effects, and cracking during solvent evaporation may arise, particularly if the dispersion is not 
well-stabilized or drying is too rapid (158). Proper optimization of ink viscosity, solvent 
volatility, binder content, and drying environment (e.g., humidity, temperature) can mitigate 
these issues and produce more uniform films. The resulting morphology, especially for high-
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loading electrodes, can influence gas diffusion, catalyst accessibility, and overall cell 
efficiency in CO2RR applications. Drop casting is particularly advantageous for comparative 
studies where reproducible preparation and loading are critical. In contrast, Spray Coating 
offers improved layer uniformity and is more suitable for preparing large-area or scalable 
electrodes, especially in MEAs. The use of airbrush or ultrasonic sprayers allows fine control 
over film thickness and porosity. Electrodeposition, on the other hand, enables direct growth 
of catalyst layers onto conductive substrates, allowing precise control of metal loading, 
morphology, and oxidation state. This method is particularly effective for preparing 
nanostructured or crystalline films but requires electrical contact and more elaborate setups 
(159). 

2.2.1. Binder effects and catalyst layer morphology 

Binders play a crucial role in the fabrication of catalyst layers for CO2RR., particularly in gas-
diffusion electrode configurations. They serve mechanically anchoring the catalyst particles to 
the substrate, ensuring structural integrity, and providing ionic conductivity by forming 
percolating ion-conductive networks within the catalyst layer. Nafion® is one of the most 
commonly used binders in CO2RR studies. It is a perfluorinated sulfonic acid ionomer with 
high proton conductivity, good mechanical stability, and wide commercial availability. 
However, its use can also have drawbacks in neutral and alkaline CO2RR conditions. The 
hydrophilic sulfonic acid domains can create water-rich regions within the catalyst layer, which 
may favor the hydrogen evolution reaction (HER). A high Nafion content can also cover part 
of the catalyst surface and hinder gas transport. For this reason, Nafion is generally added at a 
binder-to-catalyst weight ratio of about 1:10 to 1:20, which provides sufficient mechanical 
cohesion while limiting its impact on gas and ion transport. For alkaline CO2RR systems, 
particularly those based on anion-exchange membranes (AEMs), anion-conducting binders 
such as Sustainion® ionomer have also been introduced. Sustainion® is a quaternary 
ammonium-functionalized polymer that provides OH- conductivity and good chemical stability 
under alkaline conditions. Its compatibility with the catalyst layer can improve ion transport 
and, under suitable operating conditions, support higher CO2RR selectivity while limiting HER. 
These binders are particularly suited for gas-fed and zero-gap electrolyzers, where maintaining 
high local pH and minimizing parasitic reactions are essential for performance (160,161). In 
this work to avoid excessive ionomer coverage and mass‐transport limitations, Nafion and 
Sustainion were incorporated as a binder 18.9 wt %. 

2.3. Electrochemical Techniques 

Electrochemical characterization is a central component in the development and benchmarking 
of catalysts for the CO2RR. These techniques are used to evaluate the main performance 
parameters of a CO2RR catalyst, including activity, selectivity, energy efficiency, and stability 
under both kinetic and mass-transport-limited conditions. The main aim of electrochemical 
testing is to understand how the applied potential affects the catalytic response, identify the 
onset potential and current density associated with specific products, and gain information 
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about the reaction pathway and possible rate-determining steps. A systematic electrochemical 
assessment can also provide information on electrode–electrolyte interactions, catalyst 
degradation, and the influence of operating parameters such as electrolyte composition, gas 
pressure, and temperature. Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) are 
commonly used to examine electrochemical behavior and determine onset potentials, whereas 
chronoamperometry (CA) and chronopotentiometry (CP) are mainly applied to evaluate 
steady-state performance and long-term stability. Electrochemical impedance spectroscopy 
(EIS) provides mechanistic and kinetic information by analyzing charge transfer and mass 
transport processes at the electrode, electrolyte interface. 
The following subsections detail the principles, applications, and methodological 
considerations of the key electrochemical techniques employed across the broader field of 
CO2RR research. 

2.3.1. Linear sweep voltammetry  

LSV is fundamental electrochemical technique employed in the evaluation of electrocatalysts 
for the CO2RR. This method provides useful information about the electrochemical behavior 
of a catalyst, including its onset potential, overpotential, redox activity, and overall catalytic 
response. During LSV, the potential of the electrode is swept linearly from an initial to a final 
value at a fixed scan rate, typically between 1 and 10 mV·s-1, while the resulting current is 
measured. One of the main purposes of this measurement in CO2RR is to identify the onset 
potential (E-onset), which corresponds to the potential where the current begins to deviate 
noticeably from the capacitive response, indicating the start of Faradaic reactions. LSV can also 
be used to compare the electrochemical activity of different catalysts under the same 
experimental conditions. (162). 
The current (i) response in LSV can be described by the Butler-Volmer equation, which relates 
the electrochemical reaction rate to overpotential (η): 

𝑖 = 𝑖0 [𝑒𝑥𝑝 ((1 − 𝛼)𝑛𝐹𝜂𝑅𝑇 ) − 𝑒𝑥𝑝 (− 𝛼𝑛𝐹𝜂𝑅𝑇 )] 
Eq. 2-1 

Where: 

• i₀ is the exchange current density (A·cm-2), 

• α is the charge transfer coefficient, 

• n is the number of electrons transferred, 

• F is the Faraday constant (96485 C·mol-1), 

• R is the universal gas constant (8.314 J·mol-1·K-1), 

• T is the temperature (K), 

• η is the overpotential (V). 
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For mass-transport-limited systems, such as gas-fed CO2RR cells, the observed current often 
approaches a diffusion-limited plateau described by the Levich equation under hydrodynamic 
conditions. However, in stationary systems, a clear diffusion limit can also be inferred from 
the saturation current in the voltammogram.  

2.3.2. Chronoamperometry and chronopotentiometry 

CA and CP are time-resolved electrochemical techniques widely employed in the evaluation of 
catalyst stability, activity, and product distribution during CO2RR. These methods enable the 
investigation of dynamic behavior under constant potential or constant current, respectively, 
and are particularly relevant for assessing long-term performance in both flow cells and MEAs. 
In chronoamperometry, the electrode potential is held constantly at a value determined from 
LSV or CV while the resulting current is monitored over time. This method is instrumental in 
determining FE when coupled with product analysis, evaluating catalyst stability under steady-
state operation and assessing electrolyte compatibility and mass transport behavior. A declining 
current over time may indicate catalyst deactivation, electrode flooding, or product 
accumulation effects, especially in gas-fed systems. The total charge passed (Q) during CA can 
be calculated using: 

𝑄 = ∫ 𝐼(𝑡)𝑑𝑡𝑡
0  

Eq. 2-2 

Where t represents the elapsed time (in seconds) from the start of the chronoamperometry 
experiment (from when the potential is applied), Which, when combined with product 
quantification, allows for Faradaic efficiency calculations. 
In CP, a constant current is applied while the resulting potential is monitored over time. This 
technique provides complementary insights into system behavior. For instance, potential drift 
can indicate catalyst degradation, changes in membrane resistance, or mass transport 
limitations. CP is also widely used for accelerated stress testing, as it simulates prolonged 
operation under industrially relevant current densities (>200 mA·cm-2). In gas-fed systems, 
potential oscillations observed during CP may signal various dynamic phenomena, including 
gas bubble accumulation and release, periodic electrolyte intrusion (flooding), and 
delamination or morphological instability of the catalyst layer. The choice between CA and 
CP ultimately depends on the objective of the measurement. CA is generally preferred for 
product quantification under controlled potential conditions, whereas CP is more suitable for 
assessing device robustness under application-relevant load conditions.(163). 

2.3.3. Electrochemical impedance spectroscopy  

EIS is an indispensable technique for dissecting the complex interplay of kinetic and transport 
phenomena in electrochemical systems, particularly in the context of the CO2RR. Specifically, 
EIS facilitates the deconvolution of processes such as charge transfer, mass transport, and 
interfacial capacitance, which are critical for optimizing catalyst performance and reactor 
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design. In EIS, a small sinusoidal voltage perturbation is applied over a wide frequency range 
(typically 100 kHz to 0.1 Hz), and the resulting current response is measured. The system 
impedance Z(ω) is expressed as a complex function: 𝑍(𝜔) = 𝑍′(𝜔) + 𝑗𝑍′′(𝜔) Eq. 2-3 

where: 

• Z′ is the real (resistive) part, 

• Z′′ is the imaginary (capacitive or inductive) part, 

• ω is the angular frequency, and 

• j is the imaginary unit. 

Nyquist plots (imaginary vs. real impedance) are commonly used to visualize the data (Figure 
2-7). The high-frequency intercept with the Real axis corresponds to the solution resistance Rs, 
A semicircle (when observed) corresponds to charge transfer resistance (Rct), reflecting 
reaction kinetics at the catalyst surface. In GDE-based systems, this feature is often distorted or 
absent due to porous structures and coupled transport effects. At lower frequencies, deviations 
may indicate mass transport limitations, such as restricted CO2 diffusion, although these 
features depend strongly on operating conditions. (164).  

 

Figure 2-7. Nyquist plot showing key impedance contributions. 

 

The Warburg impedance is given by: 𝑍𝑊 = 𝜎(1 − 𝑗)𝜔−1 2⁄                                                                    Eq. 2-4 

σ is the Warburg coefficient, a constant that quantifies the strength of diffusion-related 
impedance in the system. 

Unlike simple steady-state techniques, EIS enables a frequency-resolved analysis of processes 
such as charge transfer, double-layer formation, and gas/product diffusion, all of which are 
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critical in determining the efficiency, selectivity, and durability of CO2RR systems (165). In 
high-current-density CO2RR systems, especially in zero-gap cells, solution resistance (Rs) can 
result in substantial ohmic drops. Correcting the applied potential using iR compensation 
(typically 85-95%) is critical to isolate true electrocatalytic behavior. Without this, the 
potential applied to the working electrode may be significantly overestimated, leading to 
misinterpretation of reaction mechanisms or selectivity trends. To correct for this, iR 
compensation is applied: 

𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 − 𝑖 ∙ 𝑅𝑠 Eq. 2-5 

where: 
• Ecorrected is the corrected potential, 
• Eapplied is the measured potential, 
• i is the current, 
• Rs is the solution resistance. 

2.4. Product Quantification 

The column is coated with a stationary phase that interacts differently with the compounds in 
the sample depending on properties such as polarity, volatility, and molecular weight. As the 
gas mixture passes through the column, the individual compounds are distributed between the 
carrier gas and the stationary phase to different extents, causing them to leave the column at 
different times. The column is placed inside an oven where the temperature is carefully 
controlled, either at a constant value or using a programmed temperature ramp, depending on 
the volatility range of the analytes. The temperature profile affects the retention time of the 
compounds and therefore the separation quality and total analysis time. After separation, the 
compounds leave the column one after another and enter the detector, such as a Thermal 
Conductivity Detector (TCD) or Flame Ionization Detector (FID). The detector converts the 
response to each compound into an electrical signal, producing a chromatogram in which the 
signal intensity is plotted against retention time. The area of each peak is related to the amount 
of the corresponding compound and can be quantified using calibration curves prepared from 
standard gas mixtures. The main components of the GC system and their functions in the 
detection and quantification of CO2RR products are summarized in Table 2-1. For CO2RR 
measurements, reliable GC analysis requires careful calibration and correction for factors such 
as baseline drift, temperature changes, and variations in carrier-gas flow. The technique is 
particularly useful in flow-cell and zero-gap configurations, where gas products can be sampled 
continuously to monitor product distribution and determine Faradaic efficiency. 
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Table 2-1. Key components of a Gas Chromatography system used for CO2 electroreduction 
product analysis, along with their specific functions in the detection and quantification process. 

Component Function 

Carrier Gas 
An inert gas (e.g., He, Ar, N2) transports the sample 
through the system. 

Sample Injector Introduces the gas sample into the carrier stream. 

GC Column 
The heart of separation , packed or capillary tube with 
a stationary phase. 

Oven 
Maintains controlled temperature for efficient 
separation. 

Detector 
Detects separated components and converts them into 
electrical signals. 

Data System 
Outputs a chromatogram (peak vs. time), where peak 
area = component amount. 

2.4.1. Gas-phase products quantification 

Gas-phase products such as CO, CH4, C2H4, and H2 are commonly analyzed using GC. The 
total gas flow exiting the electrolyzer is monitored, and the molar fractions of products are 
determined by GC, calibrated against standard gas mixtures. The FE for gaseous products is 
calculated using: 𝐹𝐸𝑖 = 𝑛𝑖 . 𝐹. 𝜒𝑖. 𝑉. 𝑃̇𝑅. 𝑇. 𝐼 × 100% 

Eq. 2-6 

Or using molar flow rate directly: 

𝐹𝐸𝑖 = 𝑛𝑖 . 𝐹. 𝑛𝑖̇𝐼 × 100% 
Eq. 2-7 

Where: 

• χi = molar fraction of gas i in the outlet stream (from GC) 

• 𝑉̇= volumetric flow rate (e.g., mL min-1) 

• 𝑛𝑖̇ = 𝜒𝑖. 𝑉𝑔𝑎𝑠̇ 𝑉𝑚⁄  = molar production rate (mol s-1) 

• R = ideal gas constant (8.314 J mol-1K-1) 
• T = temperature (K) 
• P = pressure (Pa) 
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This approach requires accurate gas flow control, GC calibration, and iR-compensated voltage 
measurements to ensure reliability. 

Drying tubes and gas sampling valves are essential to prevent moisture interference during gas 
analysis. Online GC enables real-time monitoring of product evolution, which is particularly 
important for capturing transient behaviors during CO2RR. Accurate quantification requires 
proper calibration that accounts for detector response as well as gas matrix effects. In addition, 
mass flow controllers (MFCs) are employed to maintain stable and well-defined gas flow 
conditions throughout the experiment. (166). 

2.4.2. Liquid chromatography 

High-performance liquid chromatography (HPLC) is widely used for the separation, 
identification, and quantification of dissolved species in complex liquid mixtures. In CO2RR 
studies, it is commonly employed to detect liquid products such as HCOO-, CH3COO-, and 
oxalate (C2O₄²⁻), and in some cases alcohols (e.g., ethanol, propanol) with appropriate columns 
and detectors. HPLC operates by injecting a small sample into a high-pressure mobile phase 
that carries analytes through a stationary phase column, where separation occurs based on 
differences in polarity, charge, and hydrophobic interactions. A typical HPLC system consists 
of a pump, an injector, a chromatographic column, such as a C18 or ion-exchange column, a 
detector (UV–Vis, RI, or conductivity), and a data acquisition system. Compounds are 
generally identified from their retention times and quantified using calibration curves. In 
CO2RR studies, ion-exclusion and ion-exchange columns are commonly used to separate short-
chain carboxylic acids. Depending on the compounds being analyzed, detection can be carried 
out by UV absorption, usually around 210–220 nm, by refractive index detection (RI) for 
neutral species, or by conductivity detection in IC-HPLC systems. HPLC provides good 
sensitivity, reaching the millimolar to micromolar range, and usually requires only limited 
sample preparation. It is also compatible with a range of electrolyte compositions. One 
limitation is that volatile compounds and some alcohols are not always well suited to HPLC 
and may be better analyzed using NMR. For example, methanol may show poor retention under 
some conditions. In addition, relatively long elution times and peak overlap can occur, so the 
separation method may need to be adjusted depending on the products of interest.Liquid 
quantification  
Liquid-phase products such as formate, acetate, ethanol, and propanol are typically dissolved 
in the catholyte. An overview of commonly detected liquid CO2RR products, including their 
chemical formulas, electron transfer numbers, typical analytical techniques (e.g., HPLC or 
NMR), and relevant analytical considerations, is provided in (Table 2-2)  

The FE for these products is calculated as: 𝐹𝐸𝑖 = 𝑛𝑖.𝐹.𝐶𝑖.𝑉𝑒𝑙𝑒𝑐𝐼.𝑡 × 100%                                                            Eq. 2-8 
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Where: 

• Ci = concentration of product i (mol/L) 

• Velec = electrolyte volume (L) 

Table 2-2. Common liquid-phase products generated in electrochemical CO2 reduction 
(CO2RR), including their chemical formulas, number of electrons transferred (n), typical 
detection method (e.g., HPLC or NMR), and technical remarks relevant to analysis and 
system performance. 

Product Formula 
e⁻ Transferred 

(n) 
Detection 

(HPLC/NMR) 
Remarks 

Formate HCOO⁻ 2 HPLC, NMR 
Major product on Sn, Bi catalysts; 

stable in alkaline media 

Methanol CH3OH 6 
NMR, HPLC (RI 

detector) 
Requires proper suppression of 

evaporation during sampling 

Ethanol C2H₅OH 12 
NMR, HPLC 

(UV/RI) 

Dominant C2+ liquid on Cu; may 
appear in both catholyte and 

anolyte 

Acetate CH3COO⁻ 8 HPLC, NMR 
Stable under basic conditions; pH-

dependent speciation 

n-Propanol C3H₇OH 18 NMR 
Minor C3 product; indicative of 

advanced C–C coupling 

Glycolaldehyde C2H4O2 10 HPLC (UV), NMR 
Intermediate or trace product; may 

degrade in basic media 

Acetaldehyde CH3CHO 10 HPLC (UV), NMR 
Volatile; must be rapidly analyzed 

post-electrolysis 

 

For HPLC, samples should be collected immediately after electrolysis to prevent post-
electrolysis transformations such as CO2 reabsorption or further reactions of intermediates like 
formate or acetate. Electrolyte samples are usually collected by taking a known volume with a 
gas-tight syringe or pipette. When needed, the sample is filtered immediately to remove 
suspended particles or catalyst residues that could interfere with the analysis. Internal 
standards, such as benzoic acid or dimethyl sulfoxide, can be added to improve the reliability 
of the measurements by accounting for variations in injection volume and detector response. 
After sampling, the solutions are stored in sealed containers, typically at around 4 °C, to limit 
the loss of volatile products such as ethanol and acetaldehyde. Moreover, pH fluctuations 
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during long-term CO2RR can shift product distributions, particularly for weak acids (formic 
acid, acetic acid), making it necessary to monitor and, if needed, adjust pH before HPLC 
analysis to ensure consistent peak retention and quantification accuracy. 

2.5. Structural Characterization 

This section outlines the suite of advanced analytical techniques employed to probe the 
physicochemical properties of synthesized catalysts. A range of characterization techniques is 
used to understand the structural and chemical properties of the catalysts. X-ray diffraction 
(XRD) is used to determine crystallinity and identify the different phases present in the material. 
Scanning and transmission electron microscopy (SEM/TEM) provide information on particle 
size, morphology, and dispersion. Brunauer–Emmett–Teller (BET) analysis is used to measure 
the specific surface area and pore structure, both of which can affect reactant accessibility and 
mass transport. X-ray photoelectron spectroscopy (XPS) gives information about the surface 
composition and oxidation states, which is important for understanding the nature of potential 
active sites. X-ray absorption spectroscopy (XAS), particularly when performed under 
operando conditions, can further provide information on changes in the catalyst structure and 
oxidation state during CO2RR. 

2.5.1. X-ray Diffraction  

XRD is a non-destructive analytical technique used to probe the long-range order of crystalline 
materials. XRD is employed to identify crystalline phases, assess phase purity, quantify 
crystallite size, and monitor structural transformations during synthesis or operation. These 
structural parameters are intrinsically linked to catalytic activity and selectivity, particularly in 
transition metal and metal oxide systems such as Cu, Ag, Sn, and Zn, where phase and 
oxidation state control are essential for product distribution (e.g., CO vs C2+ products) (167).  

High-Angle XRD: 

High-angle XRD (typically 2θ > 20°) probes short interplanar spacings, providing information 
on well-ordered atomic planes. It is governed by Bragg’s Law, which defines the condition for 
constructive interference of incident X-rays scattered by crystal planes: 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃 Eq. 2-9 

Where: 

• n is the diffraction order (typically 1), 

• λ is the wavelength of the incident X-rays, 

• d is the interplanar spacing, 

• θ is the diffraction angle. 
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Crystalline materials diffract X-rays at specific angles corresponding to their unique lattice 
spacings, producing a pattern of peaks that serve as a structural fingerprint. The resulting 
diffractogram allows phase identification by matching with standard reference databases (e.g., 
JCPDS/ICDD). 

Peak broadening in XRD patterns provides insights into nanocrystalline domain size and lattice 
strain. The average crystallite size can be estimated using the Scherrer equation: 𝐷 = 𝐾𝜆𝛽 𝑐𝑜𝑠 𝜃 

Eq. 2-10 

 Where: 

• K is the shape factor (typically 0.89-0.94), 

• β is the full width at half maximum (FWHM) of the diffraction peak (in radians), 

• λ and θ are as defined above. 

XRD is limited in detecting amorphous phases and surface-anchored nanoclusters (<2-3 nm). 
It is therefore often used together with TEM to obtain a more complete picture of the structure 
and composition of the material. The intensity of the diffraction peaks can also provide useful 
information about the structural features of the sample. For example, differences in the relative 
intensity of the peaks, especially when compared with standard powder diffraction patterns, 
can indicate preferred orientation or texture, which may result from anisotropic crystal growth. 
The shape and intensity of the peaks can also give an indication of the material’s crystallinity. 
In general, broader and weaker peaks are associated with lower crystallinity or smaller 
crystallite sizes, as commonly observed in nanostructured materials. Such features can increase 
the accessible surface area and may provide a greater number of sites for catalytic reactions. 

Low-Angle X-ray Diffraction : 

Low-angle X-ray diffraction (LAXRD), typically measured over a 2θ range of 0.5° to 10°, is 
useful for studying long-range structural order in materials with periodic features on the 
nanometre scale, corresponding to d-spacings of approximately 2–50 nm. It is particularly 
useful for mesostructured materials because the resulting diffraction pattern can provide 
information about pore arrangement, interlayer spacing, and the overall periodicity of the 
structure. In mesoporous materials such as mesoporous carbons (CMK-3 and CMK-5) and 
silica-based materials (SBA-15 and SBA-3), the LAXRD pattern can show Bragg reflections 
arising from the regular arrangement of the pores. For example, CMK-5 shows several 
reflections at low angles that can be indexed to a hexagonal structure, indicating a well-ordered 
mesoporous framework. Similarly, SBA-1 materials prepared under controlled conditions can 
show well-defined reflections between 2θ = 1.5° and 3°, which are assigned to planes such as 
(200), (210), and (211) and confirm the cubic mesostructure. 
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In this thesis, HAXRD measurements were performed using a Rigaku Geigerflex D/Max-C 
series diffractometer with Cu-Kα radiation (λ = 1.5406 Å). The diffraction patterns were 
collected with a step size of 0.02° (2θ) and a counting time of 197 s per step. Prior to analysis, 
the powdered samples were finely ground in an agate mortar to ensure compositional 
homogeneity and reduce particle size effects. The powders were then carefully spread onto a 
zero-background silicon sample holder to minimize background scattering and enhance peak 
resolution. The sample surface was gently leveled to obtain a smooth and uniform layer, 
thereby ensuring reliable and accurate diffraction measurements. LAXRD measurements were 
performed using a PANalytical Empyrean powder diffractometer (Malvern PANalytical, 
United Kingdom) equipped with a PIXcel3D detector. The LAXRD patterns were collected in 
transmission mode using focusing mirror geometry with Cu Kα1/2 radiation. The instrument 
was operated at an accelerating voltage of 45.0 kV and a tube current of 40.0 mA. Data 
acquisition was conducted in continuous scanning mode with a step size of 0.0131° (2θ) and a 
counting time of 50 s per step. Figure 2-8 shows the powdered sample mounted on the zero-
background silicon holder prior to measurement, where (a) corresponds to the sample prepared 
for HAXRD analysis and (b) corresponds to the sample prepared for LAXRD analysis. 

