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Abstract

The growing global demand forfglobally sustainable energy technologies has fueled the
quest for efficient electrocatalysts for fuel cell applications. The oxygen reduction
reaction (ORR) at the cathode remains a major kinetic limitation affecting the
performance of proton exchange membrane fuel cells (PEMFCs). Currently, platinum-
based catalysts have the highest ORR activity. Nevertheless, the high cost, scarcity, and
long-term ORR activity of platinum-based catalysts remain major barriers to the large-
scale commercialization of PEMFCs. As a result, there has been a notable quest for the
synthesis of novel electrocatalysts from earth-abundant elements, among which the Fe-
N-C catalysts have been noted for their desirable catalytic activity coupled with
structural flexibility.

This chapter explains how the presence of heteroatom dopants affects the structural and
electrochemical behavior of mesoporous Fe-N-C catalysts. Boron-doped (FeNBC) and
sulfur-doped (FeNSC) catalysts, prepared using the hard-template synthesis method,
were studied. The hard-template method involved the infiltration of iron, nitrogen, and
carbon precursor materials into the ordered pores of an SBA-15 mesoporous silica
template. The catalysts were produced by high-temperature pyrolysis of the precursor
materials under a nitrogen atmosphere, followed by chemical removal of the silica
template using sodium hydroxide (NaOH) and hydrochloric acid (HCl) to remove
metallic species and impurities. The result of this process is that a mesoporous carbon
material was created that has the same structure as the SBA-15 template. Before
performing a second pyrolysis to increase graphitization, electrical conductivity, and
stability, boron and sulfur dopants were incorporated into the precursor preparation
(using boric acid and thiourea, respectively) to create catalysts with different levels of
doping.

The produced materials were examined by Scanning Electron Microscopy (SEM) and
Energy Dispersive X-ray Spectroscopy (EDX), determining morphology, structure, and
elemental composition. The electrochemical testing of the catalysts was performed
using a Rotating Disk Electrode (RDE) and Rotating Ring-Disk Electrode (RRDE)
method, in order to investigate the catalytic activity of oxygen reduction reactions
(ORR). The data show that the sulphur doped catalysts had superior ORR performance
as compared to the boron doped catalysts. The catalyst doped with FeNSC presented an
dopant of sulfur, and had electrochemical characteristics very similar to the reference
sample of Fe-N-C, as exhibited by their close onset potential and limiting current
density. Furthermore, the electrochemical results showed that all of the catalysts were
predominantly four-electron ORR materials, with low yields of hydrogen peroxide,
thereby exhibiting high catalytic efficiencies and selectivities for the ORR.



Results indicate that sulfur-doped catalysts maintain the templated mesoporous SBA-
15 structure with a more uniform elemental distribution. Conversely, the boron-doped
samples have less defined morphology and higher apparent boron content, which can
be attributed to EDX quantification limitations arising from peak overlap with carbon.
Collectively, this study has provided further understanding of the role of heteroatom
doping in tuning the structural and electrochemical properties of Fe-N-C catalysts and
will assist in developing low-cost electrocatalysts for use in fuel cells.
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CHAPTER 1

1. INTRODUCTION
1.1 Global Energy Challenges and Fuel Cells

Due to the continuous growth of the global population and the associated increase in
industrial activities, global energy demand has risen significantly. Although the majority
of energy production still relies on fossil fuels such as coal and petroleum, it is now well
established that these resources cause severe environmental problems. The most critical
of these issues are greenhouse gas (GHG) emissions, along with other pollutants, such
as sulfur dioxide (SO2), which are generated during combustion.[1]. As shown in Figure
1.1, fossil fuels still represent the dominant share of global primary energy consumption
in 2024.

World

Other Renewables: 33

Hydro Electric: 16 ———

Nuclear Energy: 31 ———— " Coal: 165
Natural Gas: 149 —
Qil: 199
® Coal @ Cil @ Natural Gas @ Nuclear Energy @ Hydro Electric Other Renewables

Figure1 -1 Global primary energy consumption by source in 2024 [2]

Carbon dioxide (CO:), a significant GHG, is emitted primarily from fossil fuel
combustion. Therefore, the importance of developing clean and renewable energy
systems is consistently recognized as a means of addressing the problem of increasing
levels of atmospheric carbon dioxide and other greenhouse gases.

In response to environmental degradation and increasing energy production and use,
there has been a strong emphasis on developing new technologies for producing
renewable forms of energy with reduced levels of GHG emissions while maintaining
high-level efficiencies.



New technologies using both wind and solar sources of renewable energy have been
identified as two of the most promising methods for producing renewable energy, yet
they each have challenges associated with their use due to their lack of availability in
an "intermittent" fashion, environmental impacts, and the need for energy storage and
conversion. Thus, improvements in energy conversion technologies will be essential to
supporting the integration of renewable energy sources into a broader, more sustainable
energy system.

An example of an energy conversion technology is a fuel cell which produces electrical
energy from the chemical energy contained in fuels through electrochemical reactions.
Fuel cells have an exceptionally high efficiency rate and their unique operating
methodology makes them appealing as an alternative form of energy production. [3]

Fuel cells, as opposed to thermodynamic engines that are restricted by the Carnot
efficiency limit [4] and thus dependent on combustion as an energy source, do not suffer
from this limitation. The U.S Department of Energy claims that fuel cells provide
significantly higher operating efficiency than traditional thermally-driven methods, as
well as significantly lower amounts of harmful emissions. One of the most attractive
aspects of many types of fuel cell systems is that water is their primary by-product;
therefore, they have an added ecological benefit.[5]

A fuel cell consists of three primary parts: an anode, a cathode, and an electrolyte. The
electrochemical reactions that occur at the interfaces of the electrodes and the
electrolyte determine how well the fuel cell can perform and are also dependent on the
chemical composition and physical characteristics of each of the electrodes and
electrolytes used in the design of the fuel cell. All fuel cells have been considered for
use in numerous applications, such as portable and stationary electricity generation,
portable electronic devices, vehicular applications, and many others due to their
modular design, high efficiency and low environmental impact.

1.2 Oxygen Reduction Reaction in Fuel Cells.

The electrocatalytic properties of the electrode-electrolyte interfaces are the key to how
well fuel cells work. The fuel cell’s overall efficiency and output are in large part
determined by the cathodic reaction (oxygen reduction reaction ) and how fast it occurs.

While the ORR has a huge impact on fuel cell performance, its sluggish reaction kinetics
limit it from providing the performance capabilities for fuel cells as it should. Therefore,
the energy losses and limitations in the performance of fuel cells are primarily
attributable to the ORR.



The current investigation will seek to evaluate the proton exchange membrane fuel cell
(PEMFC) performance given the low operational temperature (80°C), and performance
characteristics (low operational temperature, low operational volume, high power
density and no emission from the PEMFC (only product from the PEMFC is water)). In
a PEMFC, hydrogen is oxidized at the anode (the positive electrode) and produces
protons and electrons, and oxygen is reduced at the cathode (the negative electrode) and
combines with the protons and electrons to produce both water and produce
electricity.[6]
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Figure 1.2 The working mechanisms of the fuel cells [7]

Under acidic conditions in a fuel cell, the ORR ideally consists of the conversion of
oxygen into water through a four-electron pathway, as shown in Equation (1.1):

0, + 4H* + 4e~ -» 2H,0 (1.1)

However, the ORR in acidic media may also proceed via a two-electron pathway,
leading to the formation of hydrogen peroxide as an intermediate or final product, as
described in Equation (1.2):

H,0, + 2H* + 2e~ - 2H,0 (1.2)

Under alkaline conditions, the ORR follows a four-electron pathway to form
hydroxide ions (OH"), as shown in Equation (1.3):

0, + 2H,0 + 4e~ > 40H~ (1.3)

Similarly, a two-electron pathway can occur in alkaline media, resulting in the
formation of hydroperoxide species, as expressed in Equation (1.4):

HO; + H,0 +2e~ - 30H™ (1.4)



The four-electron route for ORR is the most efficient and does not involve peroxide
species, which would degrade over life due to the high energy charge of this route. The
steps of the mechanism for ORR can be broken down into three different elementary
processes: (1) oxygen binding to the electrode surface; (2) cleavage of the O-O bond;
(3) transfer of electrons and protons. For these reasons, the kinetics for ORR are very
complex.

Since ORR has very low reaction rates, there is a loss of voltage at the cathode called
an overpotential. There are three types of overpotentials: activation, ohmic and
concentration losses.

e Activation Losses (Nact)

Activation losses occur due to activation energies, which are prominent for ORR. A
simplified description, following a Tafel-type equation, for activation losses can be
expressed by Equation (1.5):

_RTl (1) L5
et = gm0 (5 (1.5)

where i is the current density, i is the exchange current density, « is the charge transfer
coefficient, n is the number of transferred electrons, R is the gas constant, T is the
temperature, and F is the Faraday constant.

e Ohmic Losses (1ohm)

The current flow of ions and electrons through the fuel cell's various parts, such as
electrolytes, electrodes, and current collectors, causes energy loss due to their
resistance. This 1s called Ohmic loss, which can be computed using Ohm's Law
(Equation 1.6).

Nohm = IR (16)
where R denotes the overall internal resistance of the system

e Concentration Losses (1)conc)

Additionally, at high currents, oxygen reduction reaction velocity limitations can cause
reactants to accumulate at the surface of the electrodes. Since reactant concentrations
decrease near electrodes, mass transport limitations are reflected by Equation (1.7).

JICOTIC —_ l]l < ‘h ) 1 ;

One way to quantify the contribution of these various overpotentials on the actual cell's
voltage is shown in Equation 1.8, where the E° is the potential of a reversible cell.



The overall impact of the previously discussed losses to the real cell voltage can be
given as:

E=E’- Nact = Mohm - Neone  (1.8)

The electric potential of a fuel cell is determined by several overpotentials associated
with the electrochemical reactions occurring at the electrodes. Substantial work is being
done to enhance the efficiency of electrocatalysts used in fuel cells.

The kinetic and transport limitations mentioned above result in ongoing research to
develop efficient electrocatalysts that can improve the ORR kinetics and, therefore,
increase the overall efficiency of fuel cells, lower energy losses, and facilitate the
application of fuel cells more widely in practice.

1.3 Catalysts for ORR: From Platinum to Fe-N-C Materials

Over the past decade, catalysts for the oxygen reduction reaction (ORR) have shifted
away from platinum (Pt) and toward the use of more plentiful transition metals
(including steel/carbon) as one of their sources due to the cost efficiency/stability
characteristics for this type of catalysis compared to Pt. An electrocatalyst is necessary
in order to generate a sufficient performance from a fuel cell due to the slow kinetics
associated with ORR [8]; otherwise, when an electrocatalyst is not used, the rate of the
ORR is very low and energy is lost at the cathode. As a result, developing high-
efficiency ORR electrocatalysts is critical to improving existing fuel cells and creating
new fuel cell systems. To date, Pt has been the best-known electrocatalyst used for ORR
because it effectively catalyzes the ORR and optimally catalyzes it in both alkaline and
acidic conditions, as Pt directly catalyzes the four-electron reduction of O,. [9]

Furthermore, Pt is capable of achieving optimal electrochemical activity in both acidic
and alkaline mediums. However, Pt is limited or very expensive to utilize within a
commercial context for many reasons [10]. Among the challenges of working with Pt
are high raw material costs, low raw material supply, and susceptibility to degradation
during use. More specifically, under certain conditions, platinum may dissolve or
agglomerate during usage. As such, there are a sizable contingent of researchers focused
on developing new types of catalysts made from non-precious metals that are widely
available on earth; for example, catalysts composed of metal-nitrogen-carbon (M-N-C)
compounds. M-N-C type catalysts have been identified as providing a tremendous
lower-cost path while possessing catalytic activity equivalent to that of Pt for the ORR.

[11]

A large portion of the research on the use of M-NC catalysts for the ORR has
concentrated on alkaline electrochemical environments. M-NC catalysts are generally
formed from metal atoms that are attached to nitrogen atoms in a carbon support or



structure. The assembly of both metal and nitrogen as functional groups in carbon
appears to play a key role in assisting the adsorption of oxygen onto the ORR catalyst
and facilitating the transport of electrons through the ORR catalyst.[12]

There are several different types of M-N-C catalysts, and iron-based M-N-C catalysts
appear to be some of the best materials for ORR.[13] Iron is a low-cost,
environmentally-friendly alternative to other metal materials, especially at low
electrochemical potentials where it outperforms noble metals. The use of iron and
nitrogen-containing M-N-C catalysts have also been shown to possess high catalytic
activity, especially in alkaline electrochemical environments, and to be steadily
increasing in catalytic activity in acidic environments as well.[14] However, there are
several limitations to using iron and nitrogen-containing M-N-C catalysts including low
concentration of active sites, low conductivity, and low stability.

1.4 Fe-N-C Catalysts: Structure, Performance, and Challenges

The Fe-N-C family of catalysts is classified as one of the prospective non-precious
metal materials due to the reasonably low price and abundance of both iron and carbon.
The Fe-N-C based materials are the best overall combination of any of the classes of
catalysts for Oxygen Reduction Reactions[15]. The two main properties that influence
ORR activity are the structure and nature of the active sites, as well as the arrangement
of the Fe, N, and C chemically bonded together; i.e., Fe, N, C arrangements within a
carbon structure. Although there have been significant advancements made in the
development of Fe-N-C based catalysts, there are still several challenges to be addressed
before these catalysts can be used at their full potential in fuel cells.

