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Introduction 
The increasing global demand for energy is leading to higher levels of environmental 
pollution and the deterioration of living conditions. According to the International Energy 
Agency, the energy consumption in the world is increasing by 1% every year and 
transport has the big portion of it (Nazir et al., 2020; Staffell et al., 2019). Most of the 
world’s energy supply currently comes from fossil fuels, which release pollutants such as 
CO₂ and NOₓ into the atmosphere. Fuel cells and batteries have long been considered-
and continue to be-promising alternatives to fossil fuel-based energy systems in order to 
reduce pollution. 

Low-temperature fuel cells generate electricity and heat through an electrochemical 
reaction between hydrogen and oxygen, with water and heat being the only byproducts. 
This clean energy conversion process makes them an attractive option for sustainable 
and environmentally friendly energy solutions (Vesborg & Jaramillo, 2012). Main 
problems towards the widespread usage of fuel cell are cost and durability (Zine et al., 
2024). The oxygen reduction reaction (ORR) which takes place at the fuel cell cathode is 
a most important reaction in the fuel cell that unfortunately has a sluggish kinetics 
(Patowary et al., 2022). To accelerate this reaction a catalyst with high performance is 
needed. Until today platinum is considered the most effective catalyst for the oxygen 
reduction reaction (ORR) due to its optimal binding energy with ORR intermediates which 
arises from its favorable electronic structure (Nørskov et al., 2004). Nevertheless, Pt is 
expensive, with limited source and its mining produces huge amounts of CO2 (Alonso  
et al., 2012). Remarkable effort has been made to reduce the Pt amount in PEM fuel cells, 
over the past 10 years Pt amount has been reduced around 50%, from 0.4-0.6 mg/cm² 
to approximately 0.1–0.2 mg/cm² (Müller-Hülstede et al., 2023; Shuxiu Yang et al., 2024). 
However, there is still a strong drive to develop non-platinum catalyst materials, which 
could address all the aforementioned issues associated with platinum, including its high 
cost, limited availability, and susceptibility to degradation. In 1964, Dr. Jasinski published 
the first study on a non-platinum fuel cell catalyst (Jasinski, 1964). Subsequently, 
research on non-platinum catalysts expanded significantly, leading to the publication of 
numerous studies and papers in this field. Discovery of new carbon nanomaterials  
such as carbon nanotube (CNT) (Iijima, 1991) and graphene (Novoselov et al., 2004), 
 as a support material for both platinum-based and non-platinum based catalysts,  
has decreased the price and enhanced active site dispersion (Shui, Wang, et al., 2015). 
The study on catalyst for low temperature fuel cell is divided to two main topics: Platinum 
Group Metals (PGM) and PGM free. Transition metals, alkali metals, and p-block metals, 
in combination with carbon, nitrogen, and oxygen, have been identified as promising 
PGM free catalysts for PEM fuel cells (T. Tang et al., 2020).  

The electrochemical reduction of oxygen remains a compelling field of study, with 
numerous experimental and theoretical techniques aimed at understanding catalytic 
mechanisms, improving reaction efficiency, and developing more effective and durable 
catalyst materials (Zhongwei Chen et al., 2011; Higgins & Chen, 2013; Jaouen et al., 2010; 
Rabis et al., 2012). ORR may occur by either a two-electron pathway, resulting in the 
production of hydrogen peroxide, or a direct four-electron pathway, which is an 
important reaction in fuel cells and leads to the formation of water as the final product. 
The efficiency of the fuel cell is directly influenced by the kinetics of the oxygen reduction 
reaction. (Song & Zhang, 2008).  
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The aim of this PhD thesis was to explore the electrocatalytic activity of nanocarbon 
supported non-precious metal catalysts (NPMCs), such as lead and nitrogen doped 
carbon [I], vanadium and nitrogen doped carbon [II], boron and fluorine doped  
carbon [III]. Co-doping was used in all studies as it has been shown to enhance the ORR 
due to the synergetic effect (R. Ma et al., 2019; Shakil et al., 2018). Various doping 
precursor-to-carbon nanomaterial ratios, as well as different synthesis temperatures, 
were employed to identify the optimal synthesis conditions for preparing efficient ORR 
electrocatalysts. Electrochemical experiments were carried out using rotating disc 
electrode and rotating ring disc electrode. The surface structure, composition and 
morphology of carbon nanomaterials and nanocarbon supported catalysts has been 
examined by transmission electron microscopy, high-resolution scanning electron 
microscopy, X-ray photoelectron spectroscopy, Raman spectroscopy and X-ray powder 
diffraction analysis. The goal was to design new and improved carbon supported 
catalysts and to establish clear structure–property relationships that can drive further 
advancements in the field of fuel cell electrocatalysis. The aim was to identify low-cost, 
environmentally friendly alternatives to Pt/C catalysts in order to reduce the overall cost 
of low-temperature fuel cells while maintaining or enhancing their performance and 
durability. 
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1 Literature overview 
1.1 Fuel cells 
A fuel cell is a device that converts a fuel, such as hydrogen, and an oxidant, often oxygen 
in air, into electricity, heat, and a byproduct in the form of water. There are five types of 
fuel cells used in various applications: the polymer electrolyte membrane fuel cell,  
the alkaline fuel cell, the solid oxide fuel cell, the molten carbonate fuel cell, and the 
phosphoric acid fuel cell. In the fuel cell the fuel, which is hydrogen carrier or pure 
hydrogen, undergoes oxidation at the anode. Simultaneously, oxygen is reduced at the 
cathode, resulting in the formation of water by the utilization of protons produced from 
the oxidized hydrogen (Delavar & Wang, 2022; Ramasamy et al., 2024). 

1.1.1 Polymer electrolyte membrane fuel cells 
In polymer electrolyte membrane fuel cell, the transportation of protons or anions to the 
cathode or anode respectively is facilitated by an ion conductive polymeric membrane. 
Given that the membrane has electrical insulating properties, the movement of electrons 
occurs through an external circuit, so enabling their use for practical purposes, as seen 
in Figure 1. Low temperature polymer exchange fuel cells are divided into the anion 
exchange membrane fuel cells (AEMFC) and proton exchange membrane fuel cells 
(PEMFC). In PEMFC protons are produced during the oxidation of hydrogen fuel at the 
anode and transported through the membrane to the cathode, where it reacts with 
reduced oxygen to form a water. During the oxidation process also, the electrons are 
released to the external circuit, and thus electric current is produced (Qasem & 
Abdulrahman, 2024). In an AEMFC, the anode is supplied with fuel in the form of either 
hydrogen or methanol, while the cathode receives water and oxygen. At the cathode, 
the process of oxygen reduction results in the generation of hydroxide ions (OH−),  
which subsequently move across the electrolyte towards the anode. At the anode,  
the hydroxide ions undergo a chemical reaction with the fuel