 

Figure 2-8. Sample mounting for (a) HAXRD and (b) LAXRD analysis 

2.5.2. Electron Microscopy Characterization 

SEM is employed to evaluate the morphological structure of electrocatalysts and catalyst 
layers, which directly influences electrochemically active surface area, mass transport, and 
long-term stability. SEM imaging is based on the interaction between a focused electron beam 
and the solid surface, generating secondary and backscattered electrons that provide 
topographical and compositional contrast with nanometer-scale resolution (168,169). SEM 
provides a direct way to examine the morphology of both the catalyst and the electrode. 
Parameters such as particle size, pore structure, film thickness, cracks, and surface roughness 
can be observed, and these features can affect the distribution of local current density and the 
paths available for CO2 transport in gas diffusion electrodes (170,171). The depth of 
information obtained by SEM depends on the electron interaction volume, which changes with 
the accelerating voltage and the density of the material. Secondary electrons mainly originate 
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from the surface region, typically within the first few nanometers, while backscattered 
electrons come from a deeper region and can provide contrast related to composition. This 
difference is useful when comparing the material before and after electrolysis, since particle 
growth or agglomeration, pore collapse, and delamination of the catalyst layer may be 
associated with changes in catalytic performance or product selectivity (172,173). SEM can 
also be coupled with Energy-Dispersive X-ray Spectroscopy (EDS) to examine the elemental 
composition. The characteristic X-rays detected by EDS are generated within a micrometre-
scale interaction volume, making it possible to map the distribution of different elements and 
obtain semi-quantitative compositional data. This is useful for checking features such as dopant 
distribution, phase segregation, and the homogeneity of alloyed materials. In CO2RR catalysts, 
uniform elemental dispersion and absence of segregation are critical for maintaining consistent 
active-site chemistry and stable catalytic behavior (174). Together, SEM and EDS provide 
structural, compositional correlation, enabling identification of degradation mechanisms and 
verification of catalyst integrity before and after electrochemical operation. 
In this thesis the morphology of the materials was examined using a Field Emission Scanning 
Electron Microscope (FESEM, Supra 40, Carl Zeiss) operated at 5 kV. SEM images were 
collected at magnifications between 1,000× and 250,000× to examine the particle size, 
morphology, and overall structural uniformity of the samples. For SEM analysis, the catalyst 
powder was dispersed in ethanol and gently sonicated before being drop-cast onto conductive 
carbon tape fixed to an aluminium sample holder. Elemental analysis was carried out using a 
Hitachi SU8600 SEM equipped with an EDS detector (XFlash® 7). Measurements were 
performed at an accelerating voltage of 10 kV to determine the elemental composition and its 
distribution within the sample. Figure 2-9 shows the sample mounting protocols for SEM 
electron microscopy  

 

Figure 2-9. Sample preparation procedures for (a) SEM on conductive carbon tape and (b) on 
a holey carbon film supported on a 300-mesh copper grid. 
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2.5.3. Surface Area and Porosity Analysis 

The BET method, based on physical adsorption of N2 at 77 K, is a foundational technique to 
evaluate the specific surface area, total pore volume, and, when combined with advanced 
modeling, pore size distribution. These characteristics directly influence the accessibility of 
active sites, reactant transport, and stabilization of intermediates during electrochemical 
processes. The BET method quantifies the surface area by measuring the amount of nitrogen 
adsorbed on the material at different relative pressures. The general equation used for BET 
surface area determination is: 1[𝑉 ( 1𝑃 𝑃0⁄ − 1)] = 𝐶 − 1𝑉𝑚𝐶 ( 𝑃𝑃0) + 1𝑉𝑚𝐶 Eq. 2-11 

 

Where: 

• V is the volume of adsorbed nitrogen at a given relative pressure P/P0, 

• Vm is the monolayer adsorption capacity, 

• C is the BET constant related to the heat of adsorption, 

• P is the equilibrium pressure, 

• P0 is the saturated vapor pressure of nitrogen. 

The BET surface area is calculated from the linear part of the adsorption isotherm, typically 
within the relative pressure range of P/P0 = 0.05–0.30. The total pore volume is estimated from 

the amount of N2 adsorbed at P/P0 0.99, assuming that the pores are filled with condensed 
nitrogen. The adsorption isotherm also gives information about how the gas interacts with the 
surface and the pore structure of the material. According to the International Union of Pure and 
Applied Chemistry (IUPAC) classification, the isotherm types most relevant to CO2RR 
catalysts are shown in Figure 2-10. 

• Type I: Characteristic of microporous materials (pore width <2 nm), with steep uptake 
at low relative pressures and a plateau indicating saturation. This is often observed in 
zeolites, carbon molecular sieves, and microporous metal organic frameworks. 

• Type II (Non-porous materials): A typical shape for materials with no significant 
porosity. 

• Type III (Weak adsorbent): Exhibited by hydrophobic materials, where the surface 
energy of adsorbent is lower than that of the adsorbate. 

• Type IV (Mesoporous materials): Characterized by a hysteresis loop in the desorption 
branch, indicative of mesoporosity (2-50 nm) These materials, such as mesoporous 
silica, carbon, and metal oxides, which are highly relevant for CO2 electroreduction 
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catalysts. Mesopores provide substantial surface area for catalytic reactions, facilitating 
CO2 diffusion and reducing diffusion resistance. 

• Type V (Microporous materials): Materials exhibiting very high adsorption capacity 
at low P/P0, typical for microporous materials (pores <2 nm), which are also important 
for selective CO2RR products. 

• Type II/III: Represent macroporous or nonporous solids and are less relevant to CO2RR 
catalyst optimization. 

 

Figure 2-10. Schematic depiction of the six fundamental gas physisorption isotherm categories 
according to the IUPAC classification (175) 

For mesoporous and microporous catalysts, the adsorption isotherms can show Type IV 
behavior, with a clear hysteresis loop associated with capillary condensation in the mesopores. 
The shape and size of the hysteresis loop can provide useful information about the pore 
structure and the connectivity between pores. Although the BET method is used to determine 
the specific surface area, it does not directly provide the pore size distribution (PSD). For a 
more detailed analysis of pore sizes, complementary methods such as Non-Local Density 
Functional Theory (NLDFT) are commonly applied to the adsorption data. The NLDFT 
approach is based on molecular-level simulations and is particularly useful for mesoporous and 
microporous materials. It considers factors such as pore geometry, surface roughness, and 
structural heterogeneity, which can be important when analyzing materials with more complex 
pore structures. The pore size distribution obtained using NLDFT can be derived from the 
adsorption branch of the isotherm by fitting the experimental data with NLDFT theory. This is 
often presented as a histogram showing the distribution of pore sizes across the sample, which 
is essential for understanding the diffusion and adsorption behavior of CO2 in the catalyst 
pores. Other two features can be extracted from this characterization: 

• Pore Volume: The total pore volume is typically calculated from the amount of 
adsorbed nitrogen at the highest relative pressure P/P0 using the BET method. It is 
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indicative of the total volume of voids in the material, which can affect the rate of mass 
transport during electrochemical reactions. 

• Mesopore and Micropore Analysis: Mesopores (2-50 nm) are particularly important 
for electrochemical reactions, as they allow for efficient transport of CO2 and reduction 
intermediates. Micropores (<2 nm) are often associated with high selectivity but may 
limit the overall reaction rate due to slow mass transport. Understanding the pore size 
distribution helps in optimizing catalyst architecture to balance mass transport with 
reaction efficiency (176). 

In CO2RR systems, high mesoporosity is often desirable for enabling efficient CO2 diffusion 
to the catalyst surface and facilitating bubble removal during reaction. Additionally, the 
presence of micropores may aid in stabilizing reaction intermediates, which is particularly 
important for selective production of higher-order products like C2H4 or C2H5OH on copper-
based catalysts. A combination of mesopores and micropores can be useful for CO2RR because 
the two pore sizes can contribute differently to the catalytic environment. Mesopores can 
facilitate CO2 transport to the active sites and improve electrolyte access, which can support 
higher reaction rates. Micropores, in contrast, provide more confined environments that may 
affect the stabilization of reaction intermediates and, consequently, product selectivity. 
Materials that contain both mesoporous and microporous structures have therefore been 
reported to benefit from a balance between reactant transport and control of the local reaction 
environment, leading to improved CO2RR performance. For example, mesoporous copper 
catalysts exhibit enhanced activity for the CO2-to-C2H4 conversion, which is often associated 
with copper-based materials with tailored porous structures (226). 

2.5.4. CO2 Adsorption Isotherms 

CO2 adsorption isotherms provide essential insights into the surface affinity, adsorption 
capacity, and interaction strength of catalysts toward CO2 molecules under ambient or near-
operational conditions. Unlike N2 adsorption, which is mainly used to determine textural 
properties such as surface area and pore size, CO2 adsorption–desorption measurements can 
provide information about the affinity of the catalyst surface for CO2 and the interactions 
between adsorbed CO2 and the surface. This is particularly useful for microporous and surface-
functionalized materials, where CO2 adsorption can help evaluate the accessible pore volume 
as well as the nature of surface–CO2 interactions. CO2 adsorption measurements are commonly 
performed at 273 or 298 K by progressively increasing the CO2 pressure from 0 to 1 atm and 
recording the amount adsorbed. The resulting adsorption isotherm is expressed as a function 
of the relative pressure, P/P0, where P0 is the saturation pressure of CO2 at the measurement 
temperature (approximately 34 atm at 298 K). 
Because CO2 has a quadrupole moment and a relatively small kinetic diameter of about 0.33 
nm, it can access ultra micropores smaller than 0.7 nm that may be difficult to probe using N2 
adsorption at 77 K. The resulting isotherms commonly show Type I(a) or Type I(b) behavior 
according to the IUPAC classification, which is characteristic of microporous materials (176). 
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The pronounced uptake at low pressure reflects the relatively strong interaction of CO2 with 
the surface. This can be particularly relevant for N-doped carbons, where electron-rich sites 
can interact with CO2, as well as for MOFs containing open metal sites and metal oxides with 
surface defects such as oxygen vacancies in CuO or TiO2. To analyse the adsorption data in 
more detail, different isotherm models can be applied, including the Langmuir, Freundlich, 
Sips, and dual-site Langmuir models: 

• The Langmuir model assumes monolayer adsorption on a surface with a uniform set 
of adsorption sites. 

𝑞 = 𝑞𝑚𝑏𝑃1 + 𝑏𝑃 
Eq. 2-12 

Where q is the amount adsorbed at pressure P, qm is the maximum monolayer capacity, and b 
is the adsorption affinity constant. Dual-site Langmuir models accommodate heterogeneous 
adsorption centers (e.g., defect sites vs. basal surfaces): 𝑞 = 𝑞1𝑏1𝑃1 + 𝑏1𝑃 + 𝑞2𝑏2𝑃1 + 𝑏2𝑃 

Eq. 2-13 

This model is particularly useful in distinguishing between strong binding sites (e.g., nitrogen 
functionalities, metal defects) and weaker physisorption domains (177). The isosteric heat of 
adsorption (Qₛₜ) is a critical descriptor reflecting the strength of interaction between CO2 and 
the catalyst surface. It is determined from adsorption isotherms collected at multiple 
temperatures (e.g., 273 K and 298 K) using the Clausius-Clapeyron equation: 𝑄𝑠𝑡 = −𝑅 ( 𝜕 𝑙𝑛 𝑃𝜕(1 𝑇⁄ ))𝑞 

Eq. 2-14 

Where P is the equilibrium pressure, T the absolute temperature, and q the amount adsorbed. 

• Qₛₜ values of 25-40 kJ mol-1 typically indicate chemisorption or strong physisorption, 
beneficial for CO2 capture and intermediate stabilization. 

• Values <20 kJ mol-1 suggest weak van der Waals interactions and lower selectivity 
toward CO2RR pathways. 

• Values >40 kJ mol-1 may indicate chemical bonding, risking catalyst deactivation or 
slow desorption. 

Notably, a decreasing Qst with increasing coverage implies site heterogeneity, where stronger 
sites are filled first. Materials such as doped porous carbons and MOFs show such trends 
(178,179). 
This thermodynamic descriptor is also correlated with the stabilization of reaction 
intermediates like *CO2

- or *COOH during CO2RR, providing a bridge between adsorption 
studies and electrocatalytic performance. 
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2.5.5. X-ray Photoelectron Spectroscopy  

XPS is a powerful surface-sensitive analytical technique extensively used in material science 
to investigate the elemental composition, chemical state, and electronic environment of 
elements present on the surface of solid materials. As catalytic processes such as the 
electrochemical CO2RR occur at the catalyst-electrolyte interface, the surface properties of 
catalysts play a pivotal role in determining their activity, selectivity, and long-term stability. 
XPS, with a typical probing depth of 5-10 nm, provides direct insight into the surface chemistry 
of catalysts and supports the elucidation of structure-function relationships in catalytic 
systems. XPS relies on the photoelectric effect: a sample is irradiated with monochromatic X-
rays (commonly Al Kα, 1486.6 eV), which leads to the emission of core-level electrons from 
specific atomic orbitals (e.g., 1s, 2p, 3d). The binding energy (BE) of each electron is 
calculated using the photoelectric equation: 𝐸𝐵 = ℎ𝜈 − 𝐸𝐾 − 𝜙                                                                      Eq. 2-15 

where EB is the binding energy, hν the X-ray photon energy, EK the kinetic energy of the 
emitted electron, and ϕ the work function of the spectrometer. Schematic representation of the 
XPS mechanism is reported in Figure 2-11. When monochromatic X-rays (hν) irradiate the 
sample, a core-level electron (e.g., 1s) is ejected if the photon energy exceeds its BE. The 
kinetic energy of the emitted photoelectron is measured and used to calculate the binding 
energy relative to the Fermi level and the spectrometer work function (Φ). The diagram also 
illustrates the relaxation process following core-hole formation, which can result in the 
emission of an Auger electron (180,181). 

 

Figure 2-11. Schematic of the XPS photoelectric process showing core-level electron emission 
and subsequent Auger electron generation. 

Each element exhibits characteristic core-level peaks, which are sensitive to both its oxidation 
state and chemical environment. This allows XPS to not only identify elements but also 
differentiate between chemical states, such as Cu0, Cu+, and Cu2+, or different types of nitrogen 
species (e.g., pyridinic, graphitic, metal-bound). 
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XPS analysis generally begins with the acquisition of a survey spectrum, which covers a wide 
binding energy range (typically 0-1350 eV). This spectrum allows for the rapid identification 
of all elements present on the surface (excluding H and He, which are not detectable by XPS) 
and serves to verify elemental composition qualitatively. Following the survey, high-resolution 
(HR) spectra are collected for specific core-level regions of interest. These HR scans provide 
detailed chemical information by resolving peak shapes and potential satellite features. 
Deconvolution of these peaks using curve-fitting algorithms (e.g., Gaussian-Lorentzian 
functions) allows for the identification of specific oxidation states and coordination 
environments. Peak fitting is typically performed after Shirley or linear background 
subtraction, and the binding energies are referenced against adventitious carbon (C 1s at 284.8 
eV). 
Quantification and Relative Atomic Concentration 

Semi-quantitative analysis is carried out by integrating the area under the HR peaks, corrected 
using relative sensitivity factors (RSFs). The relative atomic concentrations of elements 
present at the surface are calculated according to: 𝐶𝑖 = 𝐼𝑖 𝑆𝐹𝑖⁄∑ 𝐼𝑗 𝑆𝐹𝑗⁄  

Eq. 2-16 

where Ci is the atomic concentration of element i, Ii is the integrated peak area, and SFi is the 
sensitivity factor for the corresponding orbital. This approach enables determination of surface 
elemental ratios (e.g., metal to nitrogen, metal to oxygen), which can then be compared with 
bulk measurements (e.g., from ICP-OES or EDS) to assess surface enrichment or depletion. In 
catalytic applications, this is critical to confirm the surface accessibility of active sites or to 
monitor post-reaction leaching or passivation effects. 

Chemical State and Coordination Environment 

One of the most valuable aspects of XPS lies in its ability to differentiate oxidation states and 
bonding environments. For instance: 

• Transition metals such as Cu, Fe, Co, or Ni show characteristic core-level splitting 
(e.g., Cu 2p3/2and Cu 2p1/2) and satellite peaks that are diagnostic of valence states. 

• Nitrogen functionalities (N 1s) in carbon-based catalysts may be deconvoluted into 
pyridinic, pyrrolic, graphitic, and metal-coordinated species. 

• Oxygen species (O 1s) provide insights into surface hydroxylation, lattice oxygen, or 
adsorbed species. 

These features are particularly informative when studying MOF-derived catalysts, heteroatom-
doped carbons, or single-atom catalysts, where the coordination structure (e.g., M-N4, M-O, or 
defect-bound species) dictates catalytic performance. 

Post-Reaction Analysis and Stability Evaluation 
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XPS is also extensively employed in ex-situ post-electrolysis characterization to investigate 
potential changes in surface chemistry after catalysis. Shifts in oxidation state, the emergence 
of new chemical environments, or surface elemental redistribution (e.g., leaching, segregation, 
passivation) can all be monitored. This is especially important when evaluating catalyst 
stability, as structural transformations during CO2RR, such as oxidation-reduction cycling, 
metal aggregation, or ligand degradation, can directly impact catalytic durability and 
selectivity. In certain cases, depth profiling by sequential argon-ion sputtering may be applied 
to differentiate between surface-only modifications and bulk structural changes, though care 
must be taken to avoid sputter-induced artifacts (182,183). 
In this thesis XPS analysis was performed via a PHI 5000 Versaprobe analyzer, by using an Al 
k-alpha X-ray monochromated source (1486.6 eV), with a double neutralizer charge system 
(Ar ions and electrons beams) to compensate surface charging phenomena. Survey and  HR 
scans have been collected choosing a Pass Energy (PE) equals to 187.85 and 23.50 eV 
respectively, a take-off angle of 45°, and an X-ray spot diameter of 100.0 μm. Binding energy 
scale was referred to C1s peak at 284.5 eV. MultiPak software (version 9.7.01) was used for 
data analysis. 

2.5.6. Elemental and Compositional Analysis 

EA, typically carried out via CHNS (Carbon, Hydrogen, Nitrogen, Sulfur) analysis, is a core 
technique used to determine the bulk elemental composition of a material, especially when 
organic frameworks or dopants are involved. CHNS analysis is based on the complete 
combustion of a carefully weighed sample, typically around 1–3 mg, in an oxygen-rich 
atmosphere. During combustion, the carbon, hydrogen, nitrogen, and sulfur present in the 
sample are converted into CO2, H2O, N2, and SO2, respectively. These gases are then detected 
using thermal conductivity detectors or infrared spectroscopy. From the measured amounts, 
the contents of C, H, N, and S are calculated as weight percentages relative to the total mass 
of the sample. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is a 
bulk elemental analysis technique commonly used to determine the concentration of metallic 
elements. In this method, the sample is first completely digested in acid and then introduced 
into a high-temperature argon plasma, typically at around 8000–10,000 K. The atoms and ions 
in the plasma become excited and emit radiation at wavelengths characteristic of each element. 
The intensity of these emissions is related to the concentration of the corresponding element 
and is determined using calibration standards (184). Total Reflection X-ray Fluorescence 
(TXRF) is another X-ray-based technique that is particularly useful for trace elemental 
analysis. The incident X-ray beam reaches the sample at a very small angle, below the critical 
angle for total reflection, which reduces background scattering and improves detection 
sensitivity. The excited elements then emit characteristic fluorescence radiation, which is 
quantified using an internal standard. Because TXRF requires relatively little sample 
preparation and is less affected by matrix effects, it allows rapid analysis of multiple elements 
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at trace levels and can be used alongside ICP-OES to verify the measured elemental 
concentrations. (185). 
In this thesis, EA results helped assess the degree of carbonization in the catalysts and verified 
successful retention of nitrogen functionalities that are vital for CO2RR selectivity. Elemental 
composition was also correlated with the XPS-derived surface atomic percentages to 
differentiate between surface enrichment or depletion phenomena. Combining EA with 
techniques like ICP-OES allows for full quantification of both non-metallic and metallic 
components, thereby ensuring accurate stoichiometric assessments of bimetallic or 
heteroatom-doped systems (186). 
In this thesis Elemental Analysis was conducted by using a TruSpec 20 Micro 630-200-200 
analyzer using 1-3 mg of sample. The combustion furnace was maintained at 1075 °C, and the 
afterburner operated at 850 °C. Carbon, hydrogen, and sulfur were detected via infrared 
absorption, while nitrogen was determined using thermal conductivity. The actual metal 
percentage was determined by ICP-OES on ICAP 7600 DUO spectrometer (Thermo Fisher 
Scientific). The ICP-OES measurements were performed using an auxiliary gas flow rate of 
0.50 L min-1, a cooling gas flow rate of 12 L min-1, and a nebulizer gas flow rate of 0.50 L min-

1. The nebulizer gas pressure was set to 180 kPa, the RF power to 1150 W, and the peristaltic 
pump speed to 50 rpm. Elemental calibration was carried out using a four-point calibration 
curve, excluding the blank, with standard concentrations of 0.01, 0.1, 1, and 10 ppm. TXRF 
measurements were performed using a Bruker S2 Picofox spectrometer. For the analysis, 
approximately 2.5 mg of sample was placed in a 25 mL round-bottom flask and digested under 
reflux for 4 h using 10 mL of freshly prepared aqua regia (HNO₃:HCl = 1:3). After digestion, 
40 mL of ultrapure water was added, and the solution was passed through a 0.45 µm nylon 
syringe filter to remove any remaining undissolved material. Yttrium (Y) was used as an 
internal standard for the quantification. The concentrations of the metal elements were then 
determined, with a detection limit of 0.011 ppm. 

2.5.7. Vibrational Spectroscopy: 

Raman spectroscopy is a vibrational spectroscopic technique that probes the inelastic scattering 
of monochromatic light (commonly from a laser source) when it interacts with molecular 
vibrations or phonons in a solid. The majority of scattered light remains at the same energy 
(Rayleigh scattering), but a small fraction is scattered with a shift in energy corresponding to 
specific vibrational modes of the sample, this is known as the Raman effect. The resulting 
spectrum provides a detailed molecular fingerprint and is sensitive to bonding, crystallinity, 
defects, doping, and chemical modifications. The intensity and position of Raman peaks reveal 
information about the atomic arrangement, making it ideal for characterizing carbon-based 
materials, metal oxides, and composites. 
In carbon materials such as graphene, carbon nanotubes, amorphous carbon, or carbon supports 
in hybrid catalysts, two dominant features are usually observed in the Raman spectrum: 
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• G-band (~1580 cm-1): Arises from the E2g phonon of sp² carbon atoms in a hexagonal 
lattice. It is associated with the in-plane stretching vibration of C-C bonds in graphitic 
domains. A sharp G-band indicates high graphitization and crystalline ordering (187). 

• D-band (~1350 cm-1): Originates from the A1g breathing mode of six-membered 
carbon rings and becomes Raman-active only in the presence of defects, such as edge 
planes, vacancies, heteroatoms (e.g., N, B, S), or sp³-hybridized carbon atoms (188). 