1.4.1 Active sites and catalyst structure

It is widely accepted that the catalytic activity of Fe-N-C based catalysts is due mainly
to the Fe-Nx sites in the catalyst, [Fe-Ny] that are distributed within a conductive carbon
material; the majority of overall ORR activity is likely due to the presence of the Fe-Nx
sites. The Fe-Nj sites are thought to have the greatest catalytic potential to produce ORR
products by means of the complete four-electron transfer reaction pathway.[16] While
the Fe-Nx sites have the highest activity of ORR, studies have also shown that N-doped
carbon structures contribute to improved ORR activity, including those structures that
do not contain metal coordination with nitrogen, through changes in the electronic
structure of carbon that promote the stronger adsorption of oxygen to the carbon
material.[17]

Fe-N-C catalysts rely on the synergistic interaction between the Fe-Njy active sites and
the surrounding carbon support. Although the carbon matrix does not act as the primary
catalyst, its elemental and structural characteristics play important roles in defining the
ability of the Fe-Ny active sites to be accessed, used, and stabilized.[ 18] The Impacted



porosity was a result of the development of porous carbon structure for enhancing
reactant/product transport, while high electrical conductivity of carbon allowed for
better rate of electron transfer during electrochemical reaction. In addition to these
properties, nitrogen added to the carbon matrix can stabilize Fe species as well as
generate defect sites that can provide very active sites to improve catalysis. Hence, the
synergistic relationship between Fe species, N functionalities and the carbon matrix is
critical to achieving superior activity for the ORR reaction. [19]

1.4.2 Main challenges: activity, conductivity, and durability

Fe-N-C catalysts are potential substitutes for costly metals that can perform the oxygen
reduction reaction. While these materials are promising candidates for use as oxygen
reduction catalysts, their use is still limited in practical applications. One problem is
that the density of active Fe-Nx sites is low, and the number of active Fe-Ny sites
available to the reaction is also low. As a result, the maximum achievable ORR activity
of Fe-N-C catalysts is significantly less than the Pt-based catalysts. Therefore, it has
become an important priority to enhance the number and accessibility of active Fe-Ny
sites and to improve their durability. [20]

The conductivity of carbon has an effect on the performance of Fe-N-C catalysts, and
consequently on the speed at which electrons will transfer through the catalyst layer
during ORR. Research has shown that the addition of functionalized carbon based
materials, such as carbon nanotubes, can be extremely beneficial for enhancing electron
transfer and ORR activity due in part to increased graphitization and conductivity
throughout the catalyst matrix. [21]

The main issue related with Fe-N-C catalysts (especially in the acidic conditions found
in proton exchange membrane fuel cells) is durability. Even though Fe-N-C materials
have shown considerable activity at the ORR, they have been found to be less durable
than platinum based catalysts when operating continuously because of the instability
associated with the active sites that contain Fe-Ny and degradation of the carbon
framework. As a result, continued loss of catalytic activity will substantially limit the
viability of using Fe-N-C catalysts for practical application, and therefore continued
efforts are needed to develop catalysts with high long-term durability while retaining
high ORR response. [22], [23], [24]

1.4.3 Strategy for Fe-N-C synthesis: the hard template method

Catalyst development is influenced by the way the Fe-N-C catalyst is produced. The
synthesis of porous carbons with controlled particle shape and high surface area occurs
primarily via the hard-template method which employs the use of a solid template
(SBA-15) to produce a porous carbon with predictable structure. The template helps the
precursors form proper carbon structures while allowing for control of the size, shape,
and distribution of the pores in the porous carbon's structure.[25]



By using a hard template, a continuous interconnected mesopore structure can be
generated, which results in improved mass transport and the addition of significant
numbers of active sites for the electrolyte. The ability to achieve the aforementioned
type of structural control enhances the transport of oxygen and reaction intermediates
through the use of Fe-N-C catalysts, as well as enabling Fe-N-C catalysts to maintain
their high electrical conductivity. Therefore, the use of the hard-template method will
improve both the structural characteristics and electrochemical activity of the Fe-N-C
electrocatalysts.[26]

1.5 Role of dopants to boost ORR performance in M-N-C
electrocatalysts

Although Fe-N-C electrocatalysts show promise for high levels of catalytic activity
towards the oxygen reduction reaction, this performance is highly influenced by the
electronic structure surrounding the active site as well as the physical and chemical
nature of the carbon matrix. The incorporation of dopants in the cathodic material
becomes a means to further increase the ORR activity of the material. The inclusion of
dopants can modify the local electronic environment, create additional structural
defects, and provide better charge transfer characteristics in the electrocatalyst material,
resulting in higher stability and activity.[27]

Among various heteroatoms, boron and sulfur have received particular attention due
to their ability to tailor the electronic structure of M-N-C catalysts and influence the
coordination environment of metal-nitrogen active sites. For this reason, boron and
sulfur-doped Fe-N-C catalysts are of significant interest for improving ORR
performance.[28,29]

1.5.1 Effect of boron doping on Fe-N-C catalysts

Extensive research has shown that the electronic structure of carbon-based materials
can be modified through doping with boron to produce electrocatalysts. Boron has a
lower electron density than carbon, so the incorporation of boron atoms for some of the
carbon atoms produces positively charged carbon sites on the carbon lattice surface.
When oxygen binds to these positively charged carbon sites, the electronic change
resulting from the binding of negatively charged oxygen molecules promotes an
increase in the number of oxygen molecules that will bond to the active sites (positively
charged carbon sites) of the catalyst, as well as an increase in the rate of the oxygen
reduction reaction occurring at these active sites. [30,31]

Furthermore, the introduction of boron into an Fe-N-C catalyst will modify the local
coordination environment around each active Fe-Nx center. This will create defects in
the coordination environment of the active sites, which will therefore result in
modifications of the local electron density distribution at these active sites.



Consequently, the Fe-Nx active sites will have increased intrinsic activity due to the
increased accessibility of these Fe-Nx sites and the acquisition of increased intrinsic
activity at the active sites. The incorporation of boron into the carbon matrix will
improve the overall electrical conductivity and structural integrity of the carbon support
material and will be key contributing factors for the development of conductive and
efficient electron transfer during electrochemical reactions [32]. Boron-doping in the
Fe-N-C catalysts results in the redistribution of electron density in the Fe-N-C catalyst
causing changes to the coordination environment of the Fe-Ny active site and improves
the adsorption of the oxygen, involves an increase in electrical conductivity of the
catalyst, and an increase in overall ORR activity of the catalyst vs undoped Fe-N-C
catalysts. Therefore, it can be assumed that Fe-N-C catalysts with boron-dopants will
exhibit better ORR performance than those without boron-dopants.[33, 34]

1.5.2 Effect of sulfur doping on Fe-N-C catalysts

By producing sulfur doping in carbon supports, the incorporation of sulfur: carbon has
resulted in disruptions and defects formation in the structure of the catalysts (Fe-N-C),
leading to greater oxygen absorption and electrochemically active materials (ORR). The
inclusion of sulfur into the carbon framework has additionally_changed the electronic
structure and local coordination environments of the active sites on the iron-carbon-
nitrogen catalysts (Fe-Ny), thus providing more active and durable catalytic materials.
[35]

The addition of sulfur to carbon will develop a unique electronic structure and will
accomplish this by transferring charge from the carbon to the iron atom, creating a
unique electronic structure for the active site. Developing an alternative electronic
structure for the catalyst increases the active site coordination around the iron atom.
Consequently, the result of the new electronic structures is improved intrinsic catalytic
activity of the iron-nitrogen catalysts during the oxygen-reduction reaction. In addition
to producing an alternative electronic structure for the iron-nitrogen catalyst, there are
also unique attributes of sulfur-containing functional groups; as an example, they
provide greater affinity for hydrophilicity, which will improve the ability of the
electrolyte solution to penetrate/modify the surfaces of carbon and improve the rate at
which reactants and oxygen are transported to the active sites. Increased hydrophilicity
also contributes to increased surface area available for the active sites, thus providing
increased mass transport and improved overall electrochemical catalytic activity during
the oxygen-reduction reaction compared to sulfur-free catalysts.[36, 37]

1.6 Goal and outline of the thesis

The objective of this study is to evaluate the impact of heteroatom addition to Fe-N-C
electrochemical catalysts, through both electrochemical measurement and catalyst
performance. Fe-N-C electrochemical catalysts are an economical alternative to



precious metal catalysts for oxygen reduction reaction (ORR) application and will be
used in conjunction with electronic conductive carbon substrates. The study will
analyze the effect of incorporating both boron and sulfur heteroatom doping to Fe-N-C
catalysts via hard templating on the ORR performance of the catalyst by utilizing the
electrochemical characteristics of the Fe-N-C catalyst as an analytical method. In short,
the study seeks to determine the effect of boron and sulfur doping onto Fe-N-C catalysts
on electrocatalytic activity and kinetics for ORR via systematic experimental studies.

The energy challenges that our world is dealing with today will be discussed in Chapter
1 and how fuel cells can provide a solution for converting energy in an efficient manner.
There will be some background information on the oxygen reduction reaction; however,
the focus will be on electrocatalysts as they relate to ORR. This chapter will specifically
focus on the Fe-N-C electrocatalyst system, examining the structural and performance
parameters of this system, as well as various every day challenges associated with using
this system, as well as multiple possible ways to improve ORR by doping heteroatoms.

Chapter 2 will be dedicated to providing information regarding materials, methods of
synthesis, and experimental methods used throughout this study. Details regarding how
the hard template was created and what methods/steps were taken to create the Fe-N-C
based catalysts and how boron and sulfur were incorporated into the catalysts will be
provided in this chapter. Ways that the electrodes were fabricated will also be included,
as will providing the steps for using rotating disk electrode (RDE) or rotating ring-disk
electrode (RRDE) techniques for evaluating ORR performance in terms of activity,
selectivity, and stability. electrodes/catalyst materials will be described, including
scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
for analyzing morphology and elemental composition.

Chapter 3 examines the characterization via physicochemical means of the as-prepared
boron and sulfur-doped Fe-N-C-based catalysts that were created via hard-templating.
The effects of heteroatoms and hard templating on the structure (i.e., composition and
morphology) of the catalysts were assessed using energy-dispersive X-ray Spectroscopy
(EDX) and Scanning Electron Microscopy (SEM).

Chapter 4 provides details and discussion regarding the results of the electrochemical
testing of the prepared catalysts, with a focus on their electrochemical performance and
structural characteristics.

In summary, Chapter 5 presents a summary of the major findings of this research and
provides recommendations for additional future studies and/or directions.



CHAPTER 2

2. MATERIALS AND METHODS

2.1 Materials and Chemicals

The methods of synthesizing the catalysts analysed are documented in this segment,
including a description of the various analytical tools used to assess the extent to which
the synthesised samples possess particular chemical, physical, and electrochemical
characteristics.

All the chemicals used during this project were of analytical grade, and none were
purified before being used in synthesis or as characterisation standards. All work was
performed under controlled conditions to provide the necessary reproducibility and
consistency of the synthesised catalysts and measurements made for each experiment.

The materials and chemicals provided in this section of the report were used for all the
synthesis and characterisation proceedings covered in subsequent sections. For a more
detail of the specific synthesis and characterisation methods employed, please refer to
the specific references within this chapter.

2.1.1 Chemicals and precursors used for catalyst synthesis

Hexagonally ordered mesoporous silica SBA-15 was synthesized and used as a hard
template for the preparation of Fe-N-C-based catalysts. Pluronic P123 (poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol), average Mn = 5800)
was used as the structure-directing agent, and tetraethyl orthosilicate (TEOS, 98 wt%,
Sigma-Aldrich) served as the silica precursor. Hydrochloric acid (HCI, 37 wt%) and
ultrapure water (18.2 M Q resistivity) were used during template synthesis.

For Fe-N-C catalyst preparation, iron(III) nitrate nonahydrate (Fe(NO3)3-9H20, >98%)
was used as the iron precursor and 1,10-phenanthroline (anhydrous, Sigma-Aldrich) as
the nitrogen-containing ligand and carbon precursor. Ethanol (>99.8%, Sigma-Aldrich)
and deionized water were used as solvents during the impregnation process.

The silica template was removed using sodium hydroxide solution (NaOH, 2M),
followed by hydrochloric acid treatment (HCI, 37 wt%) to eliminate residual metallic
species. All samples were pyrolyzed under a nitrogen atmosphere (high-purity N2).[38]

For boron-doped catalysts (Fe-N-B-C), boric acid (H3BO3, >99.5%) was introduced
during the impregnation step in different amounts. For sulfur-doped catalysts (Fe-N-S-
C), thiourea (CH4N2S, >99%) was used as the sulfur precursor. Apart from the addition
of these heteroatom precursors, the synthesis protocol remained identical to that of the
undoped Fe-N-C catalyst.



2.1.2 Gases and electrolytes for electrochemical measurements

The electrochemical measurements were conducted using high-purity gases and
aqueous electrolyte solutions. The supplier supplied nitrogen (NV>) gas for purging the
electrolyte solutions and to do background measurements of electrochemical properties
under inert conditions. The supplier supplied Oz gas prior to ORR measurements in the
electrolyte in order to ensure saturation of the electrolyte with O,.

Characterizations through electrochemical measurements were made in acidic and
alkaline solutions. The acidic electrolyte was 0.1M Hydrogen Perchloric Acid (HClOs).
The alkaline solution used was 0.1M Potassium Hydroxide (KOH). Deionized water
was used to prepare each one of the sources of the electrodes electrochemically prior to
performing their electrochemical measurements.

For the preparation of 0.1 M HClO4, a 500 mL volumetric flask was used. A volume of
4.3 mL of concentrated perchloric acid (HClO4) was carefully measured and diluted
with deionized water. Initially, a portion of deionized water was added to the flask,
followed by the slow addition of concentrated acid with gentle mixing to ensure
complete homogenization. The solution was then diluted to the final volume of 500 mL
with deionized water.

In the same way, to prepare a 0.1 M KOH (500 mL), 2.8 g of KOH pellets were
dissolved in deionized water using the same dilution procedure as above. The pellets
were completely dissolved before adjusting to 500 mL.

All of the electrolyte solutions were purged with the appropriate gas prior to performing
the corresponding electrochemical tests, thereby ensuring that the testing was
performed under repeatable and consistent conditions.

2.2 Synthesis of the Hard Template (SBA-15)

SBA-15 is a mesoporous silica, made by soft templating. In making SBA-15, a triblock
copolymer is a structure directing agent and tetraethylorthosilicate (TEOS) serves as a
silica precursor in an acid solution. This process occurs under controlled temperature
and stirring conditions to create a two dimensional (2D) hexagonal pore structure with
high surface area and ordered structure and multiwall pores.[39] The SBA-15 was then
used to create an Fe-N-C type catalyst using it as a hard template.
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Figure 2-1 Schematic illustration of the main mechanism of the hard-template method [40]



2.2.1 Preparation of SBA-15

The synthesis was carried out in a 1L reactor placed in an oil bath maintained at 40 °C.
An acidic aqueous solution was first prepared by mixing 340 mL of deionized water
with 48.8 mL of hydrochloric acid under continuous stirring until complete
homogenization was achieved. Once thermal equilibrium was reached, 10 g of Pluronic
P123 were added to the solution. The mixture was stirred at 40 °C for 5-6 hours,
allowing complete dissolution of the polymer and the formation of micellar aggregates
that define the mesostructure of the template.

Subsequently, 24 mL of tetracthyl orthosilicate (TEOS) were introduced into the
reaction mixture. The system was maintained under stirring at 40 °C for 20 hours,
during which the silica precursor underwent hydrolysis and condensation around the
polymeric micelles, leading to the formation of an ordered silica-polymer composite.

The resulting suspension was then subjected to hydrothermal aging at 100°C for 24
hours in an autoclave, a treatment that promotes further silica condensation and
improves the structural ordering of the mesoporous framework. After aging, the reactor
was allowed to cool naturally to room temperature before opening. The solid product
was homogenized by stirring, recovered by vacuum filtration, and thoroughly washed
several times with deionized water to remove residual acid and soluble by-products.

The collected solid was dried overnight at room temperature and finally calcined in air
at 550°C, using a heating rate of 2 °C min™! and a dwell time of 10 hours, to remove the
organic template and obtain the ordered mesoporous SBA-15 silica used as hard
template in the subsequent Fe-N-C synthesis.

"%

Deionized water (>24hrs) Aging (>24hrs) Washing

" W

Figure 2-1 Schematic representation of the synthesis and preparation
method of SBA-15. [41]



2.3 Synthesis of Fe-N-C Based Catalysts

Fe-N-C-based catalysts were synthesized using SBA-15 as a hard template. The
synthesis procedure involved the impregnation of carbon, nitrogen, and iron precursors
into the mesoporous silica framework, followed by two pyrolysis steps, the first after
the precursors mix step and the second after the washing step. Variations of the same
procedure were applied to obtain boron- and sulfur-doped catalysts.

2.3.1 Synthesis of Fe-N-C catalys

The Fe-N-C catalyst was synthesized using SBA-15 as a hard template. In a typical
synthesis, 500 mg of SBA-15 was dispersed in a mixed solvent composed of 10 mL
deionized water and 10 mL ethanol. The solvent mixture was placed under magnetic
stirring, and SBA-15 was added gradually until a homogeneous suspension was
obtained.