The intensity ratio between the D band and G band (ID/IG) is a critical parameter for quantifying 
structural disorder. An increase in ID/IG signifies a higher degree of defects and disruption of 
the extended π-conjugated network, while a lower ratio reflects a more ordered, graphitic 
structure. From an electronic perspective, excessive structural disorder interrupts π-electron 
delocalization and may reduce intrinsic electrical conductivity. However, in electrocatalytic 
systems such as electroreduction CO2RR, a moderate level of defects is often beneficial. 
Defective sites can serve as adsorption centers for CO2 and reaction intermediates, facilitating 
charge transfer and enhancing catalytic activity (239). Nitrogen doping, for example, increases 
ID/IG by introducing lattice distortions and modifying local electronic structure, which can 
improve CO2 binding affinity and intermediate stabilization. (240). The ID/IG ratio is also 
related to the in-plane crystallite size (La) of graphitic domains through the Tuinstra-Koenig 
relation: 𝐿𝑎(𝑛𝑚) = 𝐶(𝜆) × (𝐼𝐷𝐼𝐺 )−1

 
Eq. 2-17 

where C(λ) is a wavelength-dependent constant (e.g., 4.4 nm for 514 nm excitation) (189). 
(18). 
Complementary to Raman spectroscopy, FTIR spectroscopy probes vibrational transitions that 
involve changes in dipole moment. While Raman spectroscopy is sensitive to changes in 
molecular polarizability, FTIR detects vibrational modes associated with polar functional 
groups, making the two techniques fundamentally complementary. FTIR is particularly useful 
for identifying surface functionalities such as C=O, C-O, O-H, N-H, and metal-ligand bonds, 
which may not always be Raman-active. In carbon-based CO2RR catalysts, FTIR enables 
verification of heteroatom incorporation, surface oxidation states, and functional groups that 
influence wettability, CO2 adsorption, and interfacial charge transfer. In doped carbon 
materials, FTIR bands corresponding to C-N, C=N, or pyridinic/pyrrolic nitrogen species 
provide additional confirmation of successful heteroatom incorporation, supporting Raman-
derived structural disorder analysis. Moreover, in MOF-derived or composite catalysts, FTIR 
allows identification of metal–oxygen or metal–nitrogen coordination environments, 
contributing to a comprehensive understanding of active site chemistry (190). By combining 
Raman and FTIR spectroscopy, both structural ordering (graphitic domains, defect density) 
and surface chemical functionalities can be simultaneously evaluated. This dual vibrational 
approach provides a more complete picture of catalyst structure, property relationships, 
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particularly in systems where electronic conductivity, defect density, and surface chemistry 
collectively determine CO2RR activity and selectivity. 
In this thesis Raman spectra were acquired in a Raman-FT Bruker RFS/100S instrument 
equipped with Nd:YAG (1064 nm) laser at 100 mW and 4 cm-1 for 1000 scans. FTIR 
spectroscopy was acquired using a Bruker Tensor 27 FTIR equipped with a SPECAC Golden 
Gate Diamond ATR accessory in the range of 4000-400 cm-1 and applying a resolution of 4 
cm-1 and 256 scans.  

2.5.8.  Thermogravimetric Analysis 

Thermogravimetric Analysis is a thermal analysis technique that measures the change in mass 
of a material as a function of temperature or time under a controlled atmosphere (e.g., air, O2, 
N2, or Ar). The mass change typically results from thermal decomposition, oxidation, 
desorption, or volatilization of components in the sample. In a typical TGA setup, the sample 
is placed on a high-precision balance inside a programmable furnace. The instrument records 
mass loss (or gain) while the temperature is ramped at a controlled rate (e.g., 5 °C min-1), often 
up to 800-1000 °C, depending on the application. The resulting thermogram plots mass (%) 
versus temperature (or time), revealing the thermal stability, compositional information, and 
presence of labile species. 
In this thesis TGA was performed using a Hitachi NEXTA STA 300 instrument under an air 
atmosphere between 25 and 800 ºC and at a heating rate of 5 °C min-1. 

2.5.9. X-ray Absorption Spectroscopy 

X-ray Absorption Spectroscopy is an element-specific technique that probes the local 
electronic and atomic structure of materials by measuring the X-ray absorption coefficient as 
a function of photon energy across a core-level edge (191,192). When a core electron is excited, 
characteristic spectral features are generated that reflect oxidation state and local coordination. 
The X-ray absorption spectrum is generally divided into two main regions: the X-ray 
Absorption Near Edge Structure (XANES) and the Extended X-ray Absorption Fine Structure 
(EXAFS). The XANES region, extending roughly 50 eV around the absorption edge, is mainly 
related to the oxidation state and electronic structure of the absorbing atom. Changes in the 
edge position and white-line intensity can therefore provide information about the valence state 
and the covalency of the metal–ligand bonds. At higher energy, the EXAFS region extends 
several hundred eV above the absorption edge. It originates from the backscattering of the 
photoelectron by neighboring atoms and can be used to determine structural parameters such 
as interatomic distances and coordination numbers, as well as the degree of structural disorder. 
One advantage of EXAFS is that this information can also be obtained for materials that are 
amorphous or highly nanostructured. The probing depth depends on the detection mode. 
Transmission and fluorescence yield (FY) modes are bulk-sensitive, typically probing tens to 
hundreds of micrometers, whereas total electron yield (TEY) is surface-sensitive (~5-10 nm) 
due to the limited electron escape depth (193). For CO2RR catalysts, XAS is particularly 
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valuable because it enables determination of oxidation states, identification of local bonding 
environments (e.g., metal-metal vs. metal-ligand coordination), and monitoring of structural 
evolution under operando conditions. These insights are essential for correlating atomic-scale 
structure with catalytic activity and selectivity. 
In this thesis Soft XAS characterization was performed at the BACH beamline of IOM-CNR 
at the synchrotron radiation facility Elettra (Trieste, Italy). Measurements of the Cu L-edge 
and N K-edge were performed in both TEY mode, by recording the drain current through the 
sample using a Keithley 428 current amplifier, and FY mode, using a multichannel plate (MCP) 
detector (Hamamatsu, F4655-13) with an energy resolution better than 0.25 eV. The TEY and 
FY modes provide complementary information, probing the oxidation state of the Cu-MOF at 
the surface and in the bulk, respectively. 

2.5.10. In Situ and Operando XAS 

Operando XAS is a powerful, element‑specific technique that provides direct insight into the 
electronic structure, oxidation state, and local atomic coordination of catalytic materials under 
real reaction conditions. In contrast to traditional ex‑situ or static in‑situ measurements, 
operando XAS is conducted while the catalyst is simultaneously undergoing electrochemical 
transformation, allowing the correlation of structural dynamics with catalytic performance 
metrics such as current density, product distribution, or Faradaic efficiency. One of the 
definitive advantages of operando XAS is its capability to elucidate transient states that arise 
only under applied potential and in the presence of electrolyte, which are often inaccessible by 
post‑mortem or static characterization techniques (194). Electrocatalytic processes such as 
CO2RR pose unique challenges for operando characterization due to the presence of electrolyte 
layers, gas evolution, and potential‑dependent structural reconstruction. To address these 
challenges, custom electrochemical cells optimized for operando XAS have been developed. 
Such cells generally incorporate X‑ray transparent windows and thin electrolyte paths to 
minimize absorption and scattering, while sustaining realistic reaction environments under 
applied potential. By integrating the operando cell into a synchrotron beamline setup, XAS 
measurements can be collected with minimal perturbation to the electrochemical interface and 
with sufficient signal‑to‑noise for both bulk and surface‑sensitive observations (195). In copper 
systems central to CO2RR research, operando XAS measurements at the Cu K‑edge have 
revealed potential‑dependent redox transitions that directly correlate with product selectivity 
and have demonstrated the persistence of oxidic Cu species even during active catalysis, 
pointing to dynamic bulk-surface relationships that traditional electrochemical characterization 
alone cannot resolve (196). 
In this thesis operando XAS was used to monitor electronic and structural changes of a 
Cu‑MOF during CO2RR at the BACH beamline of Elettra Synchrotron, Trieste, Italy using a 
custom electrochemical cell optimized for soft X‑ray operando studies (Figure 2-12). Cu 
L‑edge spectra were acquired in fluorescence yield mode using an IRD AXUV100G 
photodiode at 25° to the incident beam. A 0.1 M CO2‑saturated KHCO3 solution was flowed 
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through the cell with a peristaltic pump, and spectra were recorded at applied potentials from 
OCP to -1.4 V vs Ag/AgCl, enabling real‑time observation of Cu oxidation state and 
coordination dynamics under operating conditions (197). 

 

Figure 2-12. Scheme of the EC-cell and measurement setup for operando soft-XAS experiments 
implemented at the BACH beamline, Elettra Sincrotrone Trieste, reproduced from: Napal 
Azcona, I. X-Ray Spectroscopies for Hydrogen Based Economy (Doctoral Dissertation). 
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Chapter 3. ZIF-Based Materials 
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Building upon that general background in the previous chapters, the present chapter focuses 
specifically on the experimental work carried out during my PhD on ZIF-based materials 
synthesized via a green route and their application as electrocatalysts for CO2RR. The core 
objective of this chapter is to investigate how an environmentally friendly steam-assisted dry-
gel synthesis method can be used to tailor the structural, morphological, and electrochemical 
properties of ZIF materials. This chapter focuses in particular on ZIF-8 and ZIF-67, which 
have the same framework structure but differ in their metal centers, Zn2+ and Co2+, 
respectively. This makes them a useful model system for examining how the metal center 
affects CO2 activation and reduction. The chapter first describes the synthesis approach, in 
which the amount of water used to generate steam during the dry-gel process is systematically 
varied. The results show that this parameter has a strong effect on crystal growth, particle size 
distribution, and morphological uniformity, particularly in the case of ZIF-8. The synthesized 
materials are then examined through a series of physicochemical characterization techniques. 
Their electrochemical performance for CO2 reduction is subsequently investigated using gas 
diffusion electrodes in flow-cell configurations. The effects of catalyst morphology, electrolyte 
composition, and applied potential on catalytic activity, product selectivity, and the CO:H2 
ratio of the resulting syngas are then discussed. A direct comparison between ZIF-8 and ZIF-
67 highlights the contrasting electrocatalytic behaviors of Zn- and Co-based frameworks, 
despite their similar porous structures. Finally, the chapter addresses catalyst stability and 
discusses the limitations associated with MOF-based electrodes under continuous operation.  
 

➢ Notice: Some of the material presented in this chapter has been previously published in 
“Green Synthesis of MOF-Based Materials for Electrochemical Reduction of Carbon 
Dioxide”, ChemSusChem, 2024. 

3.1. Materials and Synthesis Methods 

ZIF-8 and ZIF-67 were synthesized using a solvent-free, environmentally benign steam-
assisted dry-gel approach. Zinc acetate dihydrate (Zinc acetate dihydrate (Zn(OAc)2.2H2O, 
Sigma-Aldrich, ≥98%), and cobalt(II) acetate tetrahydrate (Co(OAc)2.4H2O, Sigma-Aldrich, 
≥98%) were employed as the metal precursors for ZIF-8 and ZIF-67, respectively, while 2-
methylimidazole (2-MeIm, Sigma Aldrich, 99%) served as the organic linker. All chemicals 
were used as received without further purification. Deionized water was utilized as the vapor 
source in the synthesis process. The synthesis was carried out in a Teflon-lined stainless-steel 
autoclave with a total volume of 100 mL, as schematically illustrated in (Figure 3-1). In a 
typical procedure, the metal salt (2.5 mmol) and 2-methylimidazole (25 mmol) were 
thoroughly mixed and placed into a quartz ceramic crucible. The crucible was then positioned 
at the center of the autoclave, while a controlled volume of deionized water was introduced at 
the bottom of the vessel, without direct contact with the solid reactants. The amount of water 
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was systematically varied to modulate the crystallization environment and investigate its 
influence on the resulting framework properties. 
After sealing, the autoclave was heated in an oven at 120 °C for 3 h, allowing water vapor to 
act as a transient reaction medium and promote the formation of the ZIF structure through 
vapor-assisted coordination between the metal ions and imidazolate ligands. Upon completion 
of the thermal treatment, the autoclave was allowed to cool naturally to room temperature. The 
resulting solid product was collected by centrifugation and washed several times with a water–
ethanol mixture to remove unreacted species and residual ligands. The recovered powders were 
subsequently dried under vacuum at 60 °C to obtain the final ZIF materials. 
The synthesized samples were denoted as ZIF-8_X or ZIF-67_X, where X corresponds to the 
volume of water used during the steam-assisted synthesis. This notation was adopted to clearly 
distinguish samples prepared under different vapor conditions and to facilitate systematic 
comparison of their physicochemical properties. The steam-assisted dry-gel method offers 
significant advantages over conventional solvothermal routes, including the elimination of 
toxic organic solvents, improved control over crystal growth, and the ability to tailor particle 
morphology and size through simple adjustment of the water content. These features make this 
synthesis strategy particularly suitable for producing porous ZIF materials intended for 
electrochemical applications.  

 

Figure 3-1. Schematic illustration of the steam-assisted dry-gel synthesis setup for ZIF 
materials. 

3.2. Results and Discussion 

3.2.1. Physicochemical properties 

The physicochemical characterization results demonstrate that the steam-assisted dry-gel 
method successfully yields crystalline ZIF-8 and ZIF-67 materials, with their structural and 
morphological properties strongly influenced by the synthesis conditions. In fact, X-ray 
diffraction analysis confirms that all ZIF-8_X samples exhibit diffraction patterns consistent 
with the characteristic sodalite-type framework, indicating phase purity across the investigated 
water vapor volumes (Figure 3-2a). An increase in diffraction peak intensity with increasing 
water content suggests an enhancement in crystallinity, highlighting the critical role of water 
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vapor in facilitating framework growth and structural ordering during the dry-gel synthesis 
process. A direct comparison between ZIF-8_20 and ZIF-67_20 further confirms their 
isostructural nature, while differences in peak broadening indicate variations in crystallite size 
that can be attributed to the distinct metal precursors employed (Figure 3-2b) (198). 

 

Figure 3-2. XRD pattern of (a) ZIF-8 synthesized with different volumes of water and its 
commercial analogue, (b) ZIF-8 and ZIF-67 synthesized with 20 mL of water (199). 

On the other part, morphological analysis by FESEM reveals a strong dependence of particle 
size, shape, and homogeneity on the volume of water used during synthesis, as illustrated in 
(Figure 3-3). At low water content, ZIF-8_2 materials exhibit inhomogeneous crystal growth 
accompanied with an average size of 2 μm are observed. Many smaller particles are also 
displayed over the bigger crystals, probably due to unreacted salts resulting from the 
incomplete reaction (Figure 3-3a) These wide distributions are consistent with insufficient 
vapor-mediated mass transport and incomplete coordination between metal ions and 
imidazolate linkers. Increasing the water volume leads to progressively narrower and more 
symmetric size distribution histograms (Figure 3-3b), reflecting improved regulation of crystal 
growth. At intermediate water contents 20 mL, a well-defined unimodal distribution centered 
at smaller particle sizes is observed (Figure 3-3c and d), in agreement with the formation of 
uniform, well-faceted polyhedral crystals visible in the corresponding FESEM micrographs. 
This is further supported by the quantified particle size distribution plots (Figure 3-4b and c), 
which exhibit narrow, symmetric histograms with minimal skewness, indicating a high degree 
of size uniformity and controlled crystal growth. This behavior highlights the existence of an 
optimal vapor environment that balances nucleation and crystal growth, resulting in 
structurally homogeneous ZIF-8 particles. In contrast, excessive water vapor let to the 
coexistence of small crystallites and larger agglomerates, indicating accelerated growth and 
particle coalescence that compromise morphological uniformity (Figure 3-3e and f). This 
behavior is clearly reflected in the corresponding particle size distribution histograms (Figure 
3-4e and f), which display wider, asymmetric profiles with extended tails toward larger particle 
sizes, confirming increased polydispersity and heterogeneous growth dynamics. The 
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morphology of ZIF-67_20 synthesized under comparable conditions exhibits distinct 
characteristics compared to ZIF-8_20, both in terms of particle size and crystal shape, despite 
being synthesized under the same water content (Figure 3-3g and h). The size distribution 
histograms are shifted toward larger particle sizes and remain relatively broader (Figure 3-4h 
and i) This further highlights the critical role of the metal precursor (salt nature) in tuning the 
morphology of ZIF materials. Moreover, these observations are consistent with the XRD 
results, which indicate smaller particle sizes for ZIF-8_20. 

 

Figure 3-3. SEM images of (a) ZIF-8_2, (b) ZIF-8_10, (c,d) ZIF-8_20 (low and high 
magnification), (e,f) ZIF-8_30 (low and high magnification) and (g,h) ZIF-67_20 (low and high 
magnification) (199). 
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Figure 3-4. FESEM images and corresponding particle size distribution histograms of (a,b) ZIF-
8_20, (c,d) ZIF-8_30, and (e,f) ZIF-67_20, showing the influence of water vapor volume and 
metal center on particle morphology and size distribution. 

The textural properties of the synthesized ZIF-8_X and ZIF-67_X materials were 
systematically investigated by nitrogen adsorption-desorption measurements at -196 °C in 
order to evaluate their surface area, pore volume, and pore size distribution (Figure 3-5). All 
samples exhibit type I adsorption-desorption isotherms according to the IUPAC classification, 
confirming their predominantly microporous nature (175). This behavior indicates the 
successful formation of well-developed ZIF frameworks through the steam-assisted dry-gel 
synthesis route, independent of the metal center employed. 
Within the ZIF-8_X series, the samples prepared with intermediate amounts of water show the 
most favorable textural properties. Among them, ZIF-8_20 has a relatively high BET specific 
surface area of about 1239 m2 g-1 and a total pore volume of 0.74 cm3 g-1. The pore size 
distribution obtained from the NLDFT analysis is relatively narrow, with a maximum around 
1.7 nm, indicating fairly uniform access to the micropores. These values are comparable, and 
in some cases exceed those reported for ZIF-8 synthesized via conventional solvothermal or 
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ionothermal routes, despite the complete elimination of organic solvents in the present method 
(200,201). This observation highlights the effectiveness of the steam-assisted dry-gel approach 
in preserving the intrinsic porosity of ZIF-8 while enabling improved control over crystal 
growth. 
ZIF-67 prepared under similar conditions, referred to as ZIF-67_20, shows an even higher BET 
surface area of about 1408 m2 g-1, together with a pore volume of 0.82 cm3 g-1. Its pore size 
distribution is also centered at around 1.7 nm, indicating a similar pore structure to that of ZIF-
8_20. The higher surface area and pore volume observed for ZIF-67 may be related to 
differences in the strength of the metal–ligand interactions and the flexibility of the framework 
when Zn(II) is replaced by Co(II). Thus, despite having the same overall framework structure, 
the choice of metal center has a clear effect on the resulting textural properties of the two ZIF 
materials. The comparison with previously reported materials also shows the advantages of the 
steam-assisted dry-gel synthesis used here. The ZIF materials obtained with this approach have 
surface areas and pore volumes comparable to, and in some cases higher than, those reported 
for conventional DMF-based solvothermal synthesis, while producing smaller and more 
uniform particles (202–206). The combination of high porosity and small particle size is 
particularly useful for electrochemical applications, as it increases the accessible surface area 
and can facilitate mass transport between the catalyst and the electrolyte. 

 

 

Figure 3-5. -196 °C N2 adsorption-desorption isotherms for (a) ZIF-8_20 and (b) ZIF-67_20 
materials. Closed symbols correspond to the adsorption process, whereas empty symbols are 
associated with the desorption process. The inset shows the pore size distribution curve for the 
respective sample (199) 

The CO2 adsorption behavior of the synthesized ZIF-8_X and ZIF-67_X materials were 
investigated to assess their affinity toward carbon dioxide and to provide insight into gas-
framework interactions relevant to CO2-related applications (Figure 3-6). The CO2 adsorption 
isotherms were measured at 25 °C after the nitrogen adsorption–desorption experiments, using 
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the same sample pretreatment procedure. Both materials show the typical behavior of 
microporous ZIFs, with CO2 uptake increasing progressively as the pressure increases, 
indicating that the internal pore network remains accessible. 
The two ZIFs nevertheless show a clear difference in CO2 uptake. ZIF-67_20 reaches an 
adsorption capacity of about 0.88 mmol g-1 at 100 kPa, compared with approximately 0.55 
mmol g-1 for ZIF-8_20 under the same conditions. The higher uptake of ZIF-67_20 is mainly 
associated with its larger BET surface area and pore volume, together with the stronger 
interaction between CO2 and the Co(II)-based framework. The smaller effective pore openings 
and the higher charge density around the Co(II) centers may further strengthen the host–guest 
interactions, favoring CO2 adsorption under dry conditions. 
 

 

Figure 3-6. Adsorption isotherms of pure CO2 at 25 °C in ZIF-8_20 (red symbols) and ZIF-
67_20 (black symbols) (199). 

3.2.2. Electrocatalytic performance 

The electrochemical CO2 reduction performance of the synthesized ZIF-8_X and ZIF-67_X 
materials was evaluated using gas diffusion electrodes in controlled electrochemical cell 
configurations in order to assess their catalytic activity, selectivity, and stability under relevant 
operating conditions.  
Electrochemical measurements were conducted in flow-cell using KHCO3 and KOH 
electrolytes, depending on the specific experiment. Chronopotentiometry tests were performed 
after iR compensation to evaluate the steady-state behavior of the catalysts at different applied 
potentials or current densities. 
As is shown in (Figure 3-7), the electrochemical behavior of ZIF-8 is strongly influenced by 
synthesis conditions, particularly the volume of water used during the steam-assisted dry-gel 
process. ZIF-8_20 consistently delivers the most stable current response across the investigated 
potential range, indicating favorable charge transport and sustained catalytic activity. At 
increasingly negative potentials, the current density rises, reaching values on the order of tens 
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of mA cm-2, which is notable considering the intrinsically insulating nature of pristine MOF 
materials. This behavior suggests that the porous structure and intimate contact with the gas 
diffusion layer effectively mitigate transport limitations during operation.  

 
Figure 3-7. Current densities recorded for ZIF-8_2, ZIF-8_10, ZIF-8_20, and ZIF-8_30 
electrodes at different applied potentials in 2 M KHCO3 electrolyte. (b) Corresponding 
Faradaic efficiency for CO production and CO:H2 ratio as a function of potential. The dotted 
lines in panel (a) serve as visual aids to highlight trends (199). 

Product analysis reveals that ZIF-8_20 achieves the highest Faradaic efficiency for CO 
formation, reaching values close to 60% at sufficiently negative potentials. Samples prepared 
with either lower or higher water contents show lower CO selectivity, highlighting the effect 
of particle morphology and size distribution on the electrochemical response (Figure 3-4). The 
better performance of ZIF-8_20 can be related to its smaller particles and relatively narrow 
particle size distribution. These characteristics provide greater accessibility to the Zn(II) sites 
and help form a more effective three-phase interface. As a result, CO2 activation is favored, 
while the competing hydrogen evolution reaction is reduced. 
The electrochemical measurements also show that the CO:H2 ratio can be adjusted by changing 
the synthesis conditions and the applied potential. This tunability allows ZIF-8_X to produce 
syngas with different compositions, which can be useful for subsequent energy and chemical 
conversion processes. Samples prepared under less favorable conditions generally show a 
higher contribution from H2, whereas ZIF-8_20 gives a product stream with a larger CO 
fraction (Figure 3-7b). This tunability highlights the sensitivity of CO2 electroreduction 
pathways to catalyst morphology and active-site accessibility. Besides CO and H2, this process 
also drives formate production in a relatively lower proportion. Electrolyte composition exerts 
a pronounced influence on the electrochemical CO2 reduction behavior of ZIF-based 
electrodes. As discussed so far, when CO2 electroreduction is performed in near-neutral 2M 
KHCO3 electrolyte, ZIF-8_20 exhibits a gradual increase in current density with increasing 
cathodic potential, achieving its highest CO selectivity at relatively negative potentials (around 
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-1.0 to -1.2 V vs RHE). Under these conditions, the bicarbonate buffer stabilizes the local pH 
at the cathode surface, enabling a balanced competition between CO2 reduction and hydrogen 
evolution and allowing effective tuning of the CO:H2 ratio through potential control. In 
comparison, using 1 M KOH shifts the onset of CO2 reduction towards less negative 
overpotentials, while similar CO Faradaic efficiencies are obtained at around −0.7 V vs RHE 
(Figure 3-8a). The current densities are also higher at the same applied potentials, which is 
mainly related to the higher ionic conductivity of KOH and the more efficient transport of 
charged species through the electrolyte. The use of an alkaline electrolyte, however, also 
introduces some disadvantages. In 1 M KOH, the CO:H2 ratio becomes less tunable and the 
range of potentials over which high CO selectivity is obtained is narrower. In addition, CO2 
reacts with OH- to form carbonate species, leading to carbon loss and gradual changes in the 
electrolyte composition. Carbonate precipitation and water accumulation inside the gas 
diffusion electrode can further disturb the three-phase interface, eventually causing flooding 
and a loss of performance during longer electrolysis. These results show that the 
electrochemical response cannot be attributed to the catalyst alone. The electrolyte and the 
applied potential also play an important role, and catalyst performance therefore needs to be 
considered together with the transport and stability limitations associated with the electrolyte. 
ZIF-67 behaves quite differently from ZIF-8. Only limited CO2 reduction activity is observed 
over the investigated potentials and in both electrolytes (Figure 3-8b). The strong contribution 
of the hydrogen evolution reaction indicates that a high surface area and a relatively high CO2 
adsorption capacity are not sufficient to obtain selective CO2 conversion. In the case of ZIF-
67, the Co(II) centers appear to favor water and proton activation, which limits CO formation. 
This result further highlights the importance of the metal center in determining the 
electrochemical behavior and product selectivity of ZIF-based catalysts. 