In parallel, an oil bath was prepared by heating a container filled with oil on a hot plate
to 75°C. The temperature was allowed to stabilize before further use. A second precursor
solution was then prepared by mixing 5 mL deionized water and 5 mL ethanol under
magnetic stirring. After obtaining a homogeneous solvent mixture, 400 mg of iron(I1I)
nitrate nonahydrate (Fe(NOs)3 -9H20) and 492 mg of 1,10-phenanthroline were added
simultaneously. The mixture was stirred until complete dissolution of the precursors and
formation of a homogeneous solution.

The SBA-15 suspension was subsequently added to the iron-nitrogen precursor solution
under continuous stirring to ensure uniform impregnation of the silica template. The
resulting mixture was transferred to the preheated oil bath and maintained at 75°C for
24 hours. This step allowed effective infiltration of the precursors into the mesoporous
structure of SBA-15. The container was labeled according to the sample composition
and treatment duration.

After completion of the aging step and subsequent drying, the resulting solid precursor
was subjected to a first pyrolysis treatment in a tubular oven under a continuous nitrogen
atmosphere. The temperature was increased to 900 °C at a heating rate of 5 °C min’!
and maintained at this temperature for 3 hours. This thermal treatment was carried out
to promote carbonization and to stabilize the Fe-phenanthroline complexes within the
SBA-15 template structure.

Following the first pyrolysis, the silica template was subsequently removed by chemical
etching. The carbonized material was prepared by dissolving 12.8 g of NaOH in a mixed
solvent containing 80 mL of deionized water and 80 mL of ethanol under magnetic
stirring at room temperature until complete dissolution was achieved.. The suspension
was then centrifuged and washed three times with deionized water until a neutral pH
was reached. Afterwards, the solid was treated with an HCl solution (prepared from 37
wt% HCI) for 3 h to remove residual metal species. The mixture was again centrifuged



and washed twice with deionized water and once with ethanol until neutral pH (pH > 4)
was achieved, and finally dried overnight at 50 °C.

Finally, the dried sample was subjected to a second pyrolysis under nitrogen using the
same conditions as the first treatment (900 °C, 5 °C min’!, 3 hours) to further graphitize
the carbon framework and enhance its conductivity and stability.
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Figure2-2 Precursor mixing and solubilization for Fe—-N-C catalyst synthesis.(42)

2.3.2 Boron-doped Fe-N-C catalysts

Boron-doped Fe-N-C catalysts (Fe-N-B-C) were synthesized following the same
procedure used for the undoped Fe-N-C catalyst, with the use of boric acid (H3B0:s) as
the boron source during the precursor preparation step. After the addition of iron(III)
nitrate nonahydrate and 1,10-phenanthroline to the water-ethanol mixture, boric acid
was added in amounts corresponding to 25% (FeNo.75Bo.25C), 50% (FeNo.sBo.sC), and
75% (FeNo.25Bo.75C) relative to the nitrogen content.

Specifically, 111 mg of boric acid was used for the 25% B-doped sample, while 338 mg
and 1012 mg were added for the 50% and 75% B-doped samples, respectively. Upon
the addition of the boron precursor, the SBA-15 suspension was added with constant
stirring. The remaining synthesis steps, including thermal treatment at 75 °C for 24
hours, were identical to those employed for the Fe-N-C catalyst, resulting in a series of
Fe-N-B-C materials with increasing boron content.

The goal of adding boron was to alter the electronic structure of the carbon matrix,
create more catalytically active sites, and improve conductivity and stability, all of
which would lead to improved ORR activity compared to nonboron-doped Fe-N-C
catalysts.

After drying in an oil bath, all of the proceeding treatments (i.e., pyrolysis, removal of
the silica template, acid leaching, washing, drying, and second pyrolysis) for the boron
substituted materials were conducted exactly as with the nonboron-doped Fe-N-C
catalysts.



2.3.3 Sulfur-doped Fe-N-C catalysts

Sulfur-doped Fe-N-C catalysts (Fe-N-S-C) were synthesized using the same synthesis
protocol adopted for Fe-N-C, replacing boric acid with thiourea as the sulfur source.
Thiourea was added after the incorporation of iron(IlI) nitrate nonahydrate and 1,10-
phenanthroline into the water-ethanol solvent mixture, using amounts corresponding to
25% (FeNo.75S0.25C), 50% (FeNo.5S0.5C), and 75% (FeNo.25S0.75C) relative to the nitrogen
content.

Specifically, 70 mg, 208 mg, and 780 mg of thiourea were employed for the 25%, 50%,
and 75% S-doped samples, respectively. After complete dissolution of the precursors,
the SBA-15 suspension was added and the mixture was processed following the same
conditions used for the Fe-N-C and Fe-N-B-C syntheses, including the thermal
treatment at 75 °C for 24 hours.

The introduction of sulfur heteroatoms was aimed at enhancing the density of active
sites, improving charge transport properties, increasing catalyst stability, and ultimately
achieving enhanced ORR performance relative to conventional Fe-N-C catalysts.

The procedures for pyrolysis and removal of the silica template, acid leaching and
washing, drying, and the second pyrolysis were the same as those used with the Fe-N-
C catalyst.

2.4 Electrode Preparation

The preparation of working electrodes is the critical step to allow for the
electrochemical evaluation of synthesized iron-nitrogen-carbon (Fe-N-C) based
catalysts. To provide reproducible and trustworthy electrochemical measurements, a
consistent process was utilized to formulate the catalyst ink and deposit it on glassy
carbon electrode. This process worked to ensure (i) homogenous dispersion of the
catalyst, (i1) durability of the electrode film, and (iii) control of the amount of catalyst
loaded onto the electrode via electrochemical techniques.

2.4.1 Catalyst ink preparation

Catalyst inks were prepared by dispersing 2 mg of Fe-N-C-based catalyst powder in
400 pL of isopropanol (IPA, >99.7%) and 10 pL of Nafion solution (5 wt%). Nafion
was used as a proton-conducting ionomer and binder to ensure proper adhesion of the
catalyst layer to the glassy carbon electrode and to provide ionic conductivity within
the catalyst film.

The Nafion content was selected to obtain an ionomer-to-carbon (I/C) ratio of 0.2 for
the Fe-N-C catalysts. This ratio was chosen as a compromise between ensuring



sufficient proton transport and maintaining accessibility of the active Fe-Nx sites.
Excessive ionomer content can block catalytic sites and hinder oxygen diffusion,
whereas insufficient ionomer may result in poor mechanical stability and non-uniform
films.

For comparison, a reference ink was prepared using commercial 40 wt% Pt/C. In this
case, 2 mg of Pt/C were dispersed in 2 mL of isopropanol and 5.5 pL of Nafion solution
(5 wt%). The Pt/C ink composition was adjusted to ensure appropriate film adhesion
and uniformity while maintaining consistent electrode preparation conditions for
reliable benchmarking against the synthesized catalysts.

All suspensions were ultrasonicated for 15 minutes to ensure homogeneous dispersion
and minimize particle agglomeration. The inks were used immediately after sonication
to prevent sedimentation and to ensure reproducible catalyst loading during electrode
preparation.

2.4.2 Drop-casting on glassy carbon

The prepared catalyst ink was subsequently deposited onto the disk electrode using a
drop-casting technique. Prior to deposition, the glassy carbon electrode surface was
cleaned and prepared as described previously to ensure proper adhesion of the catalyst
layer.

A fixed volume of 10.3 pL of the catalyst ink was carefully drop-cast onto the glassy
carbon disk electrode. This volume corresponded to a target catalyst loading of 0.4 mg
cm?, ensuring consistent and reproducible electrode preparation across all
measurements. Following deposition, the electrode was left to dry completely under
ambient conditions, allowing for gradual solvent evaporation and the formation of a

uniform and mechanically stable catalyst film.

After complete drying, the electrodes were ready for electrochemical characterization
using rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE)
techniques.
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Figure2-3 Schematic illustration of catalyst ink drop-casting of catalyst ink on a
glassy carbon disk electrode.



2.5 Electrochemical Characterization: RDE and RRDE

Electrochemical characterization of the synthesized catalysts was carried out using
rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) techniques to
evaluate their activity toward the oxygen reduction reaction. These techniques allow the
investigation of reaction kinetics, mass transport effects, and reaction pathways under
well-controlled hydrodynamic conditions. Measurements were performed in both acidic
and alkaline environments to assess catalyst performance under different operating
conditions.

2.5.1 RDE and RRDE analysis

Rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) techniques were
employed to analyze the electrochemical behavior of the synthesized catalysts toward
the oxygen reduction reaction. These techniques provide quantitative information on
reaction kinetics, mass transport effects, and reaction pathways under well-defined
hydrodynamic conditions.

In RDE measurements, the rotation of the disk electrode induces a controlled convective
flow of electrolyte toward the electrode surface, ensuring a constant diffusion layer
thickness. Under diffusion-limited conditions, the limiting current density (i ) depends
on the rotation speed of the electrode and can be described by the Levich equation:

21 1
iim = 0.62n FADJvéw2C (2.1)

where ij;, is the diffusion-limited current density, n is the number of electrons
transferred per oxygen molecule, F'is the Faraday constant (96,485 C/mol), A is the area
of electrode (cm?), D is the diffusion coefficient of oxygen in the electrolyte (cm?/s), v
is the kinematic viscosity of the electrolyte (cm?/s), C is the bulk concentration of
dissolved oxygen (mol /cm?), and w is the angular rotation speed of the electrode (rad/s).
Typical parameter values used for RDE analysis in 0.1 M KOH and 0.1 M HCIO4
are summarized in Tables 2.1 [43] and 2.2 [44].

D [cm?/s] 1.9¢7 D [cm?/s] 1.93¢3
C [mol/cm?] 1.26¢3 C [mol/cm?] 1.26¢3
Table 2.1 Levich equation parameters (0.1M KOH) Table 2.2 Levich equation parameters (0.1M HCIO4)

Koutecky-Levich analysis was performed using LSV data acquired at different rotation
speeds (400-2500 RPM) to separate kinetic and diffusion-controlled contributions to
the measured current and to further assess ORR kinetics.



When both kinetic and diffusion contributions affect the measured current, the system
can be described by the Koutecky-Levich (K-L) equation:

1 1 1

—=—+ (2.2)
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where i is the measured current density, i; is the kinetically controlled current density,
and i;;,, is the diffusion-limited current density described by Eq. (2.1).

Koutecky-Levich analysis was used to separate kinetic and mass-transport
contributions. The slope of the linear K-L plot is given by:

1 1
fim  0.62 nFAD*v1/601/2C

(2.3)

The slope was used to determine the apparent number of electrons transferred (7) during
ORR and to assess the dominant reaction pathway.

During RRDE experiments, both disk and ring currents were recorded simultaneously.
The collected disk and ring currents were used to calculate the hydrogen peroxide
(H-0:) yield and the number of electrons transferred during the ORR process.

The apparent electron transfer number was calculated using:

n=4 (I—d) 2.4)

1441 /N

where /7 and Ir represent the disk and ring currents, respectively, and N is the collection

efficiency factor of the RRDE system. The collection efficiency has been
experimentally derived from a well defined redox system and can be expressed as:

I
N=2 (25)
Ip

The percentage of hydrogen peroxide produced during ORR was calculated according
to:

L
% H,0, = 200 X 2.6
%o H20, Nx (I; +1./N) (2.6)

These equations were used to evaluate ORR kinetics, electron transfer number, and
peroxide formation based on RDE and RRDE experimental data.



2.5.2 Electrochemical setup

To perform electrochemical tests on the newly developed Fe-N-C catalyst material,
RRDE (rotating ring disk electrode) setups were used. Prior to performing a test, the
disk electrodes (type of glassy carbon) used were polished with a polishing kit to
remove any contamination and form a smooth surface. Following this, all polished
electrodes were rinsed with de-ionised water and placed in the RRDE test apparatus.

In these tests, a three electrode cell was used as the electrochemical test cell, with the
prepared disk electrodes (which had been catalyst coated) used as the working electrode.
An Ag/AgCl reference electrode was used in the acidic 0.1 M HClO4 electrolytic test
solution, while a Hg/HgSO4 reference electrode was used in the alkaline 0.1 M KOH
electrolytic test solution. In addition, all potential measurements were converted and
reported based on the RHE (reversible hydrogen electrode). The counter electrode used
in these tests was a carbon rod.

As the electrolytic test solution, both 0.1 M HCIO4 and 0.1 M KOH were used. Prior to
each electrochemical test being performed, the electrolyte was purged with high-purity
nitrogen (N>) to ensure no dissolved oxygen was in the electrolyte, as well as to establish
a stable baseline for all tests.

ELECTROLYTE FLOW

Figure 2-4 Schematic illustration of a rotating disk electrode (RDE) setup, depicting the
electrolyte flow induced by electrode rotation.

2.5.3 Cyclic voltammetry and linear sweep voltammetry measurements

The electrochemical protocol began with cyclic voltammetry (CV) measurements under
nitrogen-saturated conditions. An initial series of CV scans was performed at a scan rate
of 500 mV s to clean the electrode surface, remove residual contaminants, and stabilize
the catalyst-electrolyte interface and electrochemical Cleaning. Subsequently, CV
measurements were carried out under nitrogen at a reduced scan rate of 100 mV s,

Following the nitrogen-based measurements, linear sweep voltammetry (LSV) scans
were conducted under nitrogen at a scan rate of 10 mV s’ to establish the background
current. The electrolyte was then saturated with oxygen (Oz), and CV measurements
were repeated at a scan rate of 100 mV s!. LSV measurements under oxygen-saturated
conditions were performed at a scan rate of 10 mV s!,



To evaluate ORR kinetics and mass transport behavior, LSV measurements were
conducted at rotation speeds of 400, 900, 1600 and 2500 rpm. The potential window
applied ranged from 0.05 to 1.2 V vs. RHE for CV measurements and from 0 to 1.2 V
vs. RHE for LSV measurements.

2.5.4 Trochemical impedance spectroscopy (EIS) measurements

Electrochemical impedance spectroscopy (EIS) measurements were performed under
oxygen-saturated conditions to probe the interfacial properties of the catalyst layer
during the oxygen reduction reaction. EIS analysis was used to investigate the resistive
and kinetic characteristics of the electrochemical system, providing complementary
information to the kinetic behavior observed in linear sweep voltammetry and RRDE
measurements.

The impedance spectra were recorded by applying voltage with an amplitude of 10 mV
around a fixed applied potential of 0.5 V vs. RHE with frequency range 10000-1 Hz.
Measurements were carried out under a continuous O flow to ensure ORR-relevant
conditions. The obtained impedance data enabled the determination of ohmic resistance
and charge-transfer resistance, supporting the interpretation of charge transport and
interfacial processes governing ORR performance.

2.5.5 Stability tests

The electrochemical stability of the synthesized catalysts was evaluated after
completion of the RDE and RRDE performance measurements. Stability tests were
conducted under oxygen-saturated conditions to assess the durability of the catalysts
during prolonged operation relevant to the oxygen reduction reaction.