 

Figure 3-8. a) comparison of the Faradaic efficiency of ZIF-8_20 in 2 M KHCO3 and 1 M KOH 
at different potentials vs RHE and b) Faradaic efficiency of ZIF-67_20 in 2M KHCO3 at 
different potentials vs RHE (199). 
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The disparity between ZIF-8 and ZIF-67 further illustrates that strong CO2 binding does not 
necessarily translate into efficient catalytic turnover. Although ZIF-67 exhibits enhanced CO2 
uptake under dry adsorption conditions, the stabilization of CO2 within its ultramicropores may 
hinder the formation and evolution of key reaction intermediates, such as *COOH, that are 
required for CO production. In contrast, the Zn(II) centers in ZIF-8 provide a more favorable 
balance between CO2 adsorption and activation, enabling effective electron transfer and timely 
desorption of intermediates. This balance is critical for sustaining selective CO formation 
during electrochemical operation. 
The operational stability of the ZIF-8 catalyst was evaluated to assess its durability under 
continuous CO2 electroreduction conditions. Stability tests were conducted using the ZIF-8_20 
electrode, which exhibited the highest activity and selectivity in short-term measurements. 
Owing to the limited lifetime of the three-phase interface in flow-cell configurations, long-
term electrolysis was performed in a zero-gap MEA configuration, which provides improved 
mechanical stability and controlled reactant transport during extended operation. 
The stability test was carried out at a constant current of -300 mA, corresponding to a geometric 
current density of approximately -60 mA cm-2, in 0.5 M KHCO3 electrolyte. Under these 
conditions, the Faradaic efficiency for CO formation initially stabilized at around 60% after 
the first two hours of electrolysis, in agreement with the values obtained during short-duration 
experiments ( 
Figure 3-9). This stable response suggests that the ZIF-8 framework remains relatively stable 
under the applied reductive potentials, with the sites involved in CO formation still accessible 
during the initial period of electrolysis. After about five hours of continuous operation, 
however, the CO selectivity gradually decreases while H2 production increases. This change 
does not appear to result from direct degradation of the catalyst, but rather from limitations in 
mass transport and changes in the wettability of the electrode. During CO2 electroreduction, 
water is also produced at the cathode and can accumulate within the porous structure of the gas 
diffusion electrode. At the same time, pressure differences between the gas and liquid sides 
can drive electrolyte into the electrode and cause partial flooding of the catalyst layer. As the 
electrode becomes flooded, the solid–liquid–gas interface is disturbed and the amount of CO2 
reaching the active sites decreases, making hydrogen evolution more favorable. Overall, the 
stability results suggest that the loss of performance during extended operation is more closely 
related to the electrode structure and interfacial conditions than to chemical degradation of 
ZIF-8 itself. The continued formation of CO for several hours indicates that the ZIF-8 
framework can remain functional under the electrochemical conditions used here. The later 
increase in H2 production, however, shows that long-term performance also depends on factors 
such as the gas diffusion layer, membrane properties, and effective water management. 
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Figure 3-9. Stability test of ZIF-8_20 at -60 mA cm-2 in 0.5M KHCO3 by MEA cell (199). 

3.2.3. Conclusions 

This work demonstrated that zeolitic imidazolate frameworks can be rationally designed 
through a green, steam-assisted synthesis route to achieve controlled morphology, high 
porosity, and tunable electrochemical performance for CO2 reduction. By systematically 
varying the synthesis conditions, particularly the water vapor content, ZIF-8 materials with 
narrow particle size distributions and accessible microporosity were obtained, enabling 
selective CO production with tunable CO:H2 ratios. In contrast, the isostructural ZIF-67 
framework predominantly favored hydrogen evolution, highlighting that electrochemical 
selectivity is governed primarily by the nature of the metal center rather than surface area or 
CO2 adsorption capacity alone. These findings establish clear structure–property–performance 
relationships and underline the importance of metal-node selection in MOF-based 
electrocatalysts. These results emphasize that high CO2 adsorption capacity does not directly 
translate to improved electrochemical performance. Instead, effective CO2 reduction requires a 
balance between adsorption strength, pore accessibility, and mass transport. In this context, the 
more accessible pore architecture of ZIF-8 provides a more favorable environment for CO2 
activation and conversion. 
. 
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Chapter 4. Mesoporous Cu-MOF  
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The results obtained from ZIF-8, and ZIF-67 systems demonstrated that metal-ligand 
coordination environments critically dictate reaction pathways in CO2 electroreduction. While 
Zn-based ZIF-8 showed selective CO formation and structural stability under electrochemical 
conditions, the formation of multi-carbon products requires active sites capable of promoting 
C-C coupling. Copper-based materials are widely recognized for their ability to generate C2 
products such as ethylene during CO2 reduction. Therefore, building upon the coordination-
driven design principles established in the previous chapter, this work shifts toward Cu-
containing metal-organic frameworks. 
This chapter focuses on the synthesis of a copper-imidazolate MOF using two greener 
hydrothermal approaches: a steam-assisted route and a microwave-assisted route. Both 
methods avoid the use of hazardous organic solvents and offer a practical way to produce the 
material while preserving its structural characteristics. The chapter first describes the synthesis 
procedures, including conventional steam-assisted hydrothermal treatment. The synthesized 
material is then examined using a range of physicochemical characterization techniques, 
including X-ray diffraction, FESEM with EDS mapping, nitrogen adsorption–desorption, 
FTIR, Raman spectroscopy, thermogravimetric analysis, elemental analysis, ICP-OES, XPS, 
and soft X-ray absorption spectroscopy. Particular attention is given to confirming the 
formation of the Cu–N4 coordination environment and determining the oxidation state of Cu 
in both the bulk and surface regions. Operando soft-XAS measurements are also used to follow 
changes in the Cu species during CO2 reduction. The electrochemical performance of the Cu-
MOF is subsequently investigated in both flow-cell and zero-gap membrane-electrode 
assembly configurations. The effects of catalyst loading applied to current density, and cell 
configuration on Faradaic efficiency, the C2/C1 ratio, and overall product distribution are 
examined. Finally, the chapter considers the restructuring of the catalyst under operating 
conditions and its stability during continuous electrolysis. 

4.1. Materials and Synthesis Methods 

Copper (II) acetate tetrahydrate (Cu(OAc)2·4H2O, ≥98%, Sigma-Aldrich) and 2-
methylimidazole (2-MeIm, 99%, Sigma-Aldrich) were used as supplied. Deionized water and 
ethanol served as solvents. Cu-MOFs were synthesized via a steam-assisted technique in a 100 
mL Teflon-lined stainless-steel autoclave. Briefly, Cu(OAc)2·4H2O (2.5 mmol) and 2-MeIm 
(25 mmol) were placed in a quartz crucible positioned at the center of the autoclave, while 20 
mL of DI water was added at the bottom to generate steam. The sealed autoclave was heated 
at 120 °C for 3 h. The resulting product was collected by centrifugation, washed with a 2:1 
(v/v) water/ethanol mixture, and dried under vacuum at 60 °C. Further experimental details are 
provided in 3.1. 
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4.2. Results and Discussion 

4.2.1. Physicochemical properties 

X-ray powder diffraction measurements were performed to verify the crystallinity and phase 
purity of the steam-assisted hydrothermal Cu-MOF. The diffraction pattern (Figure 4-1) 
displays a series of sharp and well-defined reflections at 2θ values of 14.6°, 29.8°, 31.5°, 33.3°, 
35.7°, 38.8°, 44.9°, and 48.0°, which are indexed to the (022), (040), (006), (026), (226), (127), 
(356), and (019) crystallographic planes, respectively. The sharpness and intensity of these 
peaks confirm the formation of a well-crystallized framework (207). 
A direct comparison between the XRD pattern of the synthesized Cu-MOF and that of the 
pristine 2-methylimidazole ligand reveals clear structural differences. The characteristic 
diffraction peaks of crystalline 2-methylimidazole are absent in the Cu-MOF pattern, 
indicating complete coordination of the ligand to Cu2+ centers and the formation of a new 
crystalline phase. This confirms that the product is not a physical mixture of precursors but a 
coordinated Cu-imidazolate framework. 
Importantly, no additional peaks corresponding to copper oxides or other secondary phases are 
detected, demonstrating the high phase purity of the material synthesized via the steam-assisted 
hydrothermal route. These findings verify the successful formation of a crystalline Cu-MOF 
suitable for subsequent electrochemical investigation. 

 

Figure 4-1. XRD patterns of Cu-MOF (solid line) and 2-methylimidazole (dashed line) 

The FESEM micrographs (Figure 4-2Error! Reference source not found.) reveal that the Cu-
MOF consists of densely packed, irregular flake-like nanostructures. In top-view images 
(Figure 4-2a), the crystals appear as plate-like flakes ranging from ~200 nm up to ~1.2 µm in 
lateral dimension. In side-view images (Figure 4-2b), these flakes are seen edge-on with 
thicknesses on the order of 50-80 nm. The flake surfaces and edges are noticeably rough and 
irregular, with nanoscale protrusions and indentations. These textural features indicate that the 
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flakes are highly porous: gaps and voids are visible between stacked layers, suggesting loosely 
stacked 2D sheets rather than solid blocks. Such a highly anisotropic morphology (large aspect-
ratio flakes) greatly increases the exposed surface area and internal porosity. 
These morphological characteristics can be rationalized by the steam-assisted growth 
mechanism. In our synthesis, a dry precursor mixture is exposed to water vapor (steam) in a 
sealed autoclave, rather than being dissolved in a large volume of solvent. This vapor-phase 
environment typically favors controlled diffusion of reactants and anisotropic crystal growth. 
As a result, metal ions and 2-methylimidazole molecules migrate through the steam to the 
nucleation sites, promoting two-dimensional growth of the Cu-imidazolate framework.  

 

Figure 4-2. FESEM images of Cu-MOF: (a) top view of the particles and (b) lateral view of the 
particles. 

EDS elemental analysis provides additional information on the composition of the material 
(Figure 4-3). The EDS spectrum in Figure 4-3b shows the presence of Cu, C, and N, with no 
other foreign elements detected. The corresponding elemental maps show a uniform 
distribution of all three elements, with the Cu, C, and N signals overlapping throughout the 
analyzed area. No clear segregation or formation of separate phases can be observed. In 
particular, there are no regions with a noticeable increase in oxygen or areas that could be 
associated with Cu oxide, suggesting that significant oxide impurities are not present in the as-
synthesized MOF. The similar distribution of Cu, C, and N across the flakes also indicates a 
relatively uniform composition throughout the material. Overall, the EDS results support the 
homogeneous distribution of the elements within the Cu-imidazolate network and do not show 
detectable phase segregation. 
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Figure 4-3. (a) SEM image of Cu-MOF under EDS condition and (b) EDS mapping. 

N2 adsorption-desorption isotherms were measured at -196 °C (Figure 4-4a). The Cu-MOF 
shows a classic type-IV isotherm with a hysteresis loop at high relative pressure (P/P₀ > 0.8), 
a hallmark of mesoporous materials (175). From the adsorption data, the BET surface area is 
calculated as 25.6 m2·g-1 and the total pore volume (at P/P₀ = 0.98) is 0.24 cm3·g-1. These 
values indicate significant porosity despite a modest overall area. The BJH analysis of the 
desorption branch yields an average pore diameter of ~19 nm, consistent with mesopores. 
NLDFT analysis (using a carbon slit-pore model) reveals the dominant pore widths are 
centered around 26 nm and 100 nm, reflecting a wide meso-macropore distribution (Figure 
4-4b). 

 

Figure 4-4. (a) -196 N2 adsorption-desorption isotherms (Closed symbols correspond to the 
adsorption process, whereas empty symbols are associated with the desorption process) and (b) 
NLDFT pore size distributions of Cu-MOF. 
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Elemental analysis (CHNS) was performed to determine the bulk chemical composition of Cu-
MOF. The measured weight percentages were carbon (40.6%), hydrogen (4.6%), and nitrogen 
(24.6%), confirming that the framework contains a substantial fraction of the imidazolate 
ligand. The significant nitrogen content is consistent with the incorporation of 2-
methylimidazole within the structure and indicates successful coordination of the organic 
linker. The copper content was independently quantified by TGA and ICP-OES. The TGA 
curve, recorded under air atmosphere up to 800 °C (Figure 4-5), exhibits a multi-step weight 
loss profile. The material remains thermally stable up to approximately 225 °C. An initial 
weight loss of about 18% is attributed to the removal of adsorbed solvents and residual organic 
species. At higher temperatures (around 400 °C), a pronounced mass loss occurs due to 
decomposition of the organic framework. After complete decomposition, a residual mass of 
approximately 35.5% remains, corresponding to the formation of inorganic copper oxide 
species in air. Based on this residual weight, the copper content is estimated to be 
approximately ~28.4 wt.% in agreement with the values obtained from ICP-OES 
measurements. In fact, ICP-OES analysis showed that the Cu-MOF contains approximately 
25-28 wt.% Cu, consistent with the TGA-derived estimation. The agreement between these 
independent techniques verifies the reliability of copper quantification. To assess coordination, 
we compute the atomic Cu:N ratio by combining the CHNS data with the measured copper 
content. To estimate the Cu:N atomic ratio, the following relationship was applied: 𝐶𝑢: 𝑁 = (𝐶𝑢 𝑤𝑡%𝑀(𝐶𝑢) ) : (𝑁 𝑤𝑡%𝑀(𝑁) ) = ( 28.463.55) : ( 24.614.01) = (0.447): (1.756) 

Dividing both values by 0.447 𝐶𝑢: 𝑁 ≈ 1: 3.93   𝑡ℎ𝑒𝑟𝑒𝑓𝑜𝑟𝑒 𝐶𝑢: 𝑁 ≈ 1: 4 

This ratio suggests that each copper ion is coordinated by four nitrogen atoms from the 
imidazolate ligands, consistent with a Cu-N4 coordination environment within the framework 
(208). 
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Figure 4-5. TGA up to 800 °C under the air atmosphere of  steam-assisted hydrothermal Cu-
MOF. 

Spectroscopic techniques, including FTIR, Raman spectroscopy, XPS, and XAS, were 
employed to further investigate the chemical structure and coordination environment of the 
synthesized Cu-MOF. 
FTIR spectroscopy was used to examine the interaction between Cu2+ ions and the 2-
methylimidazole ligands. Comparing the spectra of pristine 2-methylimidazole and the Cu-
MOF (Figure 4-6) shows several changes in the vibrational bands, supporting the formation of 
metal–ligand coordination. A broad O–H stretching band appears between 3100 and 3400 cm-

1 in both spectra and is assigned to adsorbed water. The C–H stretching vibrations of the methyl 
and aromatic groups are observed in the 2900–3000 cm-1 region (209). After Cu coordination, 
the corresponding bands in the MOF become sharper, which may reflect a more ordered ligand 
environment and reduced vibrational freedom (210,211). In the 1600–1500 cm-1 region, strong 
bands are associated with the C=C and C=N stretching vibrations of the imidazole ring. For 
the Cu-MOF, these bands shift towards higher wavenumbers, which is consistent with changes 
in the C=N bond upon coordination of the nitrogen atoms with Cu(II) centers (209,212). The 
C–H bending vibrations appear between 1400 and 1300 cm-1, while the C–N stretching bands 
are found in the 1100–1000 cm-1 region. A new sharp band at 433 cm-1 appears in the Cu-
MOF spectrum and is assigned to Cu–N stretching. In addition, the peak around 1851 cm-1, 
attributed to N–H-related vibrations, disappears or becomes much weaker after coordination. 
Taken together, these changes are consistent with the formation of Cu–N interactions within 
the framework. 
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Figure 4-6. FTIR of steam-assisted hydrothermal Cu-MOF and 2-methylimidazole. 

Raman spectroscopy further supports the successful formation of the Cu-MOF. The Raman 
spectrum exhibits distinct peaks at 690, 1023, 1183, 1462, and 2920 cm-1 (Figure 4-7), 
corresponding to characteristic vibrational modes of the 2-methylimidazole aromatic ring.  
Specifically, the peak at 690 cm-1 is assigned to C=C stretching, 1023 cm-1 to C-H bending, 
1183 cm-1 to C-N stretching within the imidazole ring, 1462 cm-1 to methyl bending, and 2920 
cm-1 to C-H stretching of methyl groups (209). 
In the low-frequency region, a band at 293 cm-1 is attributed to Cu-N vibrations within the 
framework (213). Although vibrational modes in this region may overlap, the presence of this 
band provides additional evidence of coordination between Cu and nitrogen atoms. 

 

Figure 4-7. Raman spectrum of steam-assisted hydrothermal Cu-MOF and 2-methylimidazole. 
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XPS analysis was performed to obtain detailed information on the surface elemental 
composition and chemical environment of the Cu-MOF. The XPS survey spectrum (Figure 
4-8a) shows the expected signals from C, O, N, and Cu, with no other elements detected within 
the sensitivity limit of the measurement (0.01 at.%). The relative atomic concentrations shown 
in the same figure were obtained from quantitative analysis of the corresponding high-
resolution spectra (Figure 4-8b-d), This analysis provides more reliable information, 
particularly for elements present in smaller amounts. 
The high-resolution C 1s spectrum (Figure 4-8b) contains several components, reflecting the 
different chemical environments of carbon in the material. The main peak at 284.5 eV is 
assigned to sp2 C–C bonds. A second component at 285.3 eV can be related to sp3 C–C as well 
as C–O and C–N bonds within the aromatic structure, although these contributions overlap and 
cannot be clearly separated (214). The component at 286.1 eV is assigned to C–N/C=N bonds 
associated with amino-type environments. At higher binding energies, peaks at 291.1 and 292.8 
eV are observed and correspond to π–π* excitation and shake-up satellite features, respectively, 
which are characteristic of sp² carbon structures (215). Overall, the C 1s spectrum is consistent 
with the aromatic structure of the 2-methylimidazole ligand used to prepare the Cu-MOF. 
The N 1s spectrum (Figure 4-8c) is dominated by a peak at 398.6 eV, together with a weaker 
component at 399.9 eV (216). These contributions are commonly assigned to pyridinic-N and 
pyrrolic-N species, respectively, in agreement with the imidazole-based structure indicated by 
the C 1s spectrum. A weaker and broader feature between 404 and 408 eV is also present and 
is attributed to π excitation. Literature values generally place uncoordinated pyridinic or 
aromatic N between about 398.3 and 399.5 eV, whereas coordination with Cu shifts the N 1s 
signal towards higher binding energies, typically within the 399.8–400.8 eV range (217–219). 
The expected shift is therefore around 0.5–1.5 eV. In the present sample, the component at 
399.9 eV is 1.3 eV higher than the main peak at 398.6 eV. This difference is consistent with 
coordination of the nitrogen atoms to Cu2+. The shift towards higher binding energy can be 
explained by donation of the nitrogen lone pair to Cu²⁺, which lowers the electron density 
around N. The Cu 2p region was then examined in more detail to further support the Cu–N 
coordination assignment (Figure 4-8d). The spectrum contains the expected Cu 2p₃/2 and Cu 
2p1/2 peaks. For Cu2+, the appearance of satellite peaks at higher binding energies is a well-
known characteristic of this oxidation state, and these features are clearly visible in the present 
spectrum. At the same time, the Cu 2p3/2 peak is not fully symmetric, suggesting that more than 
one copper oxidation state may be present. A lower-binding-energy component is observed at 
around 933.4 eV. Because Cu0 and Cu+ have very similar binding energies in this region, they 
cannot be distinguished from the main Cu 2p peak alone. Following the approach reported by 
M. Biesinger et al. (220), the Cu 2p3/2 peak together with its associated satellite region between 
940 and 950 eV was therefore deconvoluted to estimate the relative contributions of the 
different oxidation states. The analysis shows approximately 77% Cu(II) and 23% Cu(0/I), 
indicating that Cu(II) is the predominant oxidation state in the Cu-MOF. 
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The presence of mixed copper oxidation states has also been reported previously for Cu-MOF 
materials, although without quantitative determination of their relative contributions (213,221). 

 

Figure 4-8. XPS spectra of the Cu-MOF: (a) survey spectrum showing the presence of C, N, O, 
and Cu elements; (b) high-resolution C 1s spectrum with fitted components corresponding to 
sp2 C-C (284.5 eV), sp3 C-C/C-N (285.3 eV), C-N/C=N (286.1 eV), and π-π* shake-up features 
(291.1 and 292.8 eV); (c) N 1s spectrum showing pyridinic N (398.6 eV) and Cu-coordinated 
N (399.9 eV); (d) Cu 2p spectrum displaying Cu2+ features with characteristic satellite peaks. 