The chronoamperometry (CA) test was performed at a fixed potential of 0.68 V RHE
and a constant rotation rate of 1600 rpm and maintained continuously for a duration of
4 hours. This procedure allowed the evaluation of potential degradation effects on
catalytic activity under steady-state hydrodynamic and reaction conditions.

Following stability testing, electrochemical measurements were made again to evaluate
any electrochemical performance changes related to the ORR. Linear sweep
voltammetry and RRDE measurements were performed at 1600 rpm under identical
conditions to those that were used in measuring the LSVs and RRDEs before stability
testing. Comparison of the LSV polarization curves and RRDE data before and after the
stability test provided a better understanding of the changes in catalytic activity,
selectivity, and reaction pathway caused by long-term electrochemical operation.



2.6 Chemical and Physical Characterization Methods

In order to characterize the structural and morphological characteristics of synthesized
boron-doped and sulfur-doped catalysts based on Fe-N-C, both chemical and physical
characterizations were conducted using a variety of methods to obtain complementary
information, in addition to electrochemical testing, which is critical to understanding
the relationship between structure and performance of Fe-N-C based catalysts.

The principal physicochemical methods used to evaluate the synthesized catalytic
structures were: Energy Dispersive X-ray (EDX) spectroscopy and Scanning Electron
Microcopy (SEM).

2.6.1 Energy dispersive x-ray spectroscopy

Energy dispersive x-ray spectroscopy (EDX) is an analytical approach that provides
information on the elemental makeup of materials in a solid-state. This technique uses
a focused beam of electrons interacting with a sample to produce X-rays back at the
sample surface based on the composition of the sample. Each element found within the
sample produces characteristic X-rays based on energy levels that are unique to that
element; thus qualitative and semi-qualitative elemental analysis of the sample can be
made [45].

EDX and SEM were used for the characterization of Fe-N-C catalysts with respect to
their elemental composition and distribution of elements throughout the catalysts. The
evaluation indicated that the catalysts contained carbon (C), nitrogen (N), iron (Fe) and
any doped heteroatoms (e.g., boron or sulfur) that may have been added into the catalyst
systems. The elemental mapping associated with EDX provided a method for evaluating
elemental homogeneity across each catalyst surface for all four elements.

The dispersion of iron and heteroatoms within the catalyst are important because the
arrangement of the active sites will affect both their activity and longevity. Therefore,
EDX offers crucial insights regarding the elemental makeup of the catalysts that can be
used in conjunction with electrochemical characterization data.

2.6.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a very functional imaging technique that
allows the investigation of the surface's morphology and the describing the
microstructure of the materials. This research employed a FESEM Zeiss SUPRA 40
based Scanning Electron Microscope, to analyze the morphology of the materials
produced, the texture of the material's surface, and the structural integrity of the
synthesized catalysts.

Using SEM provides an in-depth and detailed qualitative basis for evaluating the
particle morphology, particle size distribution, and surface characteristics of materials



being examined with Scanning Electron Microscopy (SEM). Since the catalysts were
manufactured with Nitrogen-doped Carbon (Fe-N-C) based catalysts, the assessment of
the effectiveness of the catalytic synthesis method is essential. Therefore, SEM has
demonstrated the efficacy of using Scanning Electron Microscopy to characterize
porous structures in the synthesis of the porous structure, the overall morphology of the
carbon structure, and how the morphology of the catalyst would ultimately affect mass
transfer to and accessibility to the catalyst during electrochemical reactions.



3. RESULTS AND DISCUSSION : Physico-
Chemical characterization

3.1 Energy dispersive x-ray spectroscopy (EDX)
FeNB\C Series (Boron-Doped Catalysts)

The energy-dispersive X-ray analysis of the FeNBxC catalysts shows the presence of
the major elements: carbon, nitrogen, iron, and boron. Among these elements, the major
component 1s carbon, which is expected for Fe-N-C catalysts synthesized from the
carbonization of organic precursors. The presence of nitrogen is due to the
phenanthroline precursor used in the synthesis.

FeNBy.2sC Weight% Atomic% FeNBosC Weight% Atomic% FeNBy.7sC Weight% Atomic%

BK!|l 951 11.02 BK @ 13.77 19.38 BK!|l 1637 19.08

CK|@ 7532 78.53 CK|@ 2117 34.41 CK 6126 64.26

NK 443 3.96 NK  5.04 5.48 NK 939 8.45

OK 6.16 4.82 OK  29.67 28.21 OK 8.00 6.30

SiK| 289 1.29 Si K& 2189 11.86 SiK|@ 351 1.58

FeL 1.69 0.38 Fe L 2.45 0.67 FeL 1.47 0.33
TOTALS 100 TOTALS 100 TOTALS 100

Table 3.1 The elemental composition of the FeNB,C catalysts obtained from EDX analysis.

Boron is present in all samples, confirming the incorporation of the boron precursor.
However, the amount of boron exceeds the calculated amount based on the chemical
composition of the synthetic material. This discrepancy may be due to the limitations
of energy-dispersive X-ray spectroscopy, which has difficulty detecting light elements,
and the B peak appears at very low energy (eV) and may even coincide with the carbon
peak, thus overestimating the boron concentration.

Apart from the main elements, oxygen and silicon are present. Oxygen is likely due to
surface oxidation of the carbon material, whereas silicon is likely due to the incomplete
removal of the silica template from the SBA-15 material.

Significant variation is observed with regard to the elemental composition of the
samples. For instance, the FeNBo.sC sample has higher levels of oxygen and silicon,
which could imply the presence of higher levels of silica, which may not have been
completely removed during the etching process. This observation is in line with the
morphological study, which indicated that the boron-doped samples do not perfectly
mimic the ordered framework of SBA-15. It is possible that the boron precursor is
located outside the pores, rather than inside, during the impregnation process.



In general, it can be concluded that EDX is an affirmation of the boron content in
FeNBC; however, it is necessary to note that these results should be used with caution
due to limitations in the analysis of light elements by EDX.

FeNSxC Series (Sulfur-Doped Catalysts)

It can be concluded that EDX analysis of the FeNSxC catalysts indicates the presence
of the main elements present in the synthesized materials, namely carbon, nitrogen, iron,
and sulfur. Carbon was found to dominate all of the samples, as expected due to the
formation of a carbon-based catalyst structure. Nitrogen was also found in all of the
samples, as expected due to the presence of nitrogen-containing species from the
phenanthroline ligand.

FeNS.2sC Weight% Atomic% FeNSosC Weight% Atomic%  FeNSo.7;sC Weight% Atomic%

BK| 7663 84.86 BK| 8198 89.07 BK!| 7365 84.21

CK 570 5.41 CK 31 2.89 CK|l 337 3.30

NK 743 6.18 NK| 625 5.10 NK|& 663 5.69

OK 241 1.14 OK 224 1.04 OK 753 3.68

Sik| 31 1.29 SiK & & 233 0.95 SiK| 518 2.22

Fel 473 1.13 Fel 411 0.96 FelL |l 3.64 0.90
TOTALS &~ 100 TOTALS 100 TOTALS | 100

Table 3.2 The elemental composition of the FeNS,C catalysts obtained from EDX analysis.

According to the results, sulfur was also present in all these materials, confirming that
this element was incorporated into these materials. A clear trend of composition from
one material to another was observed in the FeNSxC catalyst series, i.e. from FeNS¢.25C
to FeNS.7sC, with increasing sulfur content.

These relative iron-to-nitrogen ratios are within comparable ranges for all the samples,
thus implying that the presence of sulfur does not significantly affect the formation of
Fe-Nx active sites within the carbon material. There are also some minor peaks for
oxygen and silicon. The presence of oxygen is due to the oxidation of the carbon
structure, whereas the presence of silicon is due to the silica template from the SBA-15
template used during the synthesis. This implies that there are some residues from the
template even after the removal.

As a summary, the EDX results have confirmed the successful doping of sulfur
throughout the series of FeNSxC samples, as well as the presence of the expected
composition trend as a result of the increased sulfur doping. Compared to the boron-
doped catalysts, the sulfur-doped catalysts have more consistent elemental responses,
thus implying a more successful doping effect within the templated carbon structure.



Discussion

A comparative analysis of the FeNBxC and FeNSxC catalyst series indicates the
presence of differences in the dopants' incorporatioof dopants thin the Fe-N-C matrix.
The presence of the dopants in the FeNBxC and FeNS.C series was verified using
energy-dispersive X-ray spectroscopy, and the FeNS.C series indicates a clearer and
more consistent trend in the composition, suggesting the effectiveness of the sulfur
doping depends on the composition of the precursors used. The quantification of boron
within the FeNBxC catalyst series was not as clear due to the low energy of the boron
peak and the possibility of overlap with the carbon peak during the EDX analysis. The
results suggest the effectiveness of the doping was qualitatively verified but
quantitatively difficult.

3.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy was employed to investigate the morphology and
surface characteristics of the synthesized Fe-N-C based materials. This technique
provides detailed information on the microstructural features of the samples, including
particle shape, aggregation behavior, and surface texture. Through SEM analysis, it is
possible to evaluate the overall structural organization of the carbon framework and
assess the influence of the synthesis conditions and dopant species on the resulting
morphology. In particular, SEM observations allow the identification of differences in
particle distribution and structural compactness between the various samples, providing
important insights into the effectiveness of the templating and carbonization processes.




Fig. 3.1 SEM images of FeNBxC and FeNxSC samples at different compositions: a) FeNBo.25C,
b) FeNSo.2sC, ¢) FeNBo.sC, d) FeNSosC, ¢) FeNBo.7sC, and f) FeNSo.75C (large images: low
magnification 10k , inset images: high magnification 80k).

A comparative analysis of the SEM images reveals clear morphological differences
between the FeNBxC and FeNSxC samples, indicating that the type of dopant
significantly influences the structural organization of the carbon materials.

For samples prepared with minimum precursor content (FeNB/So.2sC), both materials
consist of aggregated particles of irregular morphology. However, in the case of
FeNBy.25C, these particles are arranged in compact aggregates with minimal porosity
between particles. On the contrary, in the case of the FeNSy.2sC sample, these particles
are arranged in a more open manner, with aggregates that are less compact and exhibit
identifiable spaces between them. Although both materials exhibit irregular surface
features characteristic of nanostructured carbons, the latter appears less compact in its
structure.



An analogous phenomenon is noted for the materials synthesized using intermediate
precursor concentration (FeNB/S¢sC). The FeNBosC material still shows densely
aggregated irregular carbon fragments, leading to the formation of a compact structure.
The FeNSo.5C material shows a less dense structure of aggregates, where the clusters
are more apart from each other, indicating the presence of void spaces. This shows a
difference in the morphology of the two materials. The surface roughness of the two
materials is similar at the nanoscale level. The FeNSy.sC material shows a less compact
structure.

This phenomenon is noted for the materials synthesized using the highest precursor
concentration (FeNB/S¢.75C). The FeNBy.7sC material shows large aggregates of
irregular carbon particles, indicating a compact structure. The FeNS.75C material shows
an open structure of loosely aggregated irregular particles. The surface roughness of the
two materials is similar at the nanoscale level. The FeNSg.7sC material shows a less
compact structure.

SEM results show that there is a clear distinction in the morphology of the two series
of samples: whereas FeNBxC materials have a clear preference for the formation of
compact carbon clusters, the FeNSC samples have a more open and loosely arranged
particle structure. The more open structure of the FeENSxC samples suggests a better
preservation of the structural features introduced by the SBA-15 template, as opposed
to the FeNBxC samples, which have a clear tendency to lose the templated structure and
form compact clusters. This could be due to the interaction of the precursors with the
silica template during impregnation, with boron species not interacting with the
template from the inside but instead from the outside.



4. RESULTS AND DISCUSSION : Electrochemical
Characterization

4.1 Electrochemical Characterization: Rotating (Ring) Disk
Electrode

The electrochemical results obtained for the synthesized Fe-N-C-based catalysts. The
focus is placed on evaluating the oxygen reduction reaction activity, kinetics, selectivity,
and stability of the materials, and on understanding how heteroatom doping with boron
and sulfur influences their electrocatalytic behavior.

Electrochemical characterization was carried out using rotating disk electrode and
rotating ring-disk electrode techniques. These methods allow for a reliable assessment
of intrinsic catalytic activity under well-controlled mass transport conditions, as well as
the determination of reaction pathways and peroxide formation. The results obtained
are discussed in relation to the structural features of the catalysts, with the aim of
establishing clear structure-performance relationships.

The undoped Fe-N-C catalyst is first analyzed as a reference material. Subsequently,
the impact of boron and sulfur incorporation is examined and compared to the baseline
performance.

4.2 Electrochemical Activity of Undoped Fe-N-C

The undoped Fe-N-C catalyst was evaluated for its electrochemical performance as a
baseline to compare the effect of heteroatom doping on the oxygen reduction reaction.
The catalyst was thoroughly characterized as a reference material using cyclic
voltammetry, linear sweep voltammetry, and rotating ring-disk electrode under alkaline
and acidic conditions in terms of activity, kinetics, and selectivity.

4.2.1 Cyclic Voltammetry (CV) Analysis

The basic electrochemical principles of the undoped Fe-N-C catalyst investigated by
cyclic voltammetry will provide an initial indication of the catalyst’s activity for the
oxygen reduction reaction. The experiments performed using nitrogen (N2) or oxygen
(O») saturated electrolyte, as well as in both acidic and basic environments allow for the
identification of the reduction features of the ORR and give an indication of the stability
of the catalyst/electrolyte interface and the capacitative properties of the catalyst.



&
-

Current density (mA/cm?)
I T TS

CV N2 100 b) CV 02 100 c) CV N2100 d) CV 02 100

= ~ .

of |

/

/

Current density (mA/cm?)
B

|
1

Current density (mA/em?)

Current density (mA/em©)
& & L b o m o= o

&

0.0

3

—Cvoz 100 ——CVN2100 —Cvoz100

0‘2 0‘4 CI‘E Orﬂ 1:0 1:2
Potential (V vs RHE)

(] 02 3‘4 0'6 G‘E Y‘D 12 oo 02 04 06 08 10 12 00 02 04 06 08
Potential (V vs RHE) Potential ¥ vs RHE) Potential (V vs RHE)

Fig. 4.1 Cyclic voltammetry of the Fe-N-C sample in both acidic (a, b) and alkaline (c, d)
media at a scan rate of 100 mV s’

Under N»-saturated conditions (Fig. 4.1a and 4.1c¢), the curves display mainly capacitive
behavior over the entire potential window, with no distinct redox peaks observed. The
current densities range approximately from -4 to +3 mA c¢m? in acidic medium and
from about -7 to +5 mA cm in alkaline medium. This response is attributed to double-
layer charging and confirms the electrochemical stability of the Fe-N-C electrode in
both electrolytes. The higher capacitive current observed in alkaline medium suggests
improved ionic conductivity and more effective charge transport in KOH.

When the electrolyte is saturated with O» (Fig. 4.1 b and d), a clear cathodic reduction
feature appears within the potential range of approximately 0.8-0.4 V vs. RHE in acidic
medium and 1- 0.7 V vs. RH in alkaline medium, corresponding to the oxygen reduction
reaction. In acidic medium, the cathodic current reaches values close to -6 mA c¢cm?,
indicating measurable ORR activity. In alkaline medium, the reduction current is more
pronounced, approaching -8 mA ¢cm, and occurs at slightly more positive potentials,
demonstrating enhanced ORR kinetics. Overall, the CV results confirm that Fe-N-C is
active toward oxygen reduction in both media, with superior performance observed in
alkaline conditions.