(Figure 4-9a) presents the Cu L-edge soft X-ray absorption spectra of the Cu-MOF powder, 
measured alongside reference spectra of metallic Cu, Cu2O, and CuO. Measurements were 
performed in both TEY and FY modes, enabling depth-resolved analysis from the near-surface 
region (a few nanometers, TEY) to deeper layers (up to tens of micrometers, FY). The strong 
similarity between TEY and FY spectra indicates that both surface and bulk regions share a 
comparable chemical composition and coordination environment. In both detection modes, 
two principal absorption features are observed at 931.5 eV (L3-edge) and 951.1 eV (L2-edge), 
corresponding to Cu 2p → 3d electronic transitions. These peaks are characteristic of Cu(II) 
species and closely resemble those of the CuO reference(222). However, they are shifted by 
approximately +0.2 eV, suggesting a slightly more oxidized or covalently bound Cu 
environment within the MOF framework. Importantly, the Cu L3-edge spectrum exhibits an 
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additional shoulder at approximately 938 eV (S3), which is absent in the CuO reference. This 
feature indicates increased spectral complexity and is attributed to ligand-to-metal charge 
transfer (LMCT) transitions involving nitrogen-based ligands in the Cu-MOF. Specifically, 
these LMCT satellites correspond to 3d9 → 3d10L excitations. Such features have been widely 
reported in N-coordinated Cu(II) systems, including NH3-dosed Cu(I)-MFU-4l, Cu-ZIF8, Cu-
ZIOS, and Cu-ethylenediamine complexes (223–225). These LMCT-related shoulders, 
commonly linked to π-backbonding interactions between Cu(II) centers and nitrogen donors, 
have also been reported near 938.4 eV in Cu-based MOFs such as HKUST-1, where they are 
attributed to Cu-N or Cu-O charge transfer transitions (226). A corresponding satellite feature 
is observed at 957.8 eV in the Cu L2-edge spectrum (S2), further supporting the presence of 
LMCT or multiplet effects arising from interactions between ligand π orbitals and Cu d 
orbitals. These broad satellite structures, unlike sharp single-electron transitions, originate 
from more delocalized or hybridized electronic states, consistent with ligand-to-metal charge 
transfer involving N-imidazole donors in the Cu(II) coordination environment (227–230). 
Although direct Cu L-edge soft XAS investigations of Cu-methylimidazole MOFs remain 
limited, the observed spectral characteristics are consistent with known Cu-N coordination 
environments in imidazole-based systems. DFT and EXAFS studies reported for related 
systems further support the occurrence of LMCT in Cu(II) frameworks coordinated by 
imidazole-type ligands (224,231). Therefore, despite the limited direct precedent, the 
combined Cu L-edge and N K-edge spectroscopic evidence strongly supports the formation of 
a nitrogen-coordinated Cu-MOF. Supporting this interpretation, (Figure 4-9b) presents the N 
K-edge spectra measured in both TEY and FY modes. The two spectra display nearly identical 
line shapes, confirming that the surface and bulk regions share the same coordination 
chemistry. Three distinct absorption features are observed at 399.1 eV (A), 400.6 eV (B), and 
401.6 eV (C) (232). The low-energy feature at 399.1 eV is assigned to the N 1s → π* transition 
of nitrogen atoms within the imidazolate linker that are directly coordinated to Cu(II) centers. 
Coordination to Cu lowers the transition energy due to ligand-to-metal charge transfer and 
electron delocalization from the nitrogen lone pair into partially filled Cu d orbitals. Similar 
low-energy π* resonances have been reported in Cu-imidazole and Zn-imidazole frameworks. 
The second feature at 400.6 eV is attributed to non-coordinated or weakly interacting nitrogen 
atoms within the 2-methylimidazolate linker, such as pyridinic sp2 nitrogen not directly bonded 
to copper. This assignment is consistent with literature reports indicating that uncoordinated 
imidazole typically exhibits π* transitions in the 400.5-401.0 eV range (233). The higher-
energy feature at approximately 401.6 eV is attributed to π* transitions of pyrrolic nitrogen (N-
H), hydrogen-bonded nitrogen sites (e.g., from coordinated H2O or partially decomposed 
framework), or the onset of σ* transitions involving N-C or N-Cu bonds (234). Such features 
generally appear at higher energies due to reduced electron density at nitrogen or increased 
localization, as commonly observed in hydrogen-bonded nitrogen species or imidazole 
molecules. Together, the Cu L-edge and N K-edge spectra provide strong evidence for Cu-N 
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coordination within the Cu-MOF, with LMCT features further confirming electronic 
interaction between Cu(II) centers and nitrogen ligands in the framework (233,234). 

 

Figure 4-9. (a) Cu L-edge soft XAS spectra of the steam-assisted Cu-MOF in TEY and FY 
modes compared with Cu, Cu2O, and CuO references, showing characteristic Cu (II) features 
and LMCT-related satellites. (b) N K-edge spectra in TEY (red solid line) and FY (red dashed 
line) modes displaying three main absorption features consistent with nitrogen coordination in 
the Cu-imidazolate framework. 

4.2.2. Electrocatalytic performance 

The electrochemical performance of the Cu-MOF was systematically evaluated using both 
flow-cell and zero-gap MEA configurations to assess activity, selectivity, and scalability under 
practical operating conditions. 
In the flow-cell setup, an iridium-based mixed metal oxide anode (Ir-MMO, ElectroCell) 
served as the counter electrode, while a mini-Ag/AgCl reference electrode (1 mm, leak-free 
LF-1) was employed to control cathodic potential. The anolyte and catholyte were separated 
by an anion exchange membrane (Sustainion® 37-50, Dioxide Materials). The anolyte was 1 
M KOH and was continuously recirculated, while the 1 M KOH catholyte was operated in 
single-pass mode. Both electrolytes were supplied at a flow rate of 4 mL min-1. CO2 was fed 
separately to the gas compartment at 25 mL min-1 and passed through the gas diffusion 
electrode (GDE) before reaching the catalyst layer. The CO2 flow rate was controlled using 
Bruker mass flow controllers to maintain stable and reproducible operating conditions 
throughout the measurements. A schematic of the cell configuration is shown in Figure 4-10. 
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Figure 4-10. Schematic diagrams of 3-compartment flow cell 

The catalytic response was investigated by varying the applied potential between -0.4 to -1.2 
V vs RHE, thereby systematically tuning the thermodynamic driving force for CO2 reduction 
(Figure 4-11). As the overpotential increased, the reaction rate was progressively enhanced, 
reaching a maximum current density of 220 mA cm-2 at -1.2 VRHE. The Cu-MOF remains active 
even under strongly reducing conditions. Its product distribution, however, changes noticeably 
with the applied potential. At relatively low overpotentials, from −0.4 to −0.8 VRHE, CO is the 
main product, with a nearly constant Faradaic efficiency of about 37%. A smaller amount of 
formate (HCOO-) is also formed in this potential range. H2 production remains relatively low, 
reaching a maximum FE of around 20%, which indicates that CO2 reduction is able to compete 
effectively with HER under the alkaline conditions used here. 
When the overpotential increases beyond 0.8 VRHE, the product distribution changes. The 
contribution of the C1 products, CO and HCOO-, gradually decreases, while C2 formation 
becomes more pronounced (Figure 4-11a). The FE for ethylene (C2H4), in particular, reaches 
about 35% at −1.2 V_RHE. Ethanol (C2H5OH) is also produced and contributes to the overall 
C2 selectivity. Methane (CH4) and acetate (CH3COO-) remain minor products over the whole 
potential range. Although the H2 contribution changes only slightly, the C2/C1 ratio increases 
with increasing overpotential and reaches 1.3 at −1.2 V_RHE (Figure 4-11b). At this potential, 
the combined FE for C2 products reach 47%, meaning that almost half of the charge converted 
during electrolysis is directed towards multi-carbon products. 
This potential-dependent transition from C1-dominated chemistry at low overpotentials to 
enhanced C2 selectivity at higher overpotentials suggests that elevated driving force promotes 
surface accumulation of *CO intermediates, facilitating C-C coupling pathways. The sustained 
hydrogen suppression, even at high current densities, further highlights the favorable CO2RR 
selectivity of the Cu-MOF in alkaline media. 
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Figure 4-11. (a) Faradaic efficiencies of CO2 reduction products and corresponding total current 
density of Cu-MOF in a flow-cell at different applied potentials in 1M KOH catholyte. (b) 
Faradaic efficiencies and the C2/C1 product ratio derived from the data shown in (a). 

To evaluate the catalytic performance under industrially relevant operating conditions, the Cu-
MOF was further tested in a zero-gap electrolyzer cell. The membrane-electrode assembly 
consisted of the Cu-MOF catalyst deposited onto a gas diffusion layer at the cathode, while a 
commercial Ir-based anode was used for oxygen evolution (Figure 4-12). The cathode was 
supplied with humidified CO2 gas, and the anode was fed with 0.5M KOH electrolyte. The cell 
voltage and product distribution were monitored under galvanostatic conditions at current 
densities of 100, 150, 200, and 300 mA cm-2  

 

Figure 4-12. Schematic diagrams of zero-gap electrochemical cell (MEA-cell). 
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As shown in (Figure 4-13a), hydrogen production remains nearly constant across all 
investigated current densities, with a Faradaic efficiency of approximately 19%, consistent 
with the behavior observed in the flow-cell measurements. This indicates that hydrogen 
evolution does not scale proportionally with increasing current density and does not dominate 
the reaction under these alkaline conditions. In contrast, the distribution of carbon-containing 
products exhibits a pronounced dependence on current density. With increasing current 
density, Faradaic efficiency for CO decreases significantly, while selectivity toward C2H4 
increases markedly. This trend culminates at 200 mA cm-2, where a maximum Faradaic 
efficiency of 51.6% for C2H4 is achieved. Ethylene thus becomes the dominant carbon-
containing product under zero-gap operation. When considering the total C2 product formation 
(including C2H4 and other minor C2 species), C2 products account for 67% of the total products 
in the zero-gap cell (Figure 4-13b). This clearly demonstrates that multi-carbon formation 
dominates under these conditions.  
Importantly, a clear selectivity shift is observed when transitioning from the liquid-phase flow-
cell to the zero-gap architecture. At comparable current densities, the zero-gap cell suppresses 
CO formation and enhances C2 selectivity, particularly toward C2H4. This shift arises from 
fundamental differences between the two architectures (235–238). In the zero-gap cell, the 
local CO2 availability at the catalyst-membrane interface, the carbonate formation dynamics in 
alkaline media, water management within the GDE, and the retention of key intermediates at 
high surface coverage differ significantly from the liquid-phase flow-cell environment. These 
factors favor higher *CO surface coverage and promote C-C coupling pathways under zero-
gap operation. 

 

Figure 4-13. (a) Faradaic efficiencies of CO2 reduction products on Cu-MOF gas diffusion 
electrodes in a zero-gap cell at different current densities using 0.5M KOH as anolyte. (b) 
Corresponding Faradaic efficiencies and C2/C1 product ratio derived from the data in (a). 
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To further understand the influence of catalyst layer thickness on CO2 electroreduction 
performance, gas diffusion electrodes with two loadings were prepared: a diluted ink (0.25 mg 
cm-2) and the standard ink (1.6 mg cm-2). Both were tested in the flow-cell at different current 
density under identical conditions (1M KOH, 25 mL·min-1 CO2) to isolate the effect of catalyst 
loading on activity and selectivity. As shown in (Figure 4-14a), no significant variation in the 
electrode potential is observed at the same current density except the highest one. However, 
decreasing the catalyst loading from 1.6 to 0.25 mg cm–2 leads to a substantial increase in C1 
products and a decrease in C2 products. The low-loading electrode (0.25 mg cm-2) exhibits 
higher Faradaic efficiencies for H2 and CH4, while its C2H4 FE is low. The high-loading 
electrode (1.6 mg cm-2) shows the opposite, CH4 FE is negligible, and C2H4 FE is much higher. 
Quantitatively, ethylene FE is larger at 1.6 mg·cm-2 than at 0.25 mg·cm-2. The CO FE is 
moderate for both cases, but the C2/C1 ratio increases dramatically with loading (Figure 4-14b). 
Increasing the catalyst loading increases the thickness of the porous layer, which likely leads 
to higher *CO surface concentration and longer residence time for intermediates. This 
promotes the C-C coupling steps needed for C2H4 formation. In contrast, the thinner (0.25 
mg·cm-2) layer allows intermediates to diffuse away more readily or be flushed by the flow, 
favoring C-C termination at C1 products (CO, CH4). These results align with known behavior 
of Cu catalysts: low metal loading favors hydrogenation to CH4, whereas higher loading 
enables carbon-carbon coupling (239). 

 

Figure 4-14. (a) Faradaic efficiencies of CO2 reduction products for Cu-MOF electrodes with 
different loadings (1.6 and 0.25 mg cm-2) in a flow cell at various applied current densities in 
1M KOH, including the corresponding electrode potentials. (b) Corresponding Faradaic 
efficiencies and C2/C1 product ratio derived from the data shown in (a). 

A stability test was carried out in the zero-gap electrolyzer (as above) using a 0.5M KOH 
anolyte. The Cu-MOF GDE was operated at a fixed current density (200 mA·cm-2) for 1 hour 
while monitoring product distribution. The cell was then disassembled for post-test inspection. 
Additional experiments were performed under varied conditions (lower KOH concentration, 
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reduced current, CsHCO3 electrolyte) to assess their effect on stability. (Figure 4-16) shows 
that with 0.5M KOH, the Cu-MOF achieves ~51% C2H4 FE after 1 hour. However, beyond 1 
h a rapid increase in H2 FE is observed, accompanied by a drop in C2H4 selectivity. Upon 
disassembling the cell, substantial salt deposits were visible in the cathode flow channels 
(Figure 4-15), especially near the gas inlet. These salts (mainly K2CO3) form in situ from CO2 
reacting with OH- in the alkaline electrolyte. The precipitated carbonate physically blocks CO2 
access to parts of the catalyst layer, creating localized CO2 starvation. Under these starved 
conditions, the kinetics favor the hydrogen evolution reaction, explaining the observed surge 
in H2 production over time. 

 

Figure 4-15. Salt deposition on the flow channel. 

(Figure 4-16b-d) demonstrate that this degradation can be mitigated: (b) using a lower anolyte 
concentration (0.1M KOH) slows carbonate accumulation, (c) operating at lower current 
density (100 mA·cm-2) reduces OH- generation rate, and (d) using Cs+ instead of K+ (CsHCO3 
anolyte) increases the solubility of the carbonate salt. Each strategy leads to a more stable C2H4 
FE over time by limiting salt precipitation at the cathode. 
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Figure 4-16. Time-dependent Faradaic efficiencies in the zero-gap cell at 200 mA·cm-2: (a) with 
0.5M KOH anolyte, (b) with 0.1M KOH, (c) at 100 mA·cm-2 (0.5M KOH), and (d) with 0.1M 
CsHCO3 (200 mA·cm-2). 

Operando XAS measurements were performed to understand the changes in the electronic 
structure of Cu-MOF under CO2RR conditions using a dedicated electrochemical cell (EC-
cell) optimized for soft X-ray experiments (Figure 2-12) (240). The data reveal that Cu2+ 
centers in the Cu-MOF are gradually reduced to metallic Cu under CO2RR conditions, 
consistent with previous reports (241). The catalyst ink was prepared via standard procedures 
by sonicating the material in a hydroalcoholic Nafion solution, followed by spray-coating onto 
a 15 nm Au-coated SiNx membrane (100 nm thick) and drying at 60 °C. The Cu L-edge 
spectrum of the pristine film confirms the presence of Cu2+ in the as-fabricated electrode 
(Figure 4-17a). Compared to the powder sample (Figure 4-17a), the S3 satellite peak 
(associated with ligand-to-metal charge transfer (LMCT) from N to Cu) shows a slight shift 
toward lower photon energy. This indicates a weaker ligand field and reduced Cu–N covalency 
within the MOF framework (242,243). This spectral shift is likely due to partial interactions 
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with Nafion functional groups, as well as the acidic and polar nature of the ionomer 
environment, which can influence ligand-field splitting without compromising the structural 
integrity of the MOF. Introducing CO2-saturated 0.1 M KHCO3 electrolyte into the EC-cell 
does not alter the catalyst’s electronic structure, as the spectral intensity remains unchanged at 
open circuit potential (OCP, −0.1 V vs Ag/AgCl). 
As increasingly negative potentials are applied, down to −1.4 V vs Ag/AgCl, the Cu2+ signal 
progressively diminishes, while features corresponding to metallic Cu emerge (Figure 4-17a). 
The metallic Cu signal appears relatively weak due to its significantly lower absorption 
transition probability (approximately 13 times lower than that of Cu2+) and is partially obscured 
by background noise (244). Despite this, complete reduction to metallic Cu is clearly evident 
at −1.2 V vs Ag/AgCl, a potential at which CO2RR is already active. When the potential is 
returned to −0.1 V vs Ag/AgCl, the original Cu2+ spectral features are fully restored. A 
comparison of the Cu L-edge spectra before and after CO2RR (Figure 4-17b) shows no notable 
differences in peak shape or intensity, suggesting that the catalyst’s electronic structure remains 
intact and that significant Cu dissolution does not occur. 

 

Figure 4-17. Operando soft XAS measurements performed in an EC-cell on a spray-coated Cu-
MOF electrode dried at 60 °C: Cu L-edge spectra collected in FY mode for the dry electrode 
and their evolution from OCP to −1.4 V vs Ag/AgCl; (b) Comparison of Cu L-edge spectra. 

Operando XAS reveals reversible changes in the electronic structure of Cu-MOF, specifically 
the reduction to metallic Cu under CO2RR conditions and its recovery at OCP, occurring on a 
timescale of minutes. In contrast, salt precipitation is irreversible and accumulates over time, 
causing a progressive loss of C2H4 selectivity and eventual cell failure over hours. Mitigating 
salt formation under optimized zero-gap operating conditions could significantly enhance the 
long-term stability of CO2RR on Cu-MOF electrodes. 
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4.2.3. Conclusions 

In this chapter, a nitrogen-coordinated Cu-MOF was successfully synthesized via a green 
steam-assisted hydrothermal route, extending the solvent-minimized strategy previously 
applied to ZIF materials. Cu-MOF exhibits a well-defined Cu-N4 coordination environment 
and a hierarchical flake porous morphology that together enable efficient CO2 electroreduction. 
FESEM and BET measurements show that the Cu-MOF consists of a network of thin 
imidazolate nanosheets, with thicknesses of about 50–80 nm and lateral dimensions ranging 
from 200 to 1200 nm. The material also shows meso/macroporosity, with a specific surface 
area of 25.6 m2 g-1 and a pore volume of 0.24 cm3 g-1. These structural features provide 
accessible active sites while also facilitating mass transport through the catalyst layer. CHNS, 
ICP-OES, and TGA analyses give a composition consistent with the expected material, 
including a Cu content of about 28 wt% and a Cu:N ratio of approximately 1:3.93. The FTIR, 
Raman, XPS, and XAS results further support the presence of the imidazole ligands and 
Cu(II)–N coordination. These structural characteristics are also reflected in the electrochemical 
results. In the flow-cell experiments, the Cu-MOF reaches a current density of 220 mA cm-2 at 
−1.2 V, with a clear change from mainly CO formation towards C2 products as the 
overpotential increases. Ethylene reaches a Faradaic efficiency of about 35% at the highest 
overpotential investigated. Higher C2H4 selectivity, up to 51.6%, is obtained when the catalyst 
is tested in a zero-gap MEA, although longer operation requires careful electrolyte 
management to limit carbonate deposition. Changing the catalyst loading also affects product 
distribution. Thicker catalyst layers favor higher *CO coverage and C–C coupling, whereas 
thinner layers show a greater contribution from H2 and CH4. The stability tests show that the 
initial C2H4 selectivity, around 51% after 1 h, decreases during prolonged operation in 
concentrated alkaline electrolyte. This decline is associated with salt deposition in the cathode 
flow channels, resulting from the reaction between CO2 and OH- during electrolysis. The 
accumulated deposits can locally limit CO2 transport to the catalyst and eventually shift the 
reaction towards hydrogen evolution. Mitigation strategies, including lowering anolyte 
concentration, reducing current density, and replacing K+ with Cs+ cations, significantly 
improve operational stability by limiting salt precipitation. Importantly, post-electrolysis SEM, 
XPS, and operando XAS analyses confirm that the Cu-MOF framework remains structurally 
intact and that Cu redox transitions are reversible under applied bias. 
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Chapter 5. Ni based on Nitrogen-doped 

mesoporous carbon  
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The studies of ZIF-8, ZIF-67, and Cu-MOF showed that the metal–ligand coordination 
environment can strongly influence the CO2RR pathway and can be used to tune the formation 
of C1 and C2 products. However, maintaining high selectivity toward one product over a wide 
range of operating conditions remains difficult. In MOF-based catalysts, the product 
distribution can change with the electrolyte composition, local pH, accumulation of reaction 
intermediates, and structural changes under applied potential. Strongly alkaline conditions can 
also lead to carbonate formation and salt precipitation, whereas acidic conditions may affect 
the stability of the framework and increase the contribution of the hydrogen evolution reaction. 
These observations point to a trade-off between the well-defined structure offered by 
coordination-based materials and their stability under practical operating conditions. 
Electrochemical CO2 reduction in membrane-electrode assemblies (MEAs) is a promising 
approach for producing CO at higher current densities, but maintaining both high selectivity 
and long-term stability remains challenging. In this thesis, a heterogeneous nickel sulfide 
catalyst supported on N-doped mesoporous carbon (NiSx@NMC) was prepared by nanocasting 
and subsequently modified by acid leaching. This treatment selectively removed unstable Ni-
rich species while retaining the crystalline Ni3S2 phase, resulting in a Ni-deficient and sulfur-
enriched surface. This surface modification improved both the catalytic performance and the 
stability of the material under acidic conditions. 
The resulting NiSx@NMC_AL catalyst showed near-unity CO selectivity in a zero-gap MEA, 
with CO Faradaic efficiencies above 90% and values close to 100% at current densities of 100–
150 mA cm-2. High CO selectivity was maintained over a wide pH range, including strongly 
acidic conditions at pH 1. This behavior indicates that the sulfur-coordinated Ni sites can 
effectively suppress the competing HER. 
Operation with neutral anolytes was affected by carbonate salt accumulation, while adjusting 
the anolyte to pH 3 reduced salt deposition and allowed stable operation for 450 min at 100 
mA cm-2, while maintaining near-unity CO selectivity. Under these conditions, the catalyst 
also achieved a full-cell energy efficiency of 43.7%. 
Overall, the results show that combining acid-leached nickel sulfides with controlled acidic 
operation can improve CO2RR selectivity while limiting HER and salt deposition. This 
approach also enabled stable CO2-to-CO electrolysis at relatively high current density and with 
good full-cell energy efficiency.  
 

5.1. Materials and Synthesis Methods 

All samples were prepared via a nanocasting method using SBA-15 as a sacrificial hard 
template. D-Glucosamine and urea were used as the carbon and nitrogen sources, while nickel 
nitrate and H2SO4 served as the nickel and sulfur sources, respectively. By varying the 
precursor solution composition, nitrogen-doped mesoporous carbon (NMC) support, NMC 
supported NiSx (NiSx@NMC), and NMC supported Ni (Ni@NMC) counterparts were 
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synthesized. An acid leaching (AL) step was applied to the Ni@NMC and NiSx@NMC 
samples to obtain Ni@NMC_AL and NiSx@NMC_AL, respectively. 

As shows in Figure 5-1, SBA-15 was synthesized via a modified sol-gel method, adapting the 
procedure described by Choi et al.(245). Briefly, 6.92 g of P123 was dissolved in a solution of 
125.6 g distilled water and 3.78 g HCl (37%). 14.88 g of TEOS was rapidly introduced under 
vigorous stirring at 35 °C. The resulting mixture was aged at 35 °C for 24 h, followed by static 
hydrothermal leaching at 100 °C for 24 h. The solid product was recovered by filtration and 
dried at 100 °C without washing. Notably, filtration was significantly expedited compared to 
conventional SBA-15 syntheses. Template removal was achieved by a solvent extraction 
process. The as-synthesized material was refluxed in a solution of 250 mL ethanol and 3.67 
mL HCl (37%) within a round-bottom flask equipped with a condenser to prevent evaporation. 
The extraction was conducted under magnetic stirring at 80 °C for 6, followed by filtration, 
drying at 100 °C, and calcination at 550 °C in air for 6h. 