4.2.2 Linear Sweep Voltammetry (LSV) Analysis

To quantitatively determine the ORR activity of the undoped Fe-N-C catalyst, linear
sweep voltammograms were obtained using a rotating disk electrode. The three key
performance parameters obtained from LSVs include onset potential, half-wave
potential, and limiting current density. These measurements are crucial for assessing the
intrinsic catalytic efficiencies of the catalyst, and also to facilitate comparison between
both acidic and alkaline environments.
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FIG 4.2 LSVs at different rotation rates (400, 900, 1600, and 2500 rpm) in both acid (a) and
alkaline (b) electrolytic solutions for Fe-N-C.

The LSV polarization curves of the Fe-N-C catalyst at different rotation speeds (400-
2500 rpm), as indicated by Figure 4.2, are shown for both acidic and alkaline solutions.
In acidic conditions (4.2a), an increase in limiting current density occurs with increasing
rotation speed from approximately -2.6 to about -5.8 mA cm™, indicating that oxygen
mass transport has a significant effect. The onset potential for the ORR is about 0.70 -
0.75 V vs. RHE and is followed by a diffusion-limited plateau at potentials below
approximately 0.50 V.

In alkaline solution (4.2b), the ORR is shifted to more positive potentials, with the onset
occurring at approximately 0.90 - 1.00 V vs RHE. The limiting current density for the
ORR reaches almost -6.5 mA ¢cm™ at 2500 rpm, indicating that the ORR activity of Fe-
N-C has improved when compared to behavior in acidic solutions. The increase in
current density with rotation rate in both media indicates that diffusion is controlling
the behavior of Fe-N-C at low potentials, indicating that the ORR kinetic performance
of Fe-N-C in an alkaline solution is superior.
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Fig. 4.3 The Koutecky-Levich plots at different electrode potentials of Fe-N-C in (a) 0.1 M
HCIO4 and (b) 0.1 M KOH. Insets indicate the electron transfer number (n) derived from the
KL slopes.



The effect of rotation speed on the LSV response of ORR kinetics was evaluated with
The Koutecky-Levich (eq 2.1) analysis to further evaluate the ORR kinetics of Fe-N-C
using polarization data collected at different rotation speeds. K-L plots are displayed in
Figure 4.3 , where the current density at selected potentials (0.2, 0.3, or 0.4 V vs. RHE)
is plotted against the rotation rate in both 0.1 M HCIO4 and in 0.1 M KOH. The K-L
plots for both electrolytes showed good linearity with consistent fit, indicating that the
measured current comprises contributions from both kinetics and diffusion-controlled
processes, with oxygen transport exhibiting Levich behavior, as expected.

Apparent n was calculated from the slope of the K-L lines (eq 2.2). In 0.1 M HCIlOg4,
Fe-N-C exhibits n = 4, indicating that the ORR occurs primarily through the four-
electron pathway. In 0.1 M KOH, n is estimated to be n = 3.7; while this value is
slightly less than 4, it indicates that the majority of the ORR through the four-electron
pathway also has a minor contribution through the peroxide (two-electron) pathway.
The K-L analysis supports the conclusion that Fe-N-C has efficient ORR kinetics and
excellent selectivity for the four-electron pathway and is thus a suitable benchmark for
studies of doped samples.

4.2.3 Oxygen Reduction Reaction (ORR) Pathway Analysis

Undoped Fe-N-C catalyst was evaluated using a rotating ring-disk electrode to
determine the mechanism of the oxygen reduction reaction. This technique helps
establish the electron transfer number and the amount of hydrogen peroxide produced
in the reaction. Analysis of both disk and ring currents will allow assessment of whether
the oxygen reduction reaction occurs via the four-electron or two-electron
mechanism(s).
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Fig. 4.4 Ring currents measured in (a) acidic and (b) alkaline media at 1600 RPM using a
four-electrode setup for Fe-N-C
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Fig. 4.5 ORR selectivity by RRDE measurement in a) acidic and b) alkaline environments for
Fe-N-C.

Figure 4.5 shows further investigations of the Fe-N-C materials ORR selectivity using
RRDE in acidic (0.1 M HCIO4) and alkaline (0.1 M KOH) conditions. In the acidic
electrolyte, shown in Figure 3.5a, the average number of electrons transferred per
molecule of oxygen (n) remains approximately 3.8-4.0 throughout the potential region
investigated (0.0 V to 0.6V vs. RHE), indicating that the reaction is occurring through
a four-electron transfer pathway. This is also supported through a low dissolved H2O>
yield (approximately <10%), suggesting that the reaction is highly selective for
producing only water.

In alkaline conditions, shown in Figure 4.5 b, n is still close to 4.0 (greater than 0.8 V
vs. RHE), while the dissolved H>O; yield is almost 0% in the higher potential range.
Therefore, the findings show that Fe-N-C is highly selective for the direct four-electron
transfer process for the reduction of oxygen to water in both acidic and alkaline media
with only slightly improved selectivity when in alkaline conditions. The relatively low
hydrogen peroxide yield demonstrates that the catalytic effectiveness of Fe-Nx sites are
responsible for facilitating O-O bond breaking in an efficient manner.

4.2.4 Stability Test

The stability of the Fe-N-C catalyst was evaluated by chronoamperometric
measurements at 0.68 V for 4 hours in both alkaline (0.1M KOH) and acidic (0.1M
HCIlOs) electrolytes (Fig. 4.6).
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As shown in Fig. 4.6, Fe-N-C exhibits significantly higher stability under alkaline
conditions. After 4 hours of continuous operation, the catalyst retains approximately 88-
90% of its initial current density in 0.1M KOH, indicating relatively slow performance
degradation. In contrast, in acidic medium the current density decreases more rapidly,
dropping to nearly 45% of its initial value after 4 hours.

The reduced stability in acidic conditions can be attributed to the intrinsic vulnerability
of Fe-N-C catalysts in proton-rich environments. Possible degradation mechanisms
include dissolution of Fe-based active sites, carbon corrosion, and the formation of
reactive peroxide intermediates that accelerate catalyst deterioration. These processes
contribute to the substantial loss of catalytic activity over time.
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Fig. 4.7 LSV curves of FeNC recorded at 1600 rpm before (FeNC) and after (FeNC CA) the
chronoamperometry (CA) stability test in both acidic (a) and alkaline (b) media.



Table 4.1 Onset and halfwave potentials for the proposed sample obtained from the
LSV curves in 0.1M HCIOs.

FeNC FeNC CA
Onset Potential [V] 0.75 0.73
Half-wave Potential [V] 0.62 0.57

Table 4.2 Onset and halfwave potentials for the proposed sample obtained from the

LSV curves in 0.1M KOH

FeNC FeNC CA
Onset Potential [V] 0.97 0.96
Half-wave Potential [V] 0.92 0.89

To assess the impact of prolonged operation on catalytic performance, LSV curves were
recorded at 1600 rpm before and after the 4-hour chronoamperometric test in both acidic
and alkaline media (Fig. 4.7). The corresponding onset and half-wave potentials
extracted from the polarization curves are reported in Tables 4.1 and 4.2.

In acidic electrolyte (Fig. 4.7a), a noticeable deterioration in ORR activity is observed
after the CA test. The onset potential shifts from 0.75 V to 0.73 V, while the half-wave
potential decreases more significantly from 0.62 V to 0.57 V. This negative shift in the
kinetic region indicates a loss of intrinsic catalytic activity, consistent with degradation
of Fe-Nj active sites during prolonged exposure to the acidic environment. The reduced
half-wave potential suggests a slower reaction kinetics after stability testing, confirming
the substantial current decay observed in the chronoamperometric measurement.

In contrast, in alkaline electrolyte (Fig. 4.7b), the changes are less pronounced. The
onset potential decreases slightly from 0.97 V to 0.96 V, and the half-wave potential
from 0.92 V to 0.89 V. Although a minor decline in activity is detectable, the overall
shape of the polarization curves remains similar before and after the CA test, indicating
that the catalyst structure is largely preserved under alkaline conditions.

These results further support the higher stability of Fe-N-C under alkaline conditions
and its more pronounced degradation in acidic media.
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Fig. 4.8 ORR selectivity by RRDE measurement of Fe-N-C before (FeNC) and after
(FeNC CA) the CA test, measured in both acidic (a) and alkaline (b) media.

To evaluate the effect of prolonged operation on ORR selectivity, RRDE measurements
were performed before and after the 4-hour chronoamperometric test in both acidic and
alkaline electrolytes (Fig. 4.8). The electron transfer number (n) and corresponding
H>0; yield were analyzed to assess possible changes in the reaction pathway.

In acidic environment (Fig. 4.8a), the number of electrons transferred slightly decreases
through the CA test as n = 4 stays near the original value; however, at lower potentials,
there i1s a slight downward deviation from the initial electron transfer number. With
respect to this, there is a moderate increase in H>O; yield when comparing before and
after the stability test. This trend would indicate some loss of selectivity towards direct
4-electron pathways, which would be consistent with previous LSV results showing
degradation of active Fe-Ny sites. The increased production of peroxides appears to be
consistent with the results, suggesting possible further modifications to structural or
chemical properties of the active sites during the extended operation time in acidic
conditions, affecting the efficiency of oxygen reduction.

On the other hand, when tested under alkaline conditions (Figure 4.8b), the electron
transfer number remains very close to 4 before and after the CA test, with negligible
variation across the investigated potential range. The H>O> yield remains minimal and
nearly unchanged, indicating that the ORR pathway is preserved during prolonged
operation.

Overall, the RRDE analysis before and after the CA test demonstrates that acidic
conditions not only reduce catalytic activity but also slightly affect ORR selectivity,
whereas alkaline conditions allow both activity and selectivity to remain substantially
stable.

HO,%



4.2.5 Discussion

The undoped Fe-N-C catalyst was systematically investigated as a benchmark material
to establish a reference framework for evaluating the influence of heteroatom doping
on ORR performance. The combined electrochemical analyses, including CV, LSV,
Koutecky-Levich, RRDE, and durability testing, provide a comprehensive
understanding of its activity, kinetics, selectivity, and stability in both acidic and
alkaline electrolytes.

Cyclic voltammetry measurements reveal predominantly capacitive behavior under N»-
saturated conditions, indicating electrochemical stability of the Fe-N-C electrode and
the absence of significant parasitic redox processes within the investigated potential
window. The higher capacitive current observed in alkaline electrolyte suggests
improved ionic conductivity and interfacial charge transport in KOH compared to
HCIO4. Upon O: saturation, a clear cathodic reduction feature emerges in both media,
confirming catalytic activity toward ORR. Notably, the reduction peak appears at
slightly more positive potentials and with higher current density in alkaline medium,
indicating enhanced ORR kinetics relative to acidic conditions.

The LSV analysis further quantifies this behavior. In acidic electrolyte, the ORR onset
occurs around 0.70-0.75 V vs RHE, followed by a diffusion-limited plateau below
approximately 0.50 V. The limiting current density increases systematically with
rotation rate, demonstrating the strong contribution of oxygen mass transport. In
alkaline medium, the ORR wave shifts toward more positive potentials (onset = 0.90-
1.00 V vs RHE), and higher limiting current densities are achieved, reflecting improved
apparent activity. The consistent increase in limiting current with rotation speed in both
electrolytes confirms diffusion-controlled behavior at low potentials and validates the
applicability of Levich theory.

Koutecky-Levich analysis indicates good linearity, confirming that the measured
current comprises contributions from both kinetic and diffusion-controlled processes.
The calculated electron transfer number is close to four in acidic medium (n = 4),
demonstrating that ORR predominantly follows a direct four-electron reduction
pathway. In alkaline electrolyte, n is slightly lower (= 3.7), suggesting a minor
contribution from the two-electron peroxide pathway, although the four-electron
process remains dominant. These findings establish Fe-N-C as an efficient ORR catalyst
with high intrinsic selectivity.

RRDE measurements corroborate this interpretation. In acidic conditions, the average
electron transfer number remains in the range of 3.8-4.0 across the investigated
potentials, accompanied by low H>O; yields (typically below ~10%), indicating strong
selectivity toward water formation. In alkaline electrolyte, n approaches 4 with nearly
negligible peroxide production, confirming superior selectivity under basic conditions.
The low peroxide yield implies effective O-O bond cleavage facilitated by Fe-Nx active
sites and supports the mechanistic conclusion drawn from KL analysis.



Despite its promising activity and selectivity, durability tests highlight a critical
limitation of undoped Fe-N-C under acidic conditions. Chronoamperometric
measurements show that in alkaline electrolyte the catalyst retains approximately 88—
90% of its initial current after 4 hours, indicating relatively stable operation. In contrast,
in acidic medium the current decreases to nearly 45% of its initial value, accompanied
by fluctuations that suggest progressive degradation of active sites. Post-stability LSV
measurements confirm this deterioration, with noticeable negative shifts in onset and
half-wave potentials in acid, whereas only minor changes are observed in alkaline
medium. RRDE analysis before and after stability testing further reveals that acidic
degradation slightly increases peroxide formation, indicating partial loss of selectivity,
while alkaline selectivity remains essentially unchanged.

The inferior acid stability can be attributed to the intrinsic vulnerability of Fe-N-C
materials in proton-rich environments, where Fe-site dissolution, carbon corrosion, and
the formation of reactive oxygen intermediates may accelerate degradation. Conversely,
the milder alkaline environment mitigates these processes, preserving both activity and
selectivity.

Overall, the undoped Fe-N-C catalyst demonstrates efficient ORR activity and high
selectivity toward the four-electron pathway, particularly in alkaline electrolyte.
However, its limited stability in acidic conditions underscores the necessity of structural
and electronic modifications to enhance durability. This baseline behavior provides a
crucial reference for assessing the impact of boron and sulfur doping on the catalytic
performance, stability, and mechanistic properties of Fe-N-C-based electrocatalysts.



4.3 Electrochemical Activity of Undoped Fe-N-C vs Boron Doping
Catalysts

The electrochemical performance of the undoped Fe-N-C catalyst was investigated to
establish a benchmark for evaluating the effects of heteroatom doping on the ORR
activity and kinetics. Measurements were performed in oxygen- and nitrogen-saturated
electrolytes using RDE and RRDE setups, following the protocols described in Chapter
2.

4.3.1 Cyclic Voltammetry (CV) Analysis

Cyclic voltammetry measurements were first performed to evaluate the fundamental
electrochemical behavior of the Fe-N-C catalyst and assess their ORR activity [FIG 4.9]
This test was conducted under nitrogen-saturated and oxygen-saturated conditions
according to the protocol depicted in Section 2.5.2 .

In N»-saturated electrolyte, all samples exhibit mainly capacitive currents associated
with double-layer charging, with no distinct redox peaks observed. This behavior
indicates the absence of significant electrochemical reactions under inert conditions and
confirms that the catalytic features observed under oxygen are related to the oxygen
reduction reaction.

In O;-saturated electrolyte, clear cathodic reduction features are observed for all
catalysts, confirming their ORR activity. In both media, the ORR-related features
appear at more positive potentials in alkaline electrolyte than in acidic electrolyte,
consistent with faster ORR kinetics in alkaline conditions. [46]
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Fig. 4.9 Cyclic voltammetry of the samples in O-saturated electrolyte (solid lines)
and N»-saturated electrolyte (dashed lines) in both a) acidic and b) alkaline media.



Using Fe-N-C as the reference catalyst, the ORR response of the boron-doped samples
shows a strong dependence on boron content. In acidic medium, FeNBo.2sC exhibits a
more pronounced ORR reduction feature and higher cathodic current density than Fe-
N-C, indicating enhanced ORR activity at low boron content. In contrast, FeNB.sC
shows the weakest ORR response, while FeNB.7sC displays intermediate behavior. In
alkaline medium, Fe-N-C shows the highest current density and most evident ORR
features, whereas all boron-doped samples exhibit lower activity, with FeNB.sC again
presenting the poorest performance.

Overall, the CV results demonstrate that boron doping affects ORR activity in a non-
linear manner. Low boron incorporation can enhance ORR behavior in acidic medium,
while higher or non-optimal boron contents lead to reduced activity, likely due to
changes in the electronic structure, conductivity, and accessibility of Fe-Ny active sites.

4.3.2 Linear Sweep Voltammetry (LSV) Analysis

To analyze the activity of the synthesized Fe-N-C and boron-doped (FeNBO0.25C,
FeNBO0.5C, and FeNBO0.75C) catalysts for the oxygen reduction reaction (ORR), linear
sweep voltammetry was performed at rotation rates of 400, 900, 1600 and 2500 rpm in
acidic and alkaline electrolytes. Polarization curves obtained at 1600 rpm were used to
evaluate the catalytic activity of all the catalysts, since this rotation speed is routinely
used to evaluate ORR catalytic performance under standardized mass-transport
conditions. The onset potentials and half-wave potentials measured from the 1600 rpm
polarization curves are summarized in Tables 4.3 and 4.4.
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FIG 4.10 ORR electrocatalytic activity of the samples in both (a) acidic and (b)
alkaline environments



Table 4.3 Onset and halfwave potentials for the proposed sample obtained from the

LSV curves in 0.1M HCIO4.

FeNC FeNB0_25C FeNBo.sc FGNB0,75C
Onset Potential [V] 0.74 0.75 0.7 0.76
Half-wave Potential [V] 0.62 0.63 0.55 0.6

Table 4.4 Onset and halfwave potentials for the proposed sample obtained from the
LSV curves in 0.1M KOH

FeNC FeNBo.2sC | FeNBosC | FeNB0.75C
Onset Potential [V] 0.97 0.96 0.93 0.96
Half-wave Potential [V] 0.92 0.9 0.85 0.9

In acidic medium, Fe-N-C is taken as the reference catalyst. The low-boron sample
FeNBy.2sC shows ORR behavior comparable to or slightly better than Fe-N-C,
indicating that limited boron incorporation can preserve ORR kinetics. In contrast,
FeNBosC exhibits a clear loss in activity, while FeNBo.7sC shows intermediate
performance, maintaining a competitive onset potential but without a consistent
improvement over Fe-N-C across the full polarization range.

In alkaline medium, all catalysts display improved ORR behavior compared to acidic
conditions. Fe-N-C exhibits the most favorable polarization profile, while FeNBg.25C
and FeNBy.75C show slightly reduced activity. Again, FeNB.sC presents the weakest
ORR performance, confirming that intermediate boron content is detrimental in both
electrolytes.

Overall, the LSV results indicate that boron doping affects ORR activity in a non-linear
manner. Low boron incorporation maintains ORR performance, whereas intermediate
boron content leads to systematic activity degradation, highlighting the importance of
optimizing dopant concentration to balance electronic and transport properties of Fe-N-
C catalysts.

Influence of the Rotation Rate

Within the Rotating Disk Electrode configuration, the effect of the electrode rotation
rate provides valuable insight into the role of mass transport in the oxygen reduction
reaction . By increasing the rotation speed enhances forced convection in the electrolyte,
improving oxygen transport toward the catalyst surface and thereby influencing the
measured current density.



d)

FIG 4.11 shows the linear sweep voltammetry curves recorded at different rotation rates
in both alkaline and acidic media, following the protocol described in Section 2.5.3. At
higher potentials, the polarization curves obtained at different rotation speeds largely
overlap, indicating that ORR kinetics are governed by charge-transfer processes and are
only weakly affected by mass transport. As the potential decreases, the influence of
rotation rate becomes increasingly evident, with the limiting current density rising
systematically with increasing rotation speed. This behavior reflects enhanced oxygen
availability at the electrode surface and is consistent with the Levich equation (eq 2.1)
for diffusion-limited processes under forced convection.
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Fig. 4.11 LSVs at different rotation rates (400, 900, 1600, and 2500 rpm) in both alka-
line (a, b, c, d) and acid (d, e, f,g) electrolytic solutions for Fe-N-C, FeNBy.25C,
FeNBo.5C, FeNBy.75C

To quantitatively assess the impact of rotation rate on ORR kinetics, Koutecky-Levich

analysis was performed. K-L plots, constructed by plotting 1/ as a function of ®

172

, are

shown in [FIG 4.12]. The analysis was carried out at selected potentials where mass
transport effects are significant, namely 0.2, 0.3, and 0.4 V in alkaline and acidic media.
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Fig. 4.12 The Koutecky-Levich plots at different electrode potentials of Fe-N-C, FeNBo.25C,
FeNBo.sC, FeNBo.7sC in (a, b, ¢, d) 0.1 M KOH and (e, f, g, h) 0.1 M HCIlOs. Insets indicate
the electron transfer number () derived from the K-L slopes.

rom the slopes of the Koutecky-Levich plots, the electron transfer number during ORR
was extracted. For Fe-N-C, FeNBy.25C, FeNBosC, and FeNBo.7sC, the calculated
electron transfer numbers are close to four in both acidic and alkaline media (n = 4) for
all Fe-N-C-based catalysts, indicating that the ORR predominantly follows a direct
four-electron pathway. This result confirms the high selectivity of the catalysts toward
water formation and supports their potential applicability in fuel cell systems.

4.3.3 Oxygen Reduction Reaction (ORR) Pathway Analysis

To better understand the ORR mechanism, rotating ring-disk electrode measurements
were conducted to assess the selectivity of the synthesized catalysts toward the four-
electron reduction pathway. The analysis followed the procedure described in Section
2.5.1 , using Equations (2.3) and (2.4) to determine the electron transfer number during
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ORR and the corresponding hydrogen peroxide yield. All RRDE tests were performed
at a constant rotation speed of 1600 rpm.

The ring currents measured in both acidic and alkaline electrolytes are reported in Fig.
4.13. In an RRDE configuration, hydrogen peroxide produced at the disk electrode
during ORR is transported to the ring electrode, where it is oxidized at a suitable applied
potential, as detailed in the protocol described in Section 2.5.1 . Consequently, the ring
current provides a direct indication of peroxide formation and, therefore, of the
selectivity of the ORR pathway.
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Fig. 4.13 Ring currents measured in (a) acidic and (b) alkaline media at 1600 RPM
using a four-electrode setup.

In 0.1M HCIO4 (Fig. 4.13a), FeNB.5C exhibits the highest ring current, indicating the
greatest peroxide production and therefore the lowest selectivity toward the four-
electron pathway. FeNBy.7sC shows intermediate ring currents, whereas Fe-N-C and
FeNBO0.2sC display the lowest ring currents, confirming improved selectivity. In 0.1M
KOH (Fig. 4.13b), all samples show reduced ring currents compared to acidic
conditions, indicating better selectivity in alkaline medium. Fe-N-C maintains the
lowest peroxide-related current, while FeNBy.sC again shows the highest value among
the series.

b) 4 — 100
4 T 100 —
—
34 ——FeNC

34 o — FeNB0.25C
o ——Fenc <} ——FeNBO.5C
: = g
© FeNBO.75C L) Pl
o ~g w °~
i & 5 2 50 5
5 24 50 % 5 b
5] T o
a E
€ S
= =
Z ] e e maem e~ a o g 1

---------
__________
-
-------- | -—-—-__"C
piaiaa it Sl e e P i
o ==~ . 0 0 R e 0
0.0 02 0.4 06 0.0 02 0.4 0.6

Potential (V vs RHE) Potential (V vs RHE)



Fig. 4.14 ORR selectivity by RRDE measurement in a) acidic and b) alkaline
environments.

Quantitative evaluations support previous conclusions made. Figure 4.14 displays that
Fe-N-C has an electron transfer number of about four and produces the least amount of
H>0:7 in an acidic solution, indicating it primarily operates via a four-electron reaction.
FeNBo.2sC and FeNBo.7sC are also primarily 4 electron catalysts but produce slightly
more H>O»; while FeNB.sC exhibited lower electron transfer numbers yet produced the
largest amount of H2O», indicating a more significant contribution from the two-
electron route than the four-electron. All the catalysts reveal that they have an electron
transfer number of approximately four for the alkaline solution and have reduced levels
of peroxide yield formation. Among the four catalysts tested, Fe-N-C shows the lowest
selectivity, whereas FeENBy.sC exhibits the highest selectivity for H>O2 production.

4.3.4 Stability Test

The CA curves (Fig. 4.15) reveal distinct differences between Fe-N-C and FeNBy.2sC,
particularly in acidic electrolyte.
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Fig. 4.15 i-t curves for FeNC and FeNBo.2sC achieved at 0.68 V in both acidic (solid line) and
alkaline (dash line) media.

In alkaline electrolyte, both catalysts display relatively stable current retention over the
4-hour test, maintaining close to 90% of their initial current density. The decay profiles
are gradual and smooth, indicating that neither catalyst undergoes severe structural
degradation in basic medium. This behavior confirms the inherent stability of Fe-N-C
materials in alkaline environments and suggests that boron incorporation does not
significantly alter the already favorable alkaline durability.



In acidic electrolyte, however, the degradation behavior is markedly different. Fe-N-C
exhibits a rapid initial current drop followed by continuous decay, ultimately retaining
less than half of its initial activity after 4 hours. The pronounced current fluctuations
observed during the test indicate instability of the catalytic layer, likely associated with
progressive degradation of Fe-Ny active sites and carbon corrosion.

In contrast, FeNBo.2sC shows a noticeably slower rate of degradation and reduced
fluctuation amplitude. Although performance loss still occurs, the boron-doped catalyst
retains a higher fraction of its initial current compared to Fe-N-C. The smoother decay
profile suggests improved structural integrity and more stable active site environments
during prolonged operation in acidic medium.

This behavior indicates that boron incorporation enhances resistance against acid-
induced degradation processes.
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Fig. 4.16 LSV curves of FeNC and FeNBo.25C recorded at 1600 rpm before (FeN , FeNBo.25C)
and after (FeNC CA, , FeNBo.2sC CA) the chronoamperometry (CA) stability test in both acidic
(a) and alkaline (b) media.

Table 4.5 Onset and halfwave potentials for the proposed sample obtained from the LSV
curves in 0.1M HCIOa.

FeNC FeNC CA | FeNBo.2sC | FeNBo.2sC CA
Onset Potential [V] 0.75 0.73 0.75 0.73
Half-wave Potential [V] 0.62 0.57 0.63 0.6

Table 4.6 Onset and halfwave potentials for the proposed sample obtained from the LSV
curves in 0.1M KOH

FeNC FeNC CA FeNBy.25sC FeNBy.25C CA

Onset Potential [V] 0.97 0.96 0.96 0.97

Half-wave Potential [V] 0.92 0.89 0.9 0.87




The impact of prolonged operation on intrinsic ORR kinetics is further elucidated by comparing
LSV curves recorded before and after the CA test (Fig. 4.16).

In 0.1M HCIO4, Fe-N-C exhibits a noticeable negative shift in half-wave potential (from
0.62 V to 0.57 V), indicating substantial kinetic degradation. This shift reflects a
decrease in intrinsic catalytic activity and suggests partial deactivation or loss of active
Fe-N sites during acidic operation.

FeNBo.25C also shows a decline in activity; however, the decrease in half-wave potential
is less pronounced (from 0.63 V to 0.60 V). The smaller kinetic shift indicates that boron
doping mitigates activity loss under acidic conditions. Importantly, the similar onset
potentials before and after testing suggest that the fundamental ORR mechanism is
preserved, but the density or effectiveness of active sites is partially reduced.

In alkaline electrolyte, both catalysts exhibit only minor shifts in half-wave potential
after CA testing. The overall polarization curves remain similar in shape and position,
confirming that prolonged operation does not significantly alter the catalytic structure
or intrinsic kinetics in basic medium.

These observations reinforce the conclusion that the stability challenge is primarily
associated with acidic conditions and that boron doping provides measurable
improvement in acid tolerance.
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Fig. 4.17 ORR selectivity by RRDE measurement in Fe-N-C and FeNBo.2sC before (FeNC
, FeNBo.25C) and after (FeNC CA , FeNBo.2sC CA) the CA test, measured in both acidic (a) and
alkaline (b) media.

RRDE measurements (Fig. 4.17) provide further insight into how durability influences
ORR selectivity.

In acidic medium, Fe-N-C shows a slight decrease in the electron transfer number after
CA testing, accompanied by an increase in H>O> yield. This indicates that degradation



not only affects activity but also slightly compromises selectivity, allowing a greater
contribution from the two-electron pathway. Such behavior suggests that structural
deterioration of Fe-Ny sites may alter oxygen adsorption configurations and reduce the
efficiency of O-O bond cleavage.

In contrast, FeNBy.2sC maintains an electron transfer number closer to four even after
prolonged operation, with only a minor increase in peroxide yield. This stability in
selectivity suggests that boron incorporation helps preserve the integrity of the active
sites responsible for facilitating the direct four-electron reduction pathway.

In alkaline electrolyte, both catalysts retain n values very close to 4 before and after CA
testing, with negligible peroxide production. This confirms that the ORR pathway
remains unchanged and highly selective in basic conditions, consistent with the minimal
activity loss observed in LSV measurements.

Overall, while both catalysts exhibit strong stability in alkaline electrolyte, the boron-
doped FeNBy2sC demonstrates improved resistance to acid-induced degradation
compared to undoped Fe-N-C. The enhanced durability is reflected not only in higher
current retention but also in reduced kinetic loss and better preservation of ORR
selectivity.

These results indicate that boron incorporation provides a beneficial effect on both
activity retention and mechanistic stability under harsh acidic conditions, highlighting
its potential role in improving the long-term applicability of Fe-N-C catalysts in proton-
exchange membrane fuel cell environments.

4.3.5 Discussion

The comparative electrochemical evaluation of undoped Fe-N-C and boron-doped Fe-
N-C catalysts provides clear insight into how boron incorporation modulates ORR
activity, kinetics, selectivity, and durability. Using Fe-N-C as a benchmark, the
influence of boron content was systematically assessed through CV, LSV, rotation-rate
studies, RRDE analysis, and chronoamperometric stability tests in both acidic and
alkaline media.