 

Figure 5-1. Schematic synthesis of SBA-15 via P123-templated self-assembly, hydrothermal 
treatment, extraction, and calcination 

Nitrogen-doped mesoporous carbon (NMC) and Ni-containing NMC were synthesized using 
SBA-15 as a hard template following a modified procedure reported by Maruccia et al (246). 
For the synthesis of NiSx supported on NMC (NiSx@NMC), SBA-15 was impregnated in two 
successive steps with aqueous solutions containing D-glucosamine, urea, nickel (II) nitrate 
hexahydrate, and H2SO4 (Figure 5-2). In the first impregnation, 0.3962 g D-glucosamine, 1.14 
g urea, and 0.2664 g nickel (II) nitrate hexahydrate were dissolved in 3 mL deionized water 
containing 0.0485 mL H2SO4 and added dropwise to 500 mg SBA-15 under stirring. After 1 h 
stirring, the material was heated from room temperature to 100 °C for 6 h, from 100 to 140 °C 
for 2 h, and from 140 to 160 °C for 6 h at a heating rate of 3 °C min-1. In the second 
impregnation, 0.243 g D-glucosamine, 0.0756 g urea, and 0.164 g nickel (II) nitrate 
hexahydrate were dissolved in 1.84 mL deionized water containing 0.03 mL H2SO4 and 
introduced into the intermediate product. After stirring for 1 h, the sample was heated from 
room temperature to 100 °C for 6 h and from 100 to 140 °C for 2 h. The resulting solid was 
ground and pyrolyzed under inert atmosphere to 900 °C at 3 °C min-1. The silica template was 
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removed using 6 M NaOH, and the product was washed to neutral pH and dried at 70–80 °C 
overnight. 
For the synthesis of Ni supported on NMC (Ni@NMC), the same procedure was followed, 
except that H2SO4 was omitted from both impregnation steps. The acid-leached samples, 
denoted NiSx@NMC_AL and Ni@NMC_AL, were obtained by treating the corresponding 
pyrolyzed and template-removed materials with 37% HCl for 3 h at room temperature. The 
acid-treated products were then washed repeatedly with deionized water until neutral pH and 
dried at 70–80 °C overnight. For comparison, the pristine NMC support was synthesized by 
the same hard-template route in the absence of the nickel precursor 

 

Figure 5-2. Schematic synthesis of Ni-based species anchored on nitrogen-doped mesoporous 
carbon using SBA-15 as a hard template, involving sequential impregnation, pyrolysis, 
template removal, and acid treatment. 

5.2. Results and discussion 

5.2.1. Physicochemical properties 

Figure 5-3a shows the low-angle X-ray diffraction (XRD) patterns of all samples. With respect 
to the SBA-15 template (Figure 5-4), the resulting materials exhibit less ordered porosity, 
probably due to the excess quantity of urea used in precursor solution. The high-angle XRD 
patterns of all samples are shown in (Figure 5-3b). The pristine NMC exhibits a broad 
diffraction band centered at 2θ = ~25°, characteristic of amorphous/turbostratic carbon, 
confirming the disordered graphitic framework of the carbon support. Upon incorporation of 
Ni, the Ni@NMC sample displays intensive diffraction peaks corresponding to metallic Ni 
phase (JCPDS No. 04-001-3331), along with small reflections at 2θ = 25.4° and 36.3° related 
to Ni3Si2 (JCPDS No. 04-006-9134). Following the acid leaching step, these Ni related 
crystalline peaks completely disappear in the Ni@NMC_AL sample, consistent with their poor 
stability in acidic conditions (247,248). Concurrently, a peak at 2θ = 26.3° emerges, 
corresponding to the characteristic reflection of crystalline carbon (JCPDS No. 01-086-8298). 
The simultaneous incorporation of Ni and S results in the formation of NiSx@NMC, which 
exhibits well-defined diffraction peaks indexed to two crystalline Ni3S2 phases (JCPDS No. 
00-044-1418 and JCPDS No. 04-017-4589). Furthermore, weak diffraction peaks associated 
with metallic Ni indicates the presence of a minor fraction of this phase. Additional reflections 
are assigned to the presence of carbon (at 2θ = 26.1° for JCPDS card No. 04-014-0362, and 
graphitic carbon nitride (g-C3N4, at 2θ = 27.5° for JCPDS card No. 04-021-6536), likely 
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originating from the thermal polymerization of the urea precursor (249,250). After acid 
leaching, the NiSx@NMC_AL sample retains the primary diffraction pattern of NiSx@NMC 
but displays a noticeable increase in peak intensities. This behavior indicates that the overall 
crystallinity is enhanced likely due to the preferential removal of less stable, non-crystalline 
Ni species during AL process (251). In contrast to metallic Ni, transition metal sulfides 
generally exhibit enhanced chemical stability due to strong metal–sulfur interactions, which 
reduce susceptibility to complete oxidative dissolution (252,253). The persistence of metallic 
Ni after acid leaching can be attributed to confinement and encapsulation of Ni nanoparticles 
within the carbon framework and/or graphitic carbon nitride domains and/or NiSx particles, 
which hinder access to the leaching medium (254,255).  

 

Figure 5-3. (a) Low-angle and (b) High-angle XRD patterns of NMC, Ni@NMC, NiSx@NMC 
and after acid leaching  
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Figure 5-4. Low-angle XRD of SBA-15. 

To comprehensive evaluate the microstructural properties of the catalysts, transmission 
electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS) mapping were 
performed, as illustrated in Error! Reference source not found.. The results reveal a profound 
morphological evolution induced by the incorporation of sulfur and the subsequent acid 
leaching process. 
A stark contrast is observed between the Ni@NMC and Ni@NMC_AL samples. For the as-
prepared Ni@NMC, surface-bound crystalline particles are clearly visible throughout the 
matrix (Figure 5-5a and e). Following the acid leaching step, these surface particles are entirely 
absent on Ni@NMC_AL sample, while the underlying mesoporous carbon channels derived 
from the SBA-15 template remain structurally intact (Figure 5-5). Corresponding EDS 
elemental maps show a continuous and uniform distribution of carbon (C) and nitrogen (N) in 
both Ni@NMC and Ni@NMC_AL, but no resolvable nanoparticles are observed in the latter. 
These results are consistent with XRD analysis, confirming the effective removal of surface-
exposed metallic Ni with the acid leaching step. In contrast, both the NiSx@NMC (Figure 5-5c 
and f) and NiSx@NMC_AL (Figure 5-5d and g) samples show a dense distribution of robust, 
well-defined nanoparticles throughout the N-doped carbon matrix. Elemental mapping 
confirms that Ni and S signals are exclusively localized on these nanoparticles with a strong 
spatial correlation, while C and N remain homogeneously distributed throughout the graphitic 
framework. This result suggests that NiSx constitutes the predominant Ni-containing species 
and is well retained after acid leaching. However, metallic Ni particles are not observed in 
element mapping (Figure 5-5c and d), which appears inconsistent with the XRD results 
showing a minor metallic Ni phase in both the NiSx@NMC and NiSx@NMC_AL samples. 
This apparent discrepancy may be attributed to the encapsulation of metallic Ni particles within 
the carbon matrix of NiSx particles, which could limit their detection by EDS mapping. The 
TEM images in Figure 5-5f and g show distinctive core-shell and confined nano-topographies, 
where core particles are tightly enveloped within graphitic carbon sheets. 
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Figure 5-5. TEM images and elemental mapping of various catalysts: (a) Ni@NMC, (b) 
Ni@NMC_AL, (c) NiSx@NMC and (d) NiSx@NMC_AL. HR-TEM images of the Ni 
containing samples: (e) Ni@NMC, (f) NiSx@NMC and (g) NiSx@NMC_AL 

To analyze the textural properties and pore size distributions of the catalysts, N2 adsorption–
desorption measurements were performed. Detailed textural parameters and NLDFT−derived 
pore size distributions for all samples are provided in the Figure 5-6-Figure 5-7. All catalysts 
exhibit type IV isotherms with H3-type hysteresis loops, according to the IUPAC classification 
(175). The materials possess a hierarchical pore structure consisting of a dominant mesopore 
peak centered at about 3–4 nm and significant microporosity originating from the carbon 
channels. The pristine NMC exhibits a specific surface area (SBET) of 263 m2 g-1. Upon 
incorporation of Ni species, both Ni@NMC and NiSx@NMC show a reduction in SBET (228 
m2 g-1 and 245 m2 g-1, respectively) and decreased pore volumes (0.190 and 0.211 cm3 g-1, 
respectively), indicating partial pore blocking. A significant divergence in textural evolution 
was observed after the acid leaching step. Ni@NMC_AL exhibits a significant increase in SBET 
(up to 683 m2 g-1) and a pronounced enhancement in mesopore volume, reflecting the efficient 
removal of metallic Ni and the reopening of blocked pores (256). In contrast, NiSx@NMC_AL 
shows only moderate changes in isotherm and pore size distribution, indicating that the NiSx 
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species are structurally acid-resistant and remains embedded within the carbon framework. 
These results are consistent with the XRD, TEM and elemental mapping analyses, confirming 
the robustness of the NiSx@NMC_AL catalyst in strong acid. 
The chemical composition of the samples was further analyzed using elemental analysis for S 
and N quantification and total reflection X-ray fluorescence (TXRF) for Ni loading 
determination., as summarized in The pristine NMC contains 5.2 wt% N and a minor amount 
of S (0.7 wt%), likely reflects minor doped S in carbon matrix or residual precursor (H2SO4). 
Upon the incorporation of nickel, the Ni@NMC sample shows 2.4 wt% N and a substantial Ni 
loading of 19.1 wt%. Following the acid leaching step, the N content remains largely preserved 
at 3.0 wt%, whereas the Ni content undergoes a sharp reduction to 1.0 wt% (Ni@NMC_AL). 
This significant decrease confirms the effective removal of metallic Ni species, consistent with 
XRD and TEM analyses. The simultaneous introduction of Ni and S results in the formation 
of NiSx@NMC, which exhibits an enhanced nitrogen content of 7.2 wt% and significant sulfur 
incorporation (7.0 wt%), while maintaining a high Ni loading of 19.5 wt%, comparable to the 
sulfur-free Ni@NMC. After acid leaching, the NiSx@NMC_AL sample retains N and S 
contents of, 7.0 wt% and 6.6 wt%, respectively, while its Ni content decreases drastically to 
9.6 wt%. Given that no significant changes are observed between NiSx@NMC and 
NiSx@NMC_AL samples by XRD and TEM analyses, it is reasonable to infer that the 
dissolved Ni species originate primarily from amorphous Ni-rich phases or surface-accessible 
Ni species, rather than from the bulk crystalline Ni3S2 phase. It is worth to note that the 
NiSx@NMC_AL shows a bulk Ni:S atomic ratio of 0.79, nearly half of the value of 1.52 
measured for NiSx@NMC and substantially lower than the stoichiometric value of 1.5 for 
Ni3S2. Given that the NMC support contains only 0.7 wt% of S, it is reasonable to assume that 
S in the NiSx@NMC_AL sample is predominantly bonded to Ni rather than C. Therefore, the 
much lower Ni:S ratio in NiSx@NMC_AL compared with the stoichiometric value in Ni3S2 
suggests the formation of a nickel-deficient, sulfur-rich phase, likely at the Ni3S2 surface during 
acid leaching. 

Table 5-1. Elemental composition (wt%) of MC and Ni-based composites before and after acid 
leaching. EA (C, H, N, S) and TXRF (Ni). The pristine NMC contains 5.2 wt% N and a minor 
amount of S (0.7 wt%), likely reflects minor doped S in carbon matrix or residual precursor 
(H2SO4). Upon the incorporation of nickel, the Ni@NMC sample shows 2.4 wt% N and a 
substantial Ni loading of 19.1 wt%. Following the acid leaching step, the N content remains 
largely preserved at 3.0 wt%, whereas the Ni content undergoes a sharp reduction to 1.0 wt% 
(Ni@NMC_AL). This significant decrease confirms the effective removal of metallic Ni 
species, consistent with XRD and TEM analyses. The simultaneous introduction of Ni and S 
results in the formation of NiSx@NMC, which exhibits an enhanced nitrogen content of 7.2 
wt% and significant sulfur incorporation (7.0 wt%), while maintaining a high Ni loading of 
19.5 wt%, comparable to the sulfur-free Ni@NMC. After acid leaching, the NiSx@NMC_AL 
sample retains N and S contents of, 7.0 wt% and 6.6 wt%, respectively, while its Ni content 
decreases drastically to 9.6 wt%. Given that no significant changes are observed between 
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NiSx@NMC and NiSx@NMC_AL samples by XRD and TEM analyses, it is reasonable to 
infer that the dissolved Ni species originate primarily from amorphous Ni-rich phases or 
surface-accessible Ni species, rather than from the bulk crystalline Ni3S2 phase. It is worth to 
note that the NiSx@NMC_AL shows a bulk Ni:S atomic ratio of 0.79, nearly half of the value 
of 1.52 measured for NiSx@NMC and substantially lower than the stoichiometric value of 1.5 
for Ni3S2. Given that the NMC support contains only 0.7 wt% of S, it is reasonable to assume 
that S in the NiSx@NMC_AL sample is predominantly bonded to Ni rather than C. Therefore, 
the much lower Ni:S ratio in NiSx@NMC_AL compared with the stoichiometric value in Ni3S2 
suggests the formation of a nickel-deficient, sulfur-rich phase, likely at the Ni3S2 surface during 
acid leaching. 

Table 5-1. Elemental composition (wt%) of MC and Ni-based composites before and after acid 
leaching. EA (C, H, N, S) and TXRF (Ni) 

Samples Elemental analysis TXRF 

C (wt%) H (wt%) N (wt%) S (wt%) Ni (wt%) 
NMC 40.87 0.13 5.19 0.74 0 
Ni@NMC 44.36 0.66 2.38 0. 19.1 

Ni@NMC_AL 56.33 1.33 3.04 0 1.03 
NiSx@NMC 42.94 2.81 7.13 6.95 19.5 

NiSx@NMC_AL 47.95 0.98 7.12 6.38 9.6 
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Figure 5-6. N2 adsorption–desorption isotherms of NMC, Ni@NMC, Ni@NMC_AL, 
NiSx@NMC, and NiSx@NMC_AL measured at −196 °C. 
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Figure 5-7. Pore size distributions of NMC, Ni@NMC, Ni@NMC_AL, NiSx@NMC, and 
NiSx@NMC_AL derived from NLDFT analysis of N2 adsorption data. 

To investigate the surface composition, X-ray photoelectron spectroscopy (XPS) was 
performed on selected samples NMC and NiSx@NMC_AL. The survey spectrum of NMC 
(Figure 5-8a) shows dominant peaks corresponding to C 1s (~284 eV), O 1s (~531 eV) and N 
1s (~399 eV) (257). A small Si 2p signal (~103 eV) is also detected, which can be attributed 
to residual silica template used during the synthesis of NMC-based materials. After 
incorporation of NiSx followed by acid leaching, the survey spectrum of NiSx@NMC_AL 
(Figure 5-8b) exhibits additional peaks corresponding to Ni 2p (~855 eV) and S 2p (~162 eV), 
confirming the successful introduction of Ni and S species on the mesoporous carbon support 
(258,259). In addition, an increase in the O 1s signal intensity is observed after the acid 
leaching. This increase can be attributed to the formation of oxygen-containing surface 
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functional groups or partial surface oxidation of sulfide species when exposed to air, a 
phenomenon frequently reported for transition-metal sulfide catalysts (260). 

 

 

Figure 5-8. XPS survey of NMC (a) and NiSx@NMC-AL (b). a) wide‐scan XPS survey of 
nitrogen-rich mesoporous carbon, b) NiSx embedded in nitrogen. 

Table 5-2. Surface elemental composition from XPS survey spectra (At.%) 

Element At% C O Ni N S Si 

NMC 86.6 7.8 - 5 - 0.5 

NiSx@NMC_AL 73.8 13.9 0.8 4.9 0.9 5.6 

 

The high-resolution C1s spectra of NMC and NiSx@NMC_AL exhibited similar carbon 
bonding environments, dominated by graphitic carbon with contributions from nitrogen- and 
oxygen-containing functionalities (Figure 5-9a and Table 5-3. Relative distribution of carbon 
species (C 1s)). No significant shifts in binding energy or substantial changes in the relative 
distribution of carbon species were observed after NiSx incorporation and acid leaching, 
indicating that the conjugated N-doped mesoporous carbon framework was largely preserved. 
The high-resolution N1s spectra of NMC and NiSx@NMC_AL exhibit similar nitrogen 
functionalities, including pyridinic, pyrrolic, graphitic, and oxidized nitrogen species (Figure 
5-9b and Table 5-4). The overall spectral profiles and binding energies remain largely 
unchanged after NiSx incorporation and acid leaching, indicating that the nitrogen-doped 
carbon framework is preserved. Quantitative analysis shows that pyridinic and pyrrolic nitrogen 
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remain the dominant species, while the observed changes in their relative abundance suggest 
subtle modifications of the local nitrogen environment. 

 Table 5-3. Relative distribution of carbon species (C 1s) 

Carbon species NMC (%) NiSx@NMC_AT (%) 
Graphitic C 30.2 30.7 

sp³ carbon 19.8 19.1 

Secondary carbon 17.7 21.9 
C–O / C–N 12.1 10.2 

C=O 6.0 4.7 
COOH 8.4 8.2 

π–π* shake-up 3.6 3.2 

π–π* shake-up 2.2 2.0 
 

 

Figure 5-9. High-resolution XPS spectra of NMC and NiSx@NMC_AT: (a) N 1s spectra and 
(b) C 1s spectra. 
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Table 5-4. Relative distribution of nitrogen species (N 1s) 

N species NMC (%) NiSx@NMC_AL (%) 

Pyridinic N 24.4 27.3 

N-amine/Metal–Nx 17.6 21.1 

Pyrrolic N 27.8 22.1 

Graphitic N 16.8 16.9 

NOx (403.8 eV) 8.1 8.1 

NOx (405.7 eV) 5.3 4.5 

The Ni 2p spectrum (Error! Reference source not found.a) displays characteristic spin-orbit 
doublet for Ni 2p3/2 and Ni 2p1/2 at approximately 855 eV and 872–873 eV, respectively. The 
observed spin–orbit splitting of 17.35 eV, is characteristic of nickel sulfide species within a 
non-stochiometric NiSx framework (261–263). The presence of weak shake-up satellite 
features at higher binding energies further suggests a heterogeneous chemical environment, 
involving partially oxidized Ni species and charge-transfer interactions between Ni 3d orbitals 
and the surrounding sulfur coordination (264). Notably, no signals corresponding to metallic 
nickel (Ni0) were detected in the surface-sensitive XPS spectra (265,266). This observation is 
highly significant when contrasted with the bulk-sensitive XRD results, which clearly identify 
a crystalline Ni0. The discrepancy suggests that the Ni0 particles are likely encapsulated by the 
surrounding nickel sulfide or graphitic carbon framework or are otherwise present at a surface 
concentration below the XPS detection limit. In either case, the lack of surface-exposed 
metallic nickel explains why these species remain stable against oxidative dissolution during 
the strategic acid leaching process, in agreement with XRD and TEM analyses. The high-
resolution S 2p spectrum was deconvoluted into three distinct spin-orbit doublets to accurately 
reflect the complex surface chemistry of the NiSx@NMC_AL catalyst (Figure 3b). The 
primary doublet, positioned at 162.1/163.3 eV, is assigned to lattice sulfide sulfur within the 
crystalline Ni3S2 framework, showing excellent agreement with established literature for nickel 
sulfide standards (267–269). The intermediate doublet at 163.9/165.1 eV is conservatively 
assigned to a S-rich/S-S-like chemical environment, consistent with the formation of a Ni-
deficient, S-enriched reconstructed Ni3S2 surface during acid leaching, as suggested by the bulk 
compositional analysis, although contributions from carbon-bound sulfur or partially oxidized 
S–Ni–O environments cannot be excluded (270). Finally, a third contribution at higher binding 
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energies (168.4/169.6 eV) corresponds to oxidized S(VI) sulfate-like species, likely resulting 
from partial surface oxidation during air exposure or residual precursors (271).  

 

Figure 5-10. High-resolution XPS spectra of NiSx@NMC: (a) Ni 2p region and (b) S 2p region. 

5.2.2. Electrocatalytic performance 

The CO2RR performance of the catalysts was first evaluated in a zero-gap MEA at current 
densities of 100 and 150 mA cm-2, utilizing a neutral anolyte (0.1 M KHCO3, pH ≈ 8.3). As 
shown in Error! Reference source not found., the pristine NMC support exhibits negligible 
selectivity, with H2 evolution dominating at both current densities. Upon incorporation of Ni 
species (~19 wt% loading), both Ni@NMC and NiSx@NMC samples exhibit similar CO 
selectivity (40-50% FE) and comparable cell voltages, indicating that both metallic Ni and 
Ni3S2 nanoparticles serve as active sites. A pronounced divergence in catalytic behavior 
emerges following the strategic acid leaching. The Ni@NMC_AL sample suffers a near-total 
loss of CO2RR selectivity, with H2 evolution becoming dominant, closely resembling the 
behavior of the NMC support. This is consistent with their similar physicochemical properties 
following the extensive removal of Ni during acid leaching. In contrast, the NiSx@NMC_AL 
catalyst exhibits an enhancement in CO selectivity, achieving a FE exceeding 90%. 
Furthermore, the cell voltage slightly decreases at each current density for NiSx@NMC_AL, 
suggesting that the acid leaching also activates NiSx catalyst or enhances electronic 
conductivity due to the amorphous phase removal 31,32. This activation is driven by the unique 
structural transformation of the Ni3S2 surface induced by the acid leaching, which serves as an 
interface engineering tool rather than a mere cleaning step (270). The reconstructed Ni-
deficient, S-enriched layer on Ni3S2 provides an optimal platform for CO2RR activation and 
drives the selectivity toward CO (267). Similar surface reconstruction-induced activity 
enhancements in nickel sulfides have been observed where surface transformation creates new 



Ni based on Nitrogen-doped mesoporous carbon 

120 

coordination environments that stabilize key reduction intermediates (268,272,273). 
Moreover, the removal of less-stable Ni species by acid leaching could also increase the 
exposure of highly active, well-coordinated sites within N-doped carbon frameworks 
(274,275). 

 

Figure 5-11. CO2 electroreduction performance of NMC, Ni@NMC (with and without acid 
leaching), and NiSx@NMC (with and without acid leaching) in 0.1 M KHCO3 (pH ≈ 8.3) under 
zero-gap MEA operation (a) 100 mA cm-2 and (b) 150 mA cm-2. 

The catalytic performance of the NiSx@NMC_AL was further investigated across a broad 
current density range in 0.1 M KHCO3 anolyte. As shown in Figure 5-12a, CO remains the 
dominant product throughout the entire tested range. Even at a low current density of 25 mA 
cm-2, the FE for CO exceeds 85%, indicating efficient CO2 activation at a low overpotential. 
Selectivity further improves at higher reaction rates, achieving near-unity FECO at100 and 150 
mA cm-2. At 200 mA cm-2, CO remains the major product, although a moderate increase in H2 
is observed, reflecting the increased kinetic competition from the HER under high-rate 
operation. 

The time-dependent stability was also explored at 100 mA cm-2 using a 0.1 M KHCO3 anolyte 
(Figure 5-12b). The catalyst maintained near-unity CO selectivity for 150 min with negligible 
H2 evolution. By replacing KHCO3 anolyte with a non-buffered 0.05 M K2SO4 (pH ≈ 7), 
Error! Reference source not found.the catalyst exhibits nearly identical performance, 
reaching ~95-97% FECO at both 100 and 150 mA cm-2 (Figure 5-12c) and maintaining stable 
production for 150 min (Figure 5-12d). These results demonstrate that the anolyte anions 
(HCO3

− and SO4
2−) does not significantly impact the selectivity or stability of catalyst. 

Crucially, all stability tests in neutral anolytes were terminated not due to catalyst degradation, 
but because of electrode choking caused by massive salt deposition. This interfacial salt 
accumulation, clearly visible upon cell disassembly, blocks active sites and gas diffusion 
channels, a common failure mode in zero-gap MEAs. While the zero-gap configuration lacks 
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a bulk catholyte, the anolyte pH serves as a vital control knob for the cathodic 
microenvironment. It directly regulates the rate of proton migration and diffusion across the 
membrane to cathode. By transitioning to acidic anolyte conditions, it is possible to increase 
the proton flux to the cathode, thereby promoting the dissolution of carbonate precipitates and 
extending operational longevity. However, the acidic environment poses severe challenges to 
catalyst stability while simultaneously favoring HER kinetics, thereby requiring catalysts that 
combine high acid resistance with intrinsically low HER activity. 