Cyclic voltammetry under N saturation shows mainly capacitive behavior for all
samples, confirming the electrochemical stability of the carbon framework and the
absence of parasitic redox processes. Under Oz saturation, distinct cathodic reduction
features are observed, confirming ORR activity. In both media, ORR-related features
appear at more positive potentials in alkaline electrolyte, reflecting more favorable
kinetics in KOH. The effect of boron is non-linear: in acidic medium, the low-boron
sample (FeNBy.25C) displays ORR behavior comparable to or slightly improved relative
to Fe-N-C, suggesting that limited boron incorporation beneficially modifies the
electronic structure of Fe-Ny active sites. In contrast, FeNBo.sC shows a clear loss in
activity, with a negative shift in half-wave potential, while FeNBo.7sC exhibits



intermediate performance. In alkaline medium, Fe-N-C maintains the most favorable
polarization profile, whereas boron-doped samples, especially FeNBo.sC, show slightly
reduced activity. These results indicate that moderate boron incorporation can preserve
ORR kinetics, but excessive or non-optimal doping perturbs active site accessibility or
electronic structure.

Rotation-rate experiments and Koutecky-Levich analysis confirm that the limiting
current increases with rotation speed, consistent with diffusion-controlled behavior at
low potentials. The linear K-L plots and electron transfer numbers close to four in both
electrolytes demonstrate that all catalysts predominantly follow the direct four-electron
reduction pathway. Thus, boron doping does not alter the ORR mechanism but rather
modulates intrinsic kinetics.

RRDE measurements further clarify selectivity. In acidic medium, FeNBy.sC exhibits
the highest ring current and peroxide yield, indicating lower selectivity toward the four-
electron pathway. FeNBp2sC and FeNB.y7sC show reduced peroxide production,
comparable to Fe-N-C. In alkaline electrolyte, ring currents decrease significantly for
all samples and electron transfer numbers approach four, confirming improved
selectivity in KOH. The higher H,O, formation for FeNBy.sC suggests that intermediate
boron content may weaken O-O bond activation or disturb optimal adsorption
configurations.

Chronoamperometric stability tests reveal that both Fe-N-C and FeNBo.2sC exhibit high
current retention in alkaline medium, indicating good durability in KOH. In acidic
electrolyte, more pronounced degradation is observed, consistent with Fe-N-C
vulnerability to demetallation and peroxide-induced carbon corrosion. Notably,
FeNBy.2sC maintains slightly higher residual current and reduced fluctuations compared
to Fe-N-C, suggesting that appropriate boron incorporation may enhance structural
stability of the carbon matrix and partially protect Fe-Ny sites. Post-CA LSV and RRDE
analyses show moderate shifts in half-wave potential and a slight increase in peroxide
yield, yet the four-electron pathway remains dominant, indicating preservation of the
fundamental reaction mechanism.

Overall, boron doping exerts a concentration-dependent effect on ORR performance.
Low boron incorporation (FeNBy.2sC) achieves a favorable balance between activity,
selectivity, and durability, whereas intermediate content (FeNB.sC) compromises both
kinetics and selectivity. Across all samples, the ORR proceeds predominantly via the
four-electron pathway, confirming that boron primarily influences electronic properties
and stability rather than changing the reaction mechanism. These findings highlight the
importance of dopant optimization in Fe-N-C catalysts and provide guidance for
designing efficient and durable non-precious metal electrocatalysts for fuel cell
applications.



4.4 Electrochemical Activity of Undoped Fe-N-C vs Sulfur Doping
Catalysts

The electrochemical performance of sulfur-containing Fe-N-C catalyst has been
analyzed and compared with that of an undoped Fe-N-C catalyst. The sulfur (theoura)
was added during the preparation of the Fe-N-C catalyst in order to change the
electronic structure of the active Fe-Nx site so as to enhance the catalytic activity of
these sites for the oxygen reduction reaction. To evaluate the influence of sulfur content,
three sulfur-doped catalysts with different sulfur loadings, namely FeNSy.2sC, FeNSo.5C,
and FeNSg.7sC, were synthesized and analyzed.

4.4.1 Cyclic Voltammetry (CV) Analysis

Cyclic voltammetry was conducted in nitrogen-saturated and oxygen-saturated
electrolytes to evaluate the electrochemical behavior and ORR activity of the undoped
Fe-N-C and sulfur-doped catalysts (FeNSo.2sC, FeNSo.sC, and FeNS¢.75C), as shown in
Fig. 4.18, in both acidic and alkaline media.

Under N-saturated conditions (dashed lines), all samples mainly exhibit capacitive
currents associated with electrochemical double-layer charging, with no pronounced
faradaic peaks. This confirms that no significant redox processes occur in the absence
of oxygen and that the cathodic features observed under O are attributable to ORR.
Variations in the capacitive current among the samples may be related to differences in
surface area, defect density, and surface functionality introduced by sulfur
incorporation.

In O»-saturated electrolyte, all catalysts display a well-defined cathodic reduction peak
corresponding to the ORR process. In acidic medium (0.1 M HClOs4), the cathodic peak
for Fe-N-C appears in the potential range of approximately 0.47-0.69 V vs RHE. The
sulfur-doped samples exhibit similar but slightly shifted peak positions, with FeNSg.25C
and FeNSosC showing reduction features between 0.48-0.70 V, while FeNSg.75C
presents a more positively extended peak range of about 0.5-0.72 V. The slight positive
shift and broader peak observed for FeNS0.75C suggest improved ORR activity at
higher sulfur content under acidic conditions.
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Fig. 4.18 Cyclic voltammetry of the samples in Oz-saturated electrolyte (solid lines) and N»-
saturated electrolyte (dashed lines) in both a) acidic and b) alkaline media

In alkaline medium (0.1 M KOH), the cathodic peaks shift to more positive potentials,
indicating more favorable ORR kinetics. The reduction peak of Fe-N-C is observed
between approximately 0.73-0.90 V vs RHE. The sulfur-doped samples exhibit peaks
in the range of 0.79-0.93 V, showing a noticeable positive shift compared to acidic
conditions. This confirms the enhanced ORR kinetics in alkaline electrolyte. However,
despite the shift, Fe-N-C maintains a strong and stable reduction feature, suggesting that
sulfur incorporation does not lead to a systematic improvement in alkaline medium.

Overall, the CV results demonstrate that sulfur doping influences the ORR behavior in
a composition-dependent manner. Higher sulfur content appears beneficial in acidic
medium, as reflected by the more positively shifted cathodic peak of FeNS.75C,
whereas in alkaline medium the undoped Fe-N-C catalyst remains highly competitive.

4.4.2 Linear Sweep Voltammetry (LSV) Analysis

Linear sweep voltammetry measurements were performed at 1600 rpm in both acidic
(0.1M HCIlOs) and alkaline (0.1M KOH) electrolytes to evaluate the ORR activity of
Fe-N-C and sulfur-doped catalysts (FeNSo.25C, FeNSo.sC, and FeNS¢.75C). The
corresponding polarization curves are shown in Fig. 3.19, while the extracted onset
and half-wave potentials are summarized in Tables 4.7 and 4.8.
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Fig. 4.19 ORR electrocatalytic activity of the samples in both (a) acidic and (b) alkaline
environments

Table 4.7 Onset and halfwave potentials for the proposed sample obtained from the
LSV curves in 0.1M HClOa.

FeNC FeNSo.2sC | FeNSosC | FeNSg.75C
Onset Potential [V] 0.74 0.76 0.76 0.77
Half-wave Potential [V] 0.62 0.64 0.62 0.67




Table 4.8 Onset and halfwave potentials for the proposed sample obtained from the
LSV curves in 0.1M KOH

FeNC FeNSo.2sC | FeNSy.sC FeNSo.75C
Onset Potential [V] 0.97 0.98 0.97 0.97
Half-wave Potential [V] 0.92 0.92 0.91 0.92

All samples reveal standard ORR polarization characteristics in acidic electrolyte media
and show similar diffusion-limited ORR current densities of approximately -5 mA/cm?;
therefore, they display similar mass transport characteristics. Conversely, in the kinetic
region of the ORR polarization profiles differences became apparent based on sulfur
content; specifically, incorporation of sulfur resulted in an increase in the onset potential
from 0.74 V for the Fe-N-C catalyst to 0.77 V for the FeNSy.7sCcatalyst and resulted in
an increase of Ei from 0.62 to 0.67 V; thus, it was indicated that higher sulfur loading
improves the underlying kinetics of the ORR reaction. Sulfur loading contributed to a
moderate enhancement of the FeNS¢.2sC catalyst, however the FeNSo.sC catalyst and
Fe-N-C had virtually identical activities; consequently, there is no linear relationship
between the degree of activity and sulfur loadings.

In alkaline electrolyte, all catalysts display improved ORR performance with closely
overlapping polarization curves; however, FeNS.2sC exhibits a slightly more positive
onset potential (0.98 V) compared to Fe-N-C (0.97 V), suggesting a modest
enhancement in reaction initiation. The half-wave potentials remain nearly identical
(~0.91- 0.92 V), indicating similar overall catalytic efficiency under alkaline conditions.
The comparable limiting current densities in both media confirm that sulfur doping does
not significantly affect oxygen diffusion, and that the observed differences arise mainly
from intrinsic kinetic effects.

Influence of the Rotation Rate

As previously discussed in the earlier section on rotation rate analysis, increasing the
electrode rotation speed enhances oxygen mass transport toward the catalyst surface
due to forced convection in the RDE configuration. In the present case, this effect was
evaluated for Fe-N-C and sulfur-doped catalysts in both alkaline and acidic electrolytes.

As shown in figure 4.20 of the LSV curves for the different sampling rates at 400, 900,
1600 and 2500 RPM, the high potential region of all the samples has a current density
that is independent of the rotational speed suggesting that the ORR kinetics are limited
to charge transfer. Additionally, as the potential drops, we see an increased effect of
rotational speed with a systematic increase in limiting current density as the RPM are
increased. This type of behaviour is characteristic of diffusion-controlled conditions and
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is also consistent with the Levich model, which indicates that oxygen transport
dominates the low potential region of the polarization curves.
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Fig. 4.20 LSVs at different rotation rates (400, 900, 1600, and 2500 rpm) in both alka- line (a,
b, ¢, d) and acid (d, e, f,g) electrolytic solutions for Fe-N-C, FeNSo.25C, FeNSo.sC, FeNSo.75C
The close parallels between the limiting currents evolving with rotation rates for all of
the catalysts demonstrate that incorporation of sulfur did not significantly change the
mass transfer properties of the electrolyte in the catalyst layer. To more fully understand
the ORR mechanism, Koutecky-Levich plots were made at selected potentials (see Fig.
4.21). The linearity of 1/j vs. o for both media suggests that the K-L method is valid
to use for these measurements.
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Fig. 4.21 The Koutecky-Levich plots at different electrode potentials of Fe-N-C, FeNBo.25C,
FeNBo.sC, FeNBo.7sC in (a, b, ¢, d) 0.1 M KOH and (e, f, g, h) 0.1 M HCIlOs. Insets indicate
the electron transfer number (n) derived from the KL slopes.

From the K-L slope, the electron transfer is close to four for all the samples. The electron
transfer (n) values are around 3.7 - 4.0 in an alkaline electrolyte and are mostly close to
4 in an acidic medium. The four-electron reduction pathway seems to be the prevalent
route for both undoped and sulfur-doped catalysts based on these results. The slight
deviation from n = 4 indicates either slight differences in active site structure or surface
properties of the catalyst and does not suggest any significant change to the ORR
mechanism.

Overall, the rotation-rate experiment demonstrates that the way the ORR occurs does
not change due to the incorporation of sulfur and that the selectivity towards a four-
electron reduction continues to be very high.

4.4.3 Oxygen Reduction Reaction (ORR) Pathway Analysis

To gain further insight into the ORR mechanism and catalyst selectivity, rotating ring-
disk electrode measurements were performed to evaluate the preference of Fe-N-C and
sulfur-doped catalysts toward the four-electron reduction pathway. The disk and ring
currents, required to calculate the electron transfer number (#) and the corresponding
hydrogen peroxide yield (H2O2 %), are presented in Figures 4.22 and 4.23.

The ring current measured at 1600 rpm has been recorded for an acidic and alkaline
medium in Figure 4.22 below. The ring current in an RRDE configuration is directly
correlated to the amount of peroxide produced at the disk electrode, so lower ring
current yields greater selectivity to the direct four-electron reduction pathway.

In addition, Fe-N-C has the lowest ring current throughout the entire range of potential
studied, while FeNSo.2sC yields the highest values; therefore, more peroxide is being
produced at lower sulfur loadings with FeNS.2sC than with either of the other two
materials (FeNSosC and FeNSy.75C), which yield intermediate values between those
two. Conversely, using an alkaline electrolyte, all of the materials tested have
significantly lower ring currents than when an acidic electrolyte was used, thus
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confirming that less peroxide was produced, thus making the ORR more selective when

using an alkaline electrolyte as well. With regard to selectivity in the alkaline condition,

once again Fe-N-C has the lowest ring current and FeNSosC and FeNSo.7sC have
a) ly larger ring currents, indicating they a;;%)less selective than Fe-N-C.
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Fig. 4.22 Ring currents measured in (a) acidic and (b) alkaline media at 1600 RPM using a
four-electrode setup.

The number of electrons transferred (n) and the amount of H>O> produced were
determined to quantitatively assess the ORR pathway (Figure 4.23). Fe-N-C shows
essentially identical values of # (close to 4) throughout the potential range measured in
acidic conditions, which means it mainly uses a four-electron pathway. The sulfur doped
catalysts also exhibited n values close to 4, but FeNS.5C and FeNS¢.75C were both lower
than 4, especially at lower potentials, which means that the amount of H>O- produced
was therefore moderate relative to Fe-N-C (but slightly higher). In alkaline conditions,
all of the samples had » values close to 4 (3.9 to 4.0) and produced small amounts of
H>0: (generally < 1%), which indicates a preference for total reduction of oxygen.
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Fig. 4.23 ORR selectivity by RRDE measurement in a) acidic and b) alkaline
environments.



The overall RRDE findings indicate that the undoped and sulfur-doped Fe-N-C catalysts
primarily proceed through the four-electron ORR route in both acidic and alkaline
media. Although sulfur doping has a minor effect on the formation of peroxides in acid,
the underlying mechanism for the reaction remains unchanged. Any small differences
in selectivity can be attributed to slight changes to the Fe-Nx active sites due to the
effects of sulfur doping. However, because all samples have a near four-electron transfer
number, it is clear they have high selectivity for the desired four-electron reduction
process.

4.4.4 Stability Test

Among the sulfur-doped catalysts, FeNSo.2sC was selected for the durability assessment
because it exhibited the best electrochemical performance in the previous activity and
selectivity analyses. Its chronoamperometric stability at 0.68 V was therefore evaluated and
directly compared with the undoped Fe-N-C catalyst in both acidic and alkaline media.
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Fig. 4.24 i-t curves for FeNC and FeNSo.2sC achieved at 0.68 V in both acidic (solid line) and
alkaline (dash line) media.

In 0.1 M KOH, both Fe-N-C and FeNSo.2sC show high current retention, maintaining
approximately 90% of their initial current after 4 hours. The decay profiles are smooth
and nearly overlapping, indicating that low-level sulfur incorporation does not
adversely affect alkaline stability. This suggests that the Fe-Ny active sites and carbon
framework remain structurally stable under basic conditions.

In 0.1 M HCIlO4, more pronounced degradation is observed for both catalysts, reflecting
the intrinsic instability of Fe-N-C systems in acidic environments. Fe-N-C exhibits
rapid current decay accompanied by significant fluctuations, with the residual current
decreasing to about 45% after 4 hours. In contrast, FeNS.2sC retains a higher fraction
of its initial activity (~60—65%) and shows a more controlled decay profile with reduced



oscillations. This improved behavior indicates that sulfur incorporation enhances
structural robustness and partially mitigates acid-induced degradation, likely by
modifying the electronic structure of FeNx sites and reinforcing the carbon matrix.