 

Figure 5-12. CO2RR performance in a zero-gap MEA. (a) FE at different current density (25–
200 mA cm-2) in 0.1 M KHCO3. (b) Time-dependent FE in 0.1M KHCO3 at 100 mA cm-2, (c) 
FE at 100 and 150 mA cm-2 in 0.05 M K2SO4.(d) Time-dependent FE in K2SO4 at 100 mA cm-

2. 

To investigate the CO2RR performance of NiSx@NMC_AL in acidic condition, the anolyte 
composition was tuned by adding concentrated H2SO4 into 0.05 M K2SO4 to obtain moderate 
acidic (pH 3) and strongly acidic (pH 1) solutions. Since the added H2SO4 volumes were 
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negligible with respect to the solution volume, the K+ concentration was approximately kept 
at 0.1 M.  

As shown in Figure 5-13a and c, the NiSx@NMC_AL catalyst maintains near-unity CO 
selectivity across the investigated current density range for both acidic anolytes. This 
exceptional selectivity in proton-rich environments is primarily attributed to the reconstructed 
sulfur-coordinated Ni sites, which weaken hydrogen adsorption and effectively suppress the 
competing HER (276). Furthermore, rapid proton consumption during the reduction reactions 
creates a locally less acidic microenvironment at the electrode-electrolyte interface, thereby 
helping to suppress the HER and favor the CO2RR (277–279). Notably, the use of a pH 3 
anolyte substantially enhances durability, enabling stable continuous operation for 450 min 
(Figure 6b), three times as long as the 150 min achieved with the neutral anolyte. This enhanced 
durability highlights the effectiveness of acidic conditions in suppressing salt deposition, while 
also demonstrating the robust stability of the NiSₓ@NMC_AL catalyst under these operating 
conditions, which can be attributed to the stable and active NiSx species formed during the 
acid-leaching step. However, a noticeable decrease in operational stability is observed under 
strongly acidic conditions (pH 1) (Figure 5-13d) compared with that achieved using the pH 3 
anolyte. This decline in lifespan is likely due to the accelerated catalyst degradation such as 
metal leaching and restructuring under the combined cathodic bias and strong acidity (278–
280). These findings underscore a critical trade-off in acidic electrolysis, while acidic anolytes 
are vital for mitigating the carbonate issue, excessive acidity can compromise the physical 
integrity of even robust catalysts. Consequently, pH 3 anolyte is identified as an optimal 
condition, providing the necessary proton flux for salt management while preserving the 
engineered catalyst interface. The near-unity selectivity and sustained high-performance 



Ni based on Nitrogen-doped mesoporous carbon 

123 

highlight the significant potential of the NiSx@NMC_AL catalyst for practical, durable acidic 
CO2−to−CO conversion. 

 

Figure 5-13. CO2RR performance under acidic conditions in a zero-gap MEA. (a) FE at pH ≈ 
3 at 100 and 150 mA cm-2, (b) Time-dependent FE at pH ≈ 3, (c) FE of CO and H2 at pH ≈ 1 
under the same conditions and (d) Time-dependent FE at pH ≈ 1. 

The practical potential of the NiSx@NMC_AL catalyst is further highlighted by its exceptional 
full-cell EE. With pH 8.3 anolyte, the system achieves a peak EE of 44.3% (100 mA cm-2), 
facilitated by the low cell voltage and near-unity CO selectivity. Remarkably, this high EE is 
largely preserved when transitioning to acidic conditions, which is 43.7% at pH 3 and 38.5% 
at pH 1 (100 mA cm-2). 

5.2.3. Conclusion 

In this chapter, we demonstrate that acid-leaching-induced surface reconstruction provides an 
effective strategy for engineering Ni sulfide catalysts toward selective and durable CO2 
electroreduction under acidic conditions. A heterogeneous NiSx catalyst supported on N-doped 
mesoporous carbon was synthesized through a hard-template route followed by acid leaching. 
This treatment preserves the crystalline Ni3S2 framework while inducing the formation of a Ni-
deficient, S-enriched reconstructed surface, thereby creating a chemically distinct and acid-
resistant catalytic interface. 
This controlled surface reconstruction translates directly into enhanced CO2RR performance. 
NiSx@NMC_AL achieves near-unity CO selectivity at 100–150 mA cm-2 across a broad pH 
range, demonstrating that acid leaching functions as an effective surface-engineering strategy 
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that selectively removes unstable Ni-rich species and generates a highly selective Ni–S 
environment for CO2 reduction. 
Beyond catalytic selectivity, modulation of anolyte acidity addresses a critical limitation of 
zero-gap CO2 electrolyzers carbonate salt accumulation. At pH 3, NiSx@NMC_AL sustains 
continuous operation for 450 min, three times as long as that achieved under neutral conditions, 
while maintaining high CO selectivity. Moreover, the catalyst couples high-rate CO production 
with low cell voltages, delivering a full-cell energy efficiency of 43.7% at pH 3. These results 
identify moderate acidity as an effective operating window that balances carbonate 
management with catalyst stability. 
In general, this work establishes surface-reconstructed Ni sulfides as robust, pH-tolerant 
catalytic phases for CO2-to-CO electrolysis and highlights the interplay between catalyst 
surface chemistry and electrolyte management in determining electrolyzer performance. The 
ability to simultaneously suppress the competing HER, mitigate salt deposition and sustain high 
energy efficiency under acidic operation provides a compelling strategy for advancing durable 
and practically relevant zero-gap CO2 electrolyzers. 
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Chapter 6. The oxygen reduction 

reaction (ORR) 
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The oxygen reduction reaction (ORR) is a crucial electrochemical process that plays a vital role 
in sustainable energy conversion and storage systems, such as fuel cells and metal-air batteries. 
To date, platinum (Pt)-based materials have been widely recognized as the most efficient 
electrocatalysts for ORR due to their high catalytic activity (281). However, the widespread 
commercialization of these technologies is hindered by the high cost and limited reserves of Pt 
(282,283). Therefore, the development of cost-effective and high-performance non-precious 
metal catalysts (NPMCs) for ORR is of paramount importance (284–286). 
Among the various NPMCs explored, iron Fe-based nitrogen-doped carbon materials, have 
attracted increasing attention as promising alternatives to Pt-based catalysts for ORR (287,288). 
Studies show that the ORR activity of these catalysts is governed by iron content (288,289), the 
type of ion species, the density of nitrogen functionalities (290), and microporous surface area 
(291). Despite decades of research, the precise nature of the active sites remains debated. Three 
main hypotheses prevail: nitrogen functionalities directly catalyze ORR (292), nitrogen groups 
coordinate Fe ions (Fe-Nx) where ORR occurs (293) and synergy between different Fe species 
such as Fe carbide (Fe3C), Fe metal, and single-atom Fe-Nx (287,288,294,295). It is well-
established that nitrogen doping in carbon matrices can significantly enhance the 
electrocatalytic activity for ORR (296,297). The incorporation of nitrogen atoms into the carbon 
framework can modify its electronic properties and create active sites, such as nitrogen-
containing functional groups (Nx-C), which are believed to be crucial for ORR catalysis. The 
formation of Fe-Nx active sites, where iron is coordinated with nitrogen atoms in the carbon 
matrix, is widely considered to be a major contributor to the enhanced ORR performance of Fe-
N-C catalysts (298–300). In particular, the last hypothesis has become the focus of study and 
has provided valuable insights for further improvement of Fe-based ORR catalysts. Yu et al. 
reported Fe/Fe3C nanoparticles encapsulated in nitrogen-doped carbon, showing outstanding 
ORR activity with onset potential of 0.98 VRHE and halfwave potential of 0.87 VRHE in alkaline 
electrolyte due to the synergistic effects of Fe/Fe3C and Fe-Nx (288). Wan et al. also considered 
that Fe/Fe3C nanocrystals boost the activity of Fe-Nx, and the coexistence of high content of 
Fe-Nx and sufficient metallic iron nanoparticles is essential for the high ORR activity (301) 
These findings are further supported by numerous studies demonstrating that exposed Fe3C 
nanodots markedly enhance the ORR activity of Fe-Nx-based catalysts (302,303). 
In addition to the nature of the active sites, the porosity also plays a critical role in the 
performance of ORR electrocatalysts, due to their important role in the mass diffusion and 
active site distribution. Mesoporous structures, characterized by pore sizes between 2 and 50 
nm, are particularly desirable as they provide a high surface area, facilitating the dispersion of 
active sites and improving the mass transport of reactants and products during the ORR process 
(304,305). To achieve controlled porous architectures, template methods are frequently 
employed in the synthesis of nanomaterials. These methods allow for the creation of well-
defined pore structures, maximizing the accessibility of active sites and ultimately enhancing 
catalytic performance (306,307). 
In this thesis, we present a novel approach for the synthesis of Fe embedded in a mesoporous, 
nitrogen-rich carbon matrix using a nanocasting approach. This methodology involves 
impregnation of the SBA-15 hard template with D-glucosamine and urea, serving as carbon and 
nitrogen precursors, together with an iron precursor, followed by a series of thermal treatments 
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to form the target catalysts. The resulting materials are thoroughly characterized to elucidate 
their structural, textural, and chemical properties. Their electrocatalytic performance for the 
oxygen reduction reaction (ORR) is then systematically investigated. This study focuses 
particularly on understanding how the interplay between Fe-derived species and nitrogen 
functionalities influences ORR activity in a mesoporous carbon architecture. 

6.1. Materials and Synthesis Methods 

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) 
(EO20PO70EO20, P123, Sigma-Aldrich MW∼5800), hydrochloric acid (HCl, VWR, 37%), 
tetraethyl orthosilicate (TEOS, Sigma-Aldrich 98%), D-glucosamine hydrochloride 
(C6H13NO5·HCl, Alfa Aesar, >98%), urea (CO[NH2]2, Merck, 99%), sulfuric acid (H2SO4, 
VWR, 95%), sulfuric acid (H2SO4, VWR, 95%), Nickel(II) nitrate hexahydrate (Ni 
(NO3)2.6H2O, Sigma-Aldrich,  99.999% trace metals basis), ethanol solution (C2H6O, EtOH, 
Brenntag, 96%). 
SBA-15 was synthesized via a modified sol-gel method, adapting the procedure described by 
Choi et al.(245). Briefly, 6.92 g of P123 was dissolved in a solution of 125.6 g distilled water 
and 3.78 g HCl (37%). 14.88 g of TEOS was rapidly introduced under vigorous stirring at 35 
°C. The resulting mixture was aged at 35 °C for 24 h, followed by static hydrothermal leaching 
at 100 °C for 24 h. The solid product was recovered by filtration and dried at 100 °C without 
washing. Notably, filtration was significantly expedited compared to conventional SBA-15 
syntheses. Template removal was achieved by a solvent extraction process. The as-synthesized 
material was refluxed in a solution of 250 mL ethanol and 3.67 mL HCl (37%) within a round-
bottom flask equipped with a condenser to prevent evaporation. The extraction was conducted 
under magnetic stirring at 80 °C for 6 h, followed by filtration, drying at 100 °C, and calcination 
at 550 °C in air for 6 h. 
Nitrogen-doped mesoporous carbon (NMC) and Fe-containing NMC were synthesized using 
SBA-15 as a hard template following a modified procedure reported by Maruccia et al (246). 
For the synthesis of Fe3C supported on NMC (Fe3C@NMC), SBA-15 was impregnated in two 
successive steps with aqueous solutions containing D-glucosamine, urea, iron(III) nitrate 
nonahydrate, and H2SO4. In the first impregnation, 0.3962 g D-glucosamine, 1.14 g urea, and 
0.2664 g iron(III) nitrate nonahydrate were dissolved in 3 mL deionized water containing 
0.0485 mL H2SO4 and added dropwise to 500 mg SBA-15 under stirring. After 1 h stirring, 
the material was heated from room temperature to 100 °C for 6 h, from 100 to 140 °C for 2 h, 
and from 140 to 160 °C for 6 h at a heating rate of 3 °C min-1. In the second impregnation, 
0.243 g D-glucosamine, 0.0756 g urea, and 0.164 g iron(III) nitrate nonahydrate were dissolved 
in 1.84 mL deionized water containing 0.03 mL H2SO4 and introduced into the intermediate 
product. After stirring for 1 h, the sample was heated from room temperature to 100 °C for 6 
h and from 100 to 140 °C for 2 h. The resulting solid was ground and pyrolyzed under inert 
atmosphere to 900 °C at 3 °C min-1. The silica template was removed using 6 M NaOH, and 
the product was washed to neutral pH and dried at 70–80 °C overnight. 
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The acid-leached sample, denoted Fe3C@NMC_AL was obtained by treating the 
corresponding pyrolyzed and template-removed materials with 37% HCl for 3 h at room 
temperature. The acid-treated products were then washed repeatedly with deionized water until 
neutral pH and dried at 70–80 °C overnight. For comparison, the pristine NMC support was 
synthesized by the same hard-template route in the absence of the nickel precursor. 

 

6.2. Results and discussion 

6.2.1. Physicochemical properties 

The X-ray diffraction patterns of NMC, Fe3C@NMC and Fe3C@NMC_AL were recorded to 
assess pore organization and sample crystallinity, and the results are compared in (Figure 6-1). 
(Figure 5-3) shows that SBA-15 exhibits a prominent (100) diffraction peak at 2θ = 1.0° and 
weaker (110) and (200) reflections near 2θ ≈ 2.0°, confirming its highly ordered 2D hexagonal 
mesoporous structure (308–310). Despite the well-ordered structure of the SBA-15 template, 
the resulting NMC and Fe3C@NMC materials did not exhibit any detectable pore ordering in 
the low-angle XRD patterns (Figure 6-1a). The high-angle XRD pattern of Fe3C@NMC and 
Fe3C@NMC_AL in (Figure 6-1b) displays a series of well-defined diffraction peaks at 2θ ≈ 
37.71°, 39.85°, 40.66°, 42.93°, 43.75°, 44.62°, 45.90°, 48.62°, and 49.16°, which match the 
characteristic reflections of cementite (Fe3C) reported in the JCPDS database (No. 04-014-
3145). Converting those 2θ positions (Cu Kα, λ = 0.15406 nm) to d-spacings gives approximate 
interplanar distances of 0.238, 0.226, 0.222, 0.211, 0.207, 0.203, 0.198, 0.187, and 0.185 nm, 
respectively, values fully consistent with cementite crystallography and confirming that the 
dominant crystalline iron phase in the as-prepared composite is Fe3C. The preferential 
formation of Fe3C during the template-based synthesis can be ascribed to the combined 
thermodynamic and kinetic environment created by the NMC host: (i) elevated local carbon 
activity within the matrix (carbon availability from the template-derived), (ii) the temperature 
profile used during metal incorporation and annealing, and (iii) the nanoscale confinement 
imposed by the mesoporous network, all of which favor carbide nucleation and growth over 
exclusive metallic Fe formation under the applied conditions (311). NMC shows a weak and 
broad peak in high-angle signature, consistent with a more amorphous, less stacked 
carbon/nitride framework. An amorphous host NMC provides different local carbon reservoirs 
and defect sites that can either facilitate or hinder carbide formation depending on the exact 
thermal history. Following acid treatment, the XRD pattern of the iron carbide phase remains 
remarkably consistent, indicating a high degree of stability of the Fe3C structure under these 
conditions. This resistance to acid attack is likely due to the inherent low reactivity of cementite 
with HCl and potentially the protective effect of the surrounding NMC matrix, which might 
hinder the direct access of the acid to the Fe3C nanoparticles. Notably, a sharpening of the 
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diffraction peak observed around 25° (2θ) after treatment suggests changes within the 
carbonaceous component of the primarily affecting the non-iron carbide components.  

 

Figure 6-1. a) Low-angle and b) High-angle XRD of NMC, Fe3C@NMC and Fe3C@NMC_AL 

The structural properties of Fe3C@NMC, Fe3C@NMC_AL and NMC were analyzed by 
Raman spectroscopy (Figure 6-2). Key features include the D band (~1350 cm-1), indicating 
disordered carbon or defects, the G band (~1580 cm-1), reflecting ordered graphitic (sp2) 
carbon, and the 2D band (~2700 cm-1), a second-order peak related to D, which assesses carbon 
layer stacking (312). All samples exhibit prominent D and G bands, with the D band slightly 
more intense, suggesting a significant degree of disorder in the carbon structure (313). The 
ID/IG ratio, a measure of defect density, appears similar across samples, indicating that Iron and 
acid treatments do not drastically alter the carbon framework's disorder (314). Additionally, a 
broad 2D band is observed, lacking sharpness, which suggests the carbon is not highly ordered, 
such as in multilayer graphene, with comparable intensity and shape across samples implying 
similar stacking characteristics (315). Comparing the samples, Fe3C@NMC_AL shows a 
slight reduction in overall intensity compared to Fe3C@NMC, possibly due to carbon or 
impurity removal during acid treatment (316), though the D/G ratio and peak positions remain 
largely unchanged, indicating a stable core carbon structure. The NMC sample displays a 
similar spectrum to the Fe-containing samples, suggesting that the carbon framework 
dominates the Raman signal, with Fe contributions being minimal or overlapping with carbon 
peaks. Overall, the spectra reveal a disordered carbon structure across all samples, consistent 
with mesoporous, N-rich carbon, where Fe presence is not distinctly visible due to weak or 
overlapping signals. Acid treatments have a limited impact, primarily affecting intensity rather 
than the fundamental carbon structure, as no significant peak shifts or new peaks are observed. 
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Figure 6-2. Raman spectroscopy of NMC, Fe3C@NMC and Fe3C@NMC_AL 

The N2 adsorption-desorption analysis confirms the mesoporous nature of all samples, with 
type IV isotherms and H2-type hysteresis loops (Figure 6-3a), characteristic of interconnected 
mesoporous networks (175,317,318). The sharp uptake at low relative pressures (p/p⁰ < 0.1) 
indicates the coexistence of microporosity, which is commonly introduced during 
carbonization and nitrogen doping due to defect formation and heteroatom incorporation from 
nitrogen-rich precursors such as urea and D-glucosamine (319,320). The preservation of the 
hysteresis loop after Fe loading and acid treatment suggests that the long-range mesostructural 
order of NMC is largely retained throughout impregnation and post-treatment processes 
(317,321). Compared with pristine NMC, Fe3C@NMC shows a pronounced decrease in 
nitrogen uptake over the entire pressure range, indicating a reduction in BET surface area and 
pore volume. This behavior is attributed to partial pore blockage and pore filling by Fe species, 
as well as the occupation of micropores and pore entrances by Fe-Nx or Fe-Ox domains formed 
during impregnation and pyrolysis (322). Such pore blocking effects following metal 
impregnation have been widely reported for mesoporous carbons and are particularly 
significant for NMC due to its narrow and uniform pore channels (323). After acid treatment, 
Fe3C@NMC_AL exhibits a substantial recovery of adsorption capacity, especially in the 
mesoporous pressure region, indicating reopening of blocked pores and improved pore 
accessibility. The corresponding pore size distributions (Figure 6-3b) show a dominant 
mesopore peak centered at ~3-4 nm for all samples, consistent with SBA-15-derived NMC 
materials (318,324). The restored pore volume and narrower distribution after acid treatment 
confirm the effective removal unstable or bulk Fe clusters and the leaching of any residual 
silica template that may have remained trapped. Additionally, nitrogen functionalities 
originating from urea and D-glucosamine are known to stabilize atomically dispersed or 
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coordinated Fe species, enabling selective removal of excess metal while preserving 
catalytically active Fe-N sites and hierarchical porosity (325–328).  

 

Figure 6-3. (a) N2 adsorption–desorption isotherms measured at −196 °C, (b) pore size 
distribution of NMC, Fe3C@NMC and Fe3C@NMC_AL 

Thermogravimetric analysis (TGA) was employed to investigate the thermal decomposition 
behavior of NMC, Fe3C@NMC, and Fe3C@NMC_AL in air at a heating rate of 5 °C min⁻¹. 
The TGA results at 800°C showed residual masses of 16%, 46%, and 23% for NMC, 
Fe3C@NMC, and Fe3C@NMC-AT, respectively. Initial weight losses below 150°C, attributed 
to the desorption of physically adsorbed water and volatile species. The primary weight loss 
occurs between 350°C and 600°C, representing the combustion of the mesoporous carbon 
framework. Notably, the NMC support displays the highest thermal stability, with 
decomposition concluding near 600°C. In contrast, the iron-loaded samples (Fe3C@NMC and 
Fe3C@NMC_AL) exhibit a shift in the main decomposition temperature to lower values (400-
600°C). This indicates that the embedded iron species act as a catalyst for carbon oxidation, 
accelerating the combustion of the framework. The residual mass at 800°C provides a direct 
window into the effectiveness of the purification and leaching processes. While the parent 
NMC leaves a residual mass of 16% (likely arising from trace silica or template ash), the 
significantly higher residue of 46% in Fe3C@NMC confirms the successful incorporation of a 
high density of iron species within the mesoporous channels. The reduction of this residue 

Sample BET Surface Area (m2/g) 
BJH Adsorption average 
pore width nm 

NMC 263 3.4 

Fe3C@NMC 152 5.8 

Fe3C@NMC_AL 261 4.4 
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from 46% to 23% following acid treatment represents a selective refining process rather than 
a non-specific loss of material. This treatment effectively leaches away acid-labile bulk iron 
species and surface-bound carbides that obstruct mesopore accessibility, thereby exposing the 
stable, nitrogen-coordinated iron centers anchored within the carbon framework (329,330). 

Samples %C %H %N %S 

NMC 68 1 8 0.737 

Fe3C@NMC 43 1.3 7 2.51 

Fe3C@NMC -AL 53 1.5 8 1.11 

 

 

Figure 6-4. Thermogravimetric analysis of NMC, Fe3C@NMC and Fe3C@NMC_AL. 

The selective removal of the iron phase is further validated by Total Reflection X-ray 
Fluorescence (TXRF).  
The iron content of the and Fe3C@NMC and Fe3C@NMC_AL were quantitatively assessed 
using TXRF spectroscopy. To enable accurate comparison, both samples were digested in aqua 
regia under reflux for 4 hours, diluted to 40 mL with ultrapure water, and filtered prior to TXRF 
analysis. The measured Fe concentrations were 7.727 mg/L for the untreated sample and 4.028 
mg/L for the acid-treated counterpart. These values were normalized to the original sample 
masses (2.8 mg and 2.4 mg, respectively) to calculate the iron content as a percentage by 
weight (wt%). The quantification results are summarized in Table 6-1: 

Table 6-1. Quantification of Fe content in Fe3C@NMC and after acid treatment (aqua regia 
digestion: 10 mL aqua regia under reflux, then diluted with 40 mL ultrapure water to 50 mL 
total) 

Samples Fe3C@NMC Fe3C@NMC_AL 
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Sample mass (mg) 2.8 2.4 

TXRF Fe concentration (mg/L) 7.727 4.028 

Digest volume (mL) 50 50 

Total Fe in solution (mg) 0.155 0.201 

Fe content (wt%) 13.80 8.39 

The results shown in Table 6-1 indicate that the Fe content in Fe3C@NMC decreases from 
13.80 wt% before acid treatment to 8.39 wt% after aqua regia digestion, corresponding to a 
~39.2% loss of iron. The detection limit for Fe (0.011 mg/L) is well below the measured 
concentrations, confirming quantitative accuracy. This trend is mirrored in the TGA data, 
where the residual mass dropped from 46% to 23%, confirming the effective removal of acid-
labile iron species. These leached components likely represent surface-exposed iron carbides 
(Fe3C) or bulk oxide phases that are poorly integrated into the carbon framework. Despite the 
aggressive aqua regia digestion used for TXRF preparation, the retention of 8.39 wt% of iron 
highlights the exceptional stability of the remaining metal centers, which are presumably 
protected by the N-doped carbon matrix or stabilized via Fe-Nx coordination. 
The discrepancy between the TXRF weight percentage and the TGA residue is attributed to 
the presence of residual silica template (16% residue in the parent NMC) and the oxidation of 
iron into heavier Fe2O3 phases during thermal decomposition in air. 