Overall, FeNS¢2sC demonstrates improved durability in acidic medium while
maintaining comparable alkaline stability to Fe-N-C, confirming its suitability for
further post-stability electrochemical analysis.
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Fig. 4.25 LSV curves of FeNC and FeSBo.25C recorded at 1600 rpm before (solid line) and after
(dash line) the chronoamperometry (CA) stability test in both acidic (a) and alkaline (b) media.

Table 4.9 Onset and halfwave potentials for the proposed sample obtained from the LSV
curves in 0.1M HClOa.

FeNC FeNC CA | FeNSp.25C | FeNS.2sC CA
Onset Potential [V] 0.75 0.73 0.76 0.71
Half-wave Potential [V] 0.62 0.57 0.64 0.56

Table 4.10 Onset and halfwave potentials for the proposed sample obtained from the LSV

curves in 0.1M KOH

FeNC FeNC CA | FeNSo25C | FeNSo25C CA
Onset Potential [V] 0.97 0.96 0.98 0.98
Half-wave Potential [V] 0.92 0.89 0.92 0.9

To further evaluate the effect of prolonged operation on catalytic performance, LSV
measurements at 1600 rpm were recorded before and after the chronoamperometric
stability test for both Fe-N-C and FeNSy.25sC in acidic and alkaline media (Fig. 4.25).
The corresponding onset and half-wave potentials are summarized in Tables 4.9 and
4.10.



In acidic medium (0.1 M HCIOs), both catalysts exhibit a noticeable negative shift in
onset potential (E_on) and half-wave potential (E 1/2) after the CA test. For Fe-N-C,
E on decreases from 0.75 to 0.73 V and E 1/2 from 0.62 to 0.57 V, indicating a
significant loss in ORR activity. FeNSo.2sC also shows degradation, with E_on shifting
from 0.76 to 0.71 V and E 1/2 from 0.64 to 0.56 V. Although both materials suffer
performance decay, the initial activity of FeNS.2sC is slightly higher than that of Fe-N-
C, and even after CA testing, the overall polarization profile remains comparable. The
observed losses in acidic conditions are consistent with the instability typically
associated with Fe-N-C catalysts in low-pH environments, where demetallation and
carbon corrosion can reduce the density and accessibility of active sites.

In alkaline medium (0.1 M KOH), the stability is markedly improved. Fe-N-C shows
only minor shifts, with E_on decreasing slightly from 0.97 to 0.96 V and E_1/2 from
0.92 to 0.89 V. FeNSy.2sC demonstrates even better retention of activity, maintaining
E on at 0.98 V before and after the CA test, while E_1/2 decreases marginally from
0.92 to 0.90 V. The minimal changes in polarization curves confirm that both catalysts
preserve their ORR kinetics under alkaline operation, with FeNS¢.2sC exhibiting
particularly stable onset behavior.

Overall, the LSV results corroborate the chronoamperometric findings: degradation is
more pronounced in acidic medium, whereas alkaline conditions provide enhanced
structural and electrochemical stability. Sulfur incorporation at low content (FeNSy.25C)
does not adversely affect durability and, in alkaline electrolyte, contributes to
maintaining high ORR activity after prolonged operation. These findings suggest that
optimized sulfur doping can preserve catalytic performance while potentially offering
improved resistance to long-term electrochemical stress.
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Fig. 4.26 ORR selectivity by RRDE measurement in Fe-N-C and FeNSo.2sC before (FeENC ,
FeNSo.25C) and after (FeNC CA , FeNSo.2sC CA) the CA test, measured in both acidic (a) and
alkaline (b) media.

The effect of prolonged chronoamperometric operation on ORR selectivity was further
evaluated by RRDE measurements at 1600 rpm (Fig. 4.26), allowing determination of



the electron transfer number (n) and hydrogen peroxide yield before and after the CA
test.

In acidic medium (0.1 M HClOs), both Fe-N-C and FeNSo.2sC exhibit electron transfer
numbers (n) close to four across the investigated potential range, confirming that the
ORR predominantly proceeds via the direct four-electron pathway. After the CA
stability test, a slight increase in n is observed for both catalysts, accompanied by a
corresponding decrease in H>O> yield. This behavior indicates a marginal improvement
in selectivity toward complete oxygen reduction to water rather than peroxide
formation. Such a trend suggests that prolonged polarization at 0.68 V does not degrade
the active Fe-Ny sites in acidic medium; instead, it may lead to a mild stabilization or
surface conditioning effect that enhances the preference for the four-electron pathway.

In alkaline medium (0.1 M KOH), both catalysts demonstrate excellent selectivity
before and after the CA test, with n values remaining very close to 4 and H>O> yields
approaching zero across the potential window. Only minimal variations are detected
after durability testing, indicating that the reaction mechanism remains essentially
unchanged. Notably, FeNSo.2sC retains selectivity comparable to or slightly better than
Fe-N-C, further confirming its structural robustness and resistance to degradation in
alkaline electrolyte.

Overall, the RRDE results demonstrate that both undoped and sulfur-doped catalysts
retain high selectivity toward the four-electron ORR pathway after prolonged
polarization in both media. In acidic conditions, a slight improvement in selectivity is
observed after the stability test, while in alkaline electrolyte the four-electron
mechanism is preserved with negligible peroxide formation. These findings confirm
that FeNSo2sC combines enhanced electrochemical performance with stable ORR
selectivity, supporting its suitability for durable oxygen reduction applications.

4.4.5 Discussion

The comparative analysis of undoped Fe-N-C and sulfur-doped Fe-N-C catalysts
(FeNSy.25C, FeNSosC, FeNSo.75C) clarifies the role of sulfur in modulating ORR
activity, kinetics, selectivity, and durability. Undoped Fe-N-C serves as the benchmark
to evaluate how sulfur incorporation affects the electronic environment of Fe-Ny active
sites and the carbon framework.

Cyclic voltammetry shows that under N»-saturated conditions all samples display
mainly capacitive behavior, confirming electrochemical stability and the absence of
parasitic reactions. Under O» saturation, clear cathodic ORR features appear in both
acidic and alkaline media. In acidic electrolyte, selected sulfur-doped samples exhibit
slight positive shifts in reduction features, indicating moderate kinetic enhancement;
however, no linear dependence on sulfur loading is observed, suggesting that excessive
sulfur may partially disturb active site accessibility or electronic structure. In alkaline
medium, polarization profiles largely overlap, confirming that sulfur doping does not



drastically alter the intrinsic electrochemical response and that faster ORR kinetics are
generally favored in basic conditions.

LSV measurements at 1600 rpm reinforce these findings. In acidic medium, undoped
Fe-N-C shows an onset potential around 0.74 V and a half-wave potential near 0.62 V.
Moderate sulfur incorporation can slightly improve these values, whereas intermediate
sulfur content does not provide consistent benefits. In alkaline electrolyte, all catalysts
exhibit more positive onset potentials (<0.97-0.98 V) and similar half-wave potentials
(~0.91-0.92 V), with nearly identical diffusion-limited currents, indicating comparable
mass transport properties and suggesting that performance differences arise mainly
from kinetic effects.

Rotation-rate experiments confirm this interpretation. At high potentials, currents are
nearly independent of rotation speed, indicating charge-transfer control; at lower
potentials, limiting currents increase with rotation rate, consistent with diffusion-
controlled behavior described by the Levich model. Koutecky-Levich analysis yields
electron transfer numbers close to four (n = 3.7-4.0) in both media, demonstrating that
sulfur incorporation does not change the fundamental ORR mechanism, which
predominantly follows a four-electron pathway.

RRDE results further confirm high selectivity. In acidic medium, Fe-N-C shows low
peroxide yield and n values close to four, while sulfur-doped samples maintain near-
four-electron behavior with only minor variations in H>O; formation. In alkaline
medium, peroxide yields are even lower for all catalysts and n approaches 4.0 across
the potential range, indicating highly selective reduction of oxygen to water.

Durability tests at 0.68 V reveal that FeNS¢.25C, selected for its superior overall
performance among sulfur-doped catalysts, exhibits improved stability compared to
undoped Fe-N-C, particularly in acidic conditions where degradation is more
pronounced. In alkaline medium, both catalysts retain high current densities with
minimal decay. Post-CA LSV and RRDE analyses show only slight shifts in acidic
electrolyte and negligible changes in alkaline medium, while n remains close to four
and peroxide production does not increase significantly, confirming preservation of the
reaction pathway after prolonged operation.

Overall, sulfur doping influences ORR performance in a non-linear manner. Optimized
sulfur incorporation can moderately enhance intrinsic kinetics and durability especially
in acidic media, while maintaining high selectivity toward the four-electron pathway.
These findings highlight that controlled sulfur doping fine-tunes the Fe-Ny active
environment without altering the fundamental ORR mechanism, emphasizing the
importance of dopant optimization in Fe-N-C electrocatalyst design.



5. CONCLUSIONS

This thesis investigates the development of mesoporous Fe-N-C catalysts for the
oxygen reduction reaction (ORR), with particular emphasis on the role of heteroatom
dopants such as boron and sulfur. The study was motivated by the urgent need to identify
cost-effective and sustainable alternatives to platinum-based catalysts for fuel cell
applications. Although platinum remains the benchmark catalyst for ORR, its high cost,
limited availability, and durability issues limit large-scale implementation.
Consequently, considerable research has focused on non-precious metal catalysts,
among which Fe-N-C materials have emerged as promising candidates. In this work,
the potential of controlled heteroatom incorporation to enhance the electrocatalytic
performance and stability of Fe-N-C catalysts was systematically explored.

Undoped Fe-N-C catalysts and heteroatom-modified variants containing boron or sulfur
(FeNBC and FeNSC, respectively) were synthesized using a hard-template approach
based on SBA-15 mesoporous silica. The synthesis procedure involved precursor
impregnation, high-temperature pyrolysis, removal of the silica template by acid
leaching, and a second pyrolysis step to improve electrical conductivity and
graphitization. Controlled amounts of boron and sulfur were introduced into the carbon
matrix to evaluate the influence of different dopant concentrations on catalytic
performance. The catalysts were subsequently evaluated using rotating disk electrode
(RDE) and rotating ring-disk electrode (RRDE) techniques under both acidic (0.1 M
HClO4) and alkaline (0.1 M KOH) conditions. Electrochemical characterization
included cyclic voltammetry, linear sweep voltammetry, Koutecky—Levich analysis,
peroxide detection, and stability tests in order to assess catalytic activity, kinetics,
selectivity, and durability.

The morphology and physicochemical properties of the synthesized catalysts were
examined by scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX). SEM observations indicated that sulfur-doped catalysts largely
preserved the mesostructural features associated with the SBA-15 hard template,
suggesting that the templating strategy successfully produced a porous carbon
framework. In contrast, boron-doped samples displayed less well-defined templated
morphology, indicating that boron incorporation may partially disrupt the structural
replication of the silica template during synthesis. EDX analysis confirmed the presence
of the intended heteroatoms within the catalyst structure and revealed compositional
trends consistent with the synthesis conditions. The sulfur-containing samples showed
relatively consistent Fe-N-S ratios, supporting successful doping, whereas the boron-
doped materials exhibited higher and less reliable boron signals, likely due to overlap
between the B and C peaks at low X-ray energies. Overall, these results confirmed the
successful synthesis of the catalysts while highlighting differences in morphology and
elemental distribution between the boron- and sulfur-modified materials.

The electrochemical results indicate that the undoped Fe-N-C catalyst provides a
reliable baseline in terms of ORR activity, particularly in alkaline media. More positive



onset and half-wave potentials observed in KOH demonstrate that Fe-N-C catalysts
operate more favorably under alkaline conditions than in acidic environments.
Koutecky-Levich and RRDE analyses further indicate that the ORR proceeds
predominantly through a four-electron pathway (n = 3.7-4.0). The low peroxide yield
confirms that oxygen is reduced mainly to water, highlighting the high selectivity of the
catalytic system.

The incorporation of boron into the catalyst structure produced a non-linear effect on
ORR performance. Low levels of boron resulted in catalytic activity comparable to that
of the undoped Fe-N-C catalyst and in some cases produced slight improvements.
However, intermediate levels of boron incorporation led to a decrease in ORR activity
under both acidic and alkaline conditions. Higher boron contents produced intermediate
behavior with inconsistent variations along the polarization curves. These observations
suggest that excessive modification of the electronic structure may negatively influence
both intrinsic reaction kinetics and mass transport properties. Consequently, the amount
of boron incorporated into the catalyst must be carefully optimized to maintain a balance
between conductivity, active-site availability, and structural stability.

Sulfur doping exhibited a different behavior. While the intrinsic ORR mechanism
remained largely unchanged, moderate sulfur incorporation improved the intrinsic
kinetics and, more importantly, enhanced catalyst durability in acidic media, where
degradation is typically more severe. In alkaline conditions, the sulfur-doped catalysts
maintained high activity and stability, with minimal current loss observed during
chronoamperometric testing. These results indicate that sulfur does not significantly
alter the four-electron ORR pathway or increase hydrogen peroxide formation. Instead,
sulfur likely modifies the local electronic environment surrounding the Fe-Nx active
sites while preserving the overall reaction mechanism.

Overall, this study provides a systematic evaluation of the structure-performance
relationships in both undoped and heteroatom-doped Fe-N-C catalysts. The use of a
standardized hard-template synthesis enabled a reliable comparison of catalysts
prepared under identical conditions. The results demonstrate that heteroatom doping
does not automatically lead to improved catalytic performance; rather, the catalytic
response strongly depends on both dopant concentration and the local chemical
environment. In particular, controlled sulfur incorporation can enhance catalyst
durability without compromising selectivity, whereas boron doping requires careful
optimization to prevent performance deterioration.

Despite these promising results, several limitations remain. Although Fe-N-C catalysts
exhibit encouraging ORR activity, their performance in acidic media remains inferior
to that of platinum-based catalysts, which continue to represent the benchmark for
proton exchange membrane fuel cells. In addition, the improvements obtained through
heteroatom doping are relatively modest and strongly dependent on dopant
concentration and distribution. Catalyst stability in acidic environments also remains a
challenge due to potential degradation of Fe-Nj active sites and carbon corrosion.



Future research should therefore focus on optimizing the distribution, concentration,
and coordination environment of heteroatoms in order to maximize the density and
accessibility of active sites. Further work is also required to improve catalyst durability
in acidic conditions and to better understand the relationship between physicochemical
properties and electrochemical behavior. Advances may be achieved through
complementary characterization techniques and through the development of multi-
doping strategies capable of exploiting synergistic interactions between different
heteroatoms.

In conclusion, heteroatom doping represents a promising strategy for tuning the
performance of Fe-N-C catalysts for the oxygen reduction reaction. The effectiveness
of this approach depends strongly on both the nature and the concentration of the
dopant, as well as on the electrolyte environment. In particular, sulfur doping improves
catalyst stability without significantly affecting selectivity, whereas boron doping must
be carefully optimized to avoid adverse effects on catalytic activity. These findings
contribute to the development of platinum-free electrocatalysts and support ongoing
efforts toward more sustainable and economically viable fuel cell technologies.
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