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface chemical 
composition, elemental distribution, and bonding configurations of NMC, Fe3C@NMC, and 
Fe3C@NMC_AL. Owing to its intrinsic surface sensitivity (sampling depth < 5 nm, and < 2 
nm for Fe 2p) (331,332). XPS provides complementary information to bulk-sensitive 
techniques such as XRD, TGA, and TXRF, enabling differentiation between surface-exposed 
species and bulk-embedded phases. Two independent XPS instruments were used for the 
measurements, Kratos Axis UltraDLD for Fe3C@NMC, and Kratos AXIS Supra for 
Fe3C@NMC_AT. Although both instruments employ a monochromatic Al Kα source (hν = 
1486.6 eV), minor variations in spectral features may arise from instrumental differences; 
however, all spectra were calibrated and interpreted to ensure that the observed trends reflect 
genuine chemical changes rather than instrumental artifacts. These effects are carefully 
considered below to ensure that the observed chemical trends reflect true material changes 
rather than instrumental artifacts. All spectra were analyzed using CasaXPS, with binding 
energies referenced to the C 1s peak at 284.5 eV (C-C/C-H). Background subtraction and peak 
fitting procedures were selected based on established best practices for each core level and 
applied consistently within each dataset.  
The wide-scan (survey) spectra in Figure 6-5, confirm the presence of C, N, O, and Fe in 
Fe3C@NMC prior to acid treatment, while after acid treatment the Fe signal is strongly 
attenuated at the surface. The lower Fe content derived from XPS compared to TXRF arises 
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from the shallow sampling depth of XPS (≈1-5 nm), which probes only the outermost surface 
layers rather than the bulk composition. XPS probes only the outermost atomic layers, whereas 
TXRF quantifies the total elemental content after complete digestion. Minor Si contributions 
originate from residual silica associated with the CMK-3 template, consistent with previous 
reports on hard-templated mesoporous carbons (333). The atomic concentrations derived from 
the survey spectra are summarized in Table 6-2. 

 

Figure 6-5. Wide‐scan XPS survey of Fe3C@NMCN and b) Fe3C@NMC-AL. 

Table 6-2. Surface atomic composition in wt. % from XPS survey spectra. 

Element wt% C O Fe N Si 

Fe3C@NMC 58.4 20.2 4.7 7.40 7.2 

Fe3C@NMC_AL 74.7 13 1.3 5.9 5.2 

High-resolution C 1s spectra were recorded to elucidate the chemical environment of surface 
carbon before and after acid treatment. The deconvoluted components and their assignments 
are summarized in Table 6-3. In Fe3C@NMC, the C 1s spectrum is dominated by a sharp peak 
centered at ~284.5 eV, corresponding to graphitic C-C/C=C and C-H bonds, characteristic of 
sp2-hybridized carbon in extended aromatic frameworks (334,335). Additional components at 
~285.7 eV and ~286.9 eV are assigned to C-N and C-O species, respectively, confirming 
successful nitrogen incorporation into the carbon lattice. A weak π-π* shake-up satellite at 
~290.9 eV further indicates the presence of conjugated aromatic domains (336). Following 
acid treatment (Figure 6-7a), the C 1s envelope becomes broader and more complex, indicating 
significant surface oxidation. In addition to graphitic carbon at 284.4 eV, new components 
corresponding to aliphatic carbon (285.1 eV), secondary carbon (286.0 eV), C-O/C-N 
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functionalities (287.1 eV), carbonyl groups (C=O, 288.3 eV), and carboxyl groups (COOH, 
289.5 eV) are observed. Weak shoulders at 291.2 eV and 293.0 eV are attributed to π-π* 
transitions and highly oxidized carbon species (335,337,338). The increased abundance of 
oxygen-containing groups after acid treatment contributes to enhanced surface polarity and 
may further attenuate photoelectrons have emitted from subsurface iron species.  

Table 6-3. C 1s peak assignments before and after acid treatment. 

Binding energy 
(eV) 

Assignment Fe3C@NMC Fe3C@NMC_AL 

284.4-284.5 C-C / C=C (graphitic) ✓ ✓ 

285.1-285.7 Aliphatic C / C-N ✓ ✓ 

286.0-286.9 Secondary C / C-O ✓ ✓ 

287.1 C-O / C-N - ✓ 

288.3 C=O - ✓ 

289.5 COOH - ✓ 

290.9-293.0 π-π* shake-up ✓ ✓ 

The N 1s spectra provides insight into nitrogen bonding configurations and metal-nitrogen 

interactions. Prior to acid treatment (Figure 6-6a), the N 1s region can be deconvoluted into 

pyridinic N and Fe-N coordination (~398.3 eV), pyrrolic N (~399.5 eV), graphitic N (~400.6 

eV), quaternary N (~402.5 eV), and oxidized N species (~405.3 eV). Pyridinic nitrogen species 

are widely recognized as preferential anchoring sites for transition metals into N-doped carbon 

frameworks and are closely associated with the formation of Fe-Nx coordination environments. 

After acid treatment (Figure 6-7b) (, pyridinic nitrogen remains at ~398.2 eV, while a distinct 

metal-nitrogen coordination feature is observed at ~399.5 eV. Pyrrolic and graphitic nitrogen 

components appear at ~400.6 eV and ~401.8 eV, respectively. The emergence of NOx species 

at ~403.8 and ~405.7 eV indicates partial oxidation of surface nitrogen functionalities during 

acid treatment. Importantly, the persistence of pyridinic nitrogen and metal-nitrogen 

coordination signals is consistent with the presence of acid-resistant Fe-Nₓ moieties embedded 

within the carbon matrix (339–342).  

The highest binding energy component at ~533.2 eV is primarily assigned to C-O-type surface 

functionalities (alcohols and ethers), with a possible contribution from sulfate-related oxygen 

species (SO4
-), consistent with the presence of sulfur in the survey spectrum and the use of 

sulfuric acid during synthesis (335). Given the shallow sampling depth of XPS, this 
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observation reflects surface depletion or encapsulation of iron species rather than complete 

loss of iron from the material, in agreement with TXRF and XRD analyses. 

 

Figure 6-6. High-resolution XPS spectra of the a) N 1s, b) O 1s, and c) Fe 2p of Fe3C@NMC. 

The Fe 2p core-level spectrum of Fe3C@NMC before acid treatment reveals detailed 
information on iron oxidation states and coordination environments (Figure 6-6c). The Fe2p3/2 
peak can be deconvoluted into two regions exhibiting a characteristic multiplet structure; the 
first region at lower binding energy is composed by the peaks at 708.4 eV, 709.7 eV, 710.8 
eV, 712.1 eV and 715.4 eV. These binding energies positions correspond to Fe2+ iron oxide 
phase. The second region is composed by the peaks at binding energies of 710.2 eV, 711.2 eV, 
712.2 eV, 713.3 eV and 714.4 eV typical of Fe3+ iron oxide in the form of FeOOH . The satellite 
peak at 719.5 eV is consistent with the Fe3+ iron hydroxide (343–345). Quantitative fitting 
indicates that Fe³⁺ accounts for approximately 77.5% of the surface iron, with Fe2+ contributing 
~22.5%. This distribution demonstrates that prior to acid treatment, a significant fraction of 
iron exists as surface-exposed oxide or oxyhydroxide species rather than exclusively as Fe-Nx 
coordinated centers. Such surface-accessible iron phases have been widely reported to catalyze 
carbon oxidation and obstruct pore accessibility, in agreement with the trends observed in TGA 
and nitrogen sorption analyses (341,346–348). After acid treatment, the Fe 2p signal falls 
below the reliable detection limit of XPS, indicating the effective removal of surface-exposed 
iron oxides and carbides. Consequently, detailed Fe 2p fitting after AT was not meaningful. 
Instead, the evolution of nitrogen chemical states was used as the primary indicator of 
stabilized metal-nitrogen coordination. The O1s spectrum of Fe3C@NMC (Figure 6-6c) 
consists of four main components. The lower binding energy peak at 529.9 eV is due to the 
lattice iron oxide. The second one at 531.1 eV corresponds to Hydroxyl group of iron 
hydroxide and defective oxide (349), the third at 532.0 eV to carbonyl group in O=C, oxidized 
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Figure 6-7. High-resolution XPS spectra of the C 1s and N 1s regions for the 
Fe3C@NMC_AL. 

6.3. RRDE Analysis of ORR Performance 

The electrocatalysts’ performance in terms of ORR activity, selectivity, and stability was 

evaluated in a RRDE setup in both alkaline (0.1 M KOH) and acidic media (0.1 M HClO4). 

Figure 6-9 displays the CVs recorded in both N2- and O2-saturated electrolytes, to evaluate the 

occurrence of cathodic currents associated with oxygen reduction. In the O2-saturated 

electrolyte, a pronounced reduction current is observed, indicative of electrochemical oxygen 

reduction activity. Specifically, in alkaline media, the reduction peaks appear within the 

potential window of 0.7-1.0 VRHE, while in acidic media, they are observed in the range of 0.4-

0.8 VRHE, in agreement with previous studies on Fe-based materials (350,351). In contrast, the 

voltammograms recorded in the N2-saturated electrolyte do not exhibit any significant cathodic 

features in the same potential window, due to the electrochemical inertness of nitrogen. This 

comparison confirms that the observed reduction current arises specifically from the presence 

of dissolved O2 in the electrolyte. Notably, even from this preliminary assessment, it is evident 

that the metal-free sample (NMC) exhibits the lowest ORR activity, as highlighted by their 

more negative onset potentials compared to metal-containing counterparts, indicating that the 

oxygen reduction is less energetically favorable in this material. The ORR activity of the 

samples under study was better estimated by recording LSVs in the O2-saturated electrolyte.  
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Figure 6-8. CVs recorded at 50 mV s-1 in N2- and O2-saturated electrolytes to evaluate cathodic 
currents associated with the ORR. Measurements were conducted in 0.1 M KOH and 0.1 M 
HClO4 for NMC, Fe3C@NMC and Fe3C@NMC_AL. 

LSVs acquired at 1600 rpm are reported in Figure 6-9 in both alkaline [Figure 6-9a] and acidic 
media [Figure 6-9b]. In both environments, the Fe-containing materials clearly outperform the 
metal-free mesoporous carbon, underlining the crucial role of Fe3C active sites in driving the 
reaction. Among them, Fe3C@NMC shows the most positive onset and half-wave potentials, 
reflecting superior intrinsic activity. The enhanced performance can be attributed to the 
synergistic interaction between the Fe3C nanoparticles and the surrounding N-doped carbon 
shell, combined with the well-preserved mesoporosity revealed by the N2-sorption analysis, 
which might provide a higher density of accessible active sites. The outstanding ORR 
performance of this sample can further be attributed to its highest pyridinic-N content (rel. at. 
% = 31.2), as revealed by the XPS analysis, since pyridinic-N is widely recognized as the most 
active nitrogen moiety (352). With a reduced amount of pyridinic-N (rel. at. % = 26.3), 
Fe3C@NMC_AL exhibits reduced activity, which can be also ascribed to its less favorable 
textural framework. The metal-free carbons (NMC) display much lower onset and half-wave 
potentials despite their mesoporous structures, confirming that a well-developed textural 
framework alone is not sufficient to promote efficient ORR in the absence of Fe species. 
Interestingly, the performance gap between Fe-containing and metal-free samples becomes 
more pronounced in acidic electrolyte. In alkaline media, the ORR can proceed through 
different pathways and benefit from the contribution of nitrogen-doped carbon sites, which 
remain catalytically active (353,354). This is because under alkaline conditions, most nitrogen 
functionalities (such as pyridinic- and pyrrolic-N) are in their deprotonated form, allowing 
efficient electron donation to adjacent sites and facilitating oxygen reduction (355), possibly 
also through outer-sphere electron transfer mechanisms (356). In contrast, in acidic medium, 
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these nitrogen functionalities undergo protonation, becoming positively charged (357–359). 
This protonation not only diminishes their ability to delocalize charge but also favors anion 
adsorption (360), both of which hinder O2 binding and reduce catalytic activity. 

 

 

Figure 6-9. ORR electrocatalytic activity measured at 1600 rpm: (a) Disk current density in 

0.1 M KOH, (b) Disk current density in 0.1 M HClO4. 

Table 6-4.Onset and half-wave potentials in both alkaline and acidic media. 

Samples Onset Potential (Eon, V) Halfwave potential 
(E1/2, V) 

0.1M KOH 0.1M 
HClO4 

0.1M KOH 0.1M 
HClO4 

NMC 0.85 0.51 0.68 0.27 

Fe3C@NMC 0.95 0.82 0.85 0.62 

Fe3C@NMC_AL 0.96 0.80 0.84 0.64 

As a result, the intrinsic contribution of N-doped carbon to the ORR is strongly suppressed in 
acidic conditions, and the reaction relies almost entirely on the presence of stable Fe3C sites. 
In a similar manner, we can observe that the performance of the catalysts in alkaline medium 
outperforms that in acid, in trend with previous studies (361,362). Under alkaline conditions, 
the ORR mechanism at Fe3C sites is generally more favorable: electron transfer is enabled by 
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the formation of O2
- intermediates, which are stabilized in the presence of OH. This stability 

allows efficient adsorption and stepwise reduction of oxygen at the Fe centers. In contrast, in 
acidic media, O2

- is rapidly protonated and reduced, making it highly reactive and unstable, 
which hinders controlled electron transfer and reduces the overall catalytic activity (363). 
Consequently, Fe-based sites sustain faster ORR kinetics in alkaline electrolytes compared to 
acidic conditions. In conclusion, the onset (Eon) and half-wave (E1/2) potentials extracted from 
the LSVs confirm the performance hierarchy of the samples, in agreement with previous 
studies reported in literature (  

 

Table 6-6). The oxygen reduction pathway of the samples was probed by evaluating the 

electrocatalysts’ selectivity toward the four-electron reaction using a rotating ring-disk 

electrode (RRDE). Hydrogen peroxide formed at the disk can diffuse to the ring, where it 

undergoes oxidation on the Pt surface through a two-electron pathway. Currents measured at 

disk [Figure 6-10] and ring are then used to calculate the number of electrons transferred (Eq. 

6-1) and the amount of peroxide generated (Eq. 6-2), providing insight into the selectivity of 

the electrocatalysts  

𝑁  =  4  × 𝐼𝐷𝐼𝐷 + 𝐼𝑅/𝑁 
Eq. 6-1 

𝐻𝑂2−% (𝐻2𝑂2 %)  =  200  × 𝐼𝑅/𝑁𝐼𝐷 + 𝐼𝑅/𝑁 
Eq. 6-2 

ID and IR are the disk and ring current recorded at 1600 RPM, while N is the collection 

efficiency equal to 0.4.  
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Figure 6-10. ORR selectivity expressed in terms of electron transfer number and peroxide 

yield, measured in the 4-electrodes configuration (RRDE setup) at 1600 rpm in (a) 0.1 M 

KOH and (b) 0.1 M HClO₄. 

Table 6-5. Electron transfer numbers and peroxide yields (H2O2 %) at 0.5 V for various 
synthesized catalysts in 0.1 M KOH and 0.1 M HClO4 media. 

Samples Electron Transfer 
Number @0.5 V 

HO2
-% or H2O2% @0.5 V 

0.1M 
KOH 

0.1M 
HClO4 

0.1M KOH 0.1M HClO4 

NMC 3 2.86 48.44 56.7 

Fe3C@NMC 3.5 3.45 22.66 28 
Fe3C@NMC_AL 3.7 3.79 16 10 

The RRDE results confirm that the oxygen reduction on Fe-containing catalysts proceeds 

predominantly through the desirable four-electron pathway, with only minor production of 

hydrogen peroxide. In both media, Fe3C@NMC-AT exhibits high disk currents and very low 

ring currents, translating into an electron transfer number close to 4 and low peroxide yields. 

By contrast, the metal-free carbons shows significantly higher ring currents, consistent with a 

two-electron dominated process leading to H2O2 formation. On the other hand, metal-free 

carbons exhibit electron transfer numbers well below 3 and peroxide yields exceeding 40%, 

further corroborating literature reports that highlight the crucial role of Fe incorporation not 

only in enhancing ORR activity, but also in steering the reaction toward the more efficient 

four-electron pathway (Table 6-5). 
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In alkaline conditions, the catalyst retains approximately 90% of its initial current density 
after 4 hours of operation, indicating excellent electrochemical stability. In contrast, a more 
pronounced degradation is observed under acidic conditions, with current density decreasing 
by over 50% in the same timeframe. This disparity highlights the greater resilience of Fe-
based catalysts in alkaline environments, while the lower stability in acid is likely due to Fe 
demetallation. In acidic conditions, Fe3C nanoparticles are thermodynamically unstable and 
can gradually corrode, releasing Fe2+/Fe3+ ions into the electrolyte. These dissolved species 
may catalyze Fenton-type reactions with hydrogen peroxide, generating highly reactive 
hydroxyl radicals that accelerate carbon degradation and compromise catalyst durability 
(364). These results underscore the persistent challenge of implementing Fe-based 
electrocatalysts in proton exchange membrane fuel cells, where acidic conditions prevail. 
However, the high stability observed in alkaline media supports the promising potential of 
this material as a cathode catalyst for anion exchange membrane (AEM) fuel cells, where the 
operating environment is more compatible with the stability window of Fe-based materials.  
 

Table 6-6. Brief literature review of Fe3C-based electrocatalysts for ORR applications. 

Electrocatalyst Electrolyte 
Eon 

(VRHE) 
E1/2 (VRHE) 

Transferred 

Electrons 

 (@ 0.5 VRHE) 

Ref. 

FeSA-Fe3C/NC 
0.1 M 
KOH 

0.99 0.88 3.7 (365) 

Fe−Fe3C@C/CNT
_Urea 

0.1 M 
KOH 

- 0.87 3.9 (366) 

NFC@Fe/Fe3C-9 
0.1 M 
KOH 

- 0.87 3.97 (367) 

N-doped Fe/Fe3 

C@C/RGO 
0.1 M 
KOH 

1 0.93 3.5 (368) 

Fe3O4/Fe3C@NC-
1 

0.1 M 
KOH 

0.97 0.81 3.9 (369) 

Fe3C@NMC_AL 

0.1 M 
KOH 

 

0.98 0.87 3.6 This work 

 

6.3.1. Conclusion 

In this chapter, Fe3C-containing nitrogen-doped mesoporous carbon catalysts were 
investigated for the oxygen reduction reaction in alkaline and acidic media. The incorporation 
of Fe3C substantially enhanced ORR activity compared with metal-free NMC, with 
Fe3C@NMC showing the most positive onset and half-wave potentials, demonstrating the 
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important role of Fe3C sites and their interaction with the N-doped carbon framework. RRDE 
measurements further confirmed that Fe-containing catalysts preferentially promote the four-
electron ORR pathway, with Fe3C@NMC-AL reaching an electron-transfer number of 3.7 in 
alkaline and 3.79 in acidic media, together with substantially reduced peroxide formation 
compared with NMC. The catalysts also showed markedly better stability in alkaline 
conditions, retaining about 90% of the initial current after 4 h, whereas stronger degradation 
occurred in acidic media. 
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Chapter 7. Final remarks 
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7.1. Conclusions and addressed research questions 

his doctoral dissertation has systematically investigated the rational design, green 
synthesis, and operational optimization of advanced porous electrocatalysts for key 

reactions in the sustainable energy transition. By integrating materials science with 
electrochemical engineering, the research established critical structure-performance 
relationships across four distinct catalytic systems: 

1. Rational design and green synthesis strategies 
A major contribution of this thesis is the development of solvent-free and environmentally 
benign synthesis routes. The implementation of the steam-assisted dry-gel approach for ZIFs 
and Cu-MOFs successfully eliminated toxic organic solvents while providing precise control 
over crystal growth. This methodology revealed that water vapor volume is a decisive 
parameter in modulating particle size distribution and morphological homogeneity, which are 
essential for creating an effective three-phase interface in gas-diffusion electrodes. The 
transition from 3D microporous ZIFs to hierarchical 2D Cu-MOF flakes further demonstrated 
how anisotropic growth enhances active-site exposure and mass transport. 
2. Mechanistic insights into selectivity and coordination 
This thesis provided fundamental insights into how the local coordination environment and 
metal centre identity steer reaction pathways. A direct comparison between isostructural ZIFs 
showed that while Zn-based ZIF-8 selectively produces CO, the Co-based ZIF-67 
predominantly favours the hydrogen evolution reaction, proving that intrinsic electronic 
properties of the metal centre outweigh surface area or CO2 adsorption capacity alone. The 
study of nitrogen-coordinated Cu-MOFs demonstrated that catalyst loading and layer thickness 
are critical for multi-carbon production. Thicker catalyst layers were found to enhance *CO 
surface coverage and residence time, facilitating the coupling steps required to achieve a 
maximum ethylene Faradaic efficiency of 51.6% in zero-gap assemblies Through operando 
soft-XAS, this study confirmed the reversible reduction of Cu2+ to metallic Cu during active 
CO2RR, providing a real-time link between the catalyst's dynamic electronic state and its 
product selectivity. 
3. Operational robustness and system engineering 
To bridge the gap between lab-scale discovery and industrial viability, this thesis addressed the 
critical challenge of long-term operational stability. The investigation into Ni3S2 anchored on 
nitrogen-doped mesoporous carbon (showed that sulfur coordination modifies the electronic 
structure to suppress HER and favour CO2-to-CO conversion with efficiencies above 90%. 
Mitigating. A significant finding was that controlling the anolyte pH is essential for preventing 
salt precipitation in zero-gap MEAs. By operating at a moderate acidity (pH ≈ 3), the 
NiSx@NMC catalyst achieved an exceptional stability of 450 minutes, effectively managing 
the trade-off between proton availability and carbonate-related degradation. The shift from 
liquid-phase flow cells to zero-gap MEA architectures was shown to significantly alter the 

T 
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local microenvironment, generally enhancing C2 selectivity but requiring more sophisticated 
water and salt management strategies. 
The studies on Fe-doped nitrogen-rich mesoporous carbons for the oxygen reduction reaction 
underlined the efficiency of Fe3C active sites in driving the four-electron pathway. 
In conclusion, this thesis offers materials-by-design framework for scalable CO2 utilization. 
Collectively, these findings contribute to the development of a circular carbon economy, 
transforming CO2 from an environmental threat into a valuable chemical resource. 

7.2. Future Works 

Although in this work fundamental goals have been achieved, there are several aspects that can 
still be improved and further developed to advance the understanding and performance of 
electrochemical CO2 reduction systems. 
A priority is the improvement of stability in Cu-based MOF systems. Future work should focus 
on structural modifications such as integration with conductive carbon supports, partial 
pyrolysis, or surface engineering to mitigate degradation under electrochemical conditions. 
Stabilizing the active Cu sites while preserving their ability to promote C–C coupling is 
essential for sustained C2+ product formation. 
Secondly, the development of single-atom catalysts (SACs) based on the SBA-15 nanocasting 
approach represents a highly promising direction. This method can be adapted to produce 
atomically dispersed M–Nx sites within nitrogen-rich mesoporous carbon. Such systems 
maximize atom efficiency, reduce material costs, and effectively suppress the competing 
hydrogen evolution reaction. Moreover, the well-defined nature of SACs enables clearer 
mechanistic insights and facilitates correlation with theoretical modelling (370,371). 
Finally, efforts should focus on the scaling up of green and sustainable synthesis methods. 
Since the synthesis method developed for ZIFs and MOF-based materials is simple and 
environmentally friendly, it offers strong potential for scalability. The low-solvent and steam-
assisted approach enables easier scale-up by reducing reactor volume requirements, energy 
consumption, and process complexity. Future work should focus on increasing batch size and 
optimizing process parameters while maintaining control over key properties such as 
morphology, porosity, and crystallinity. 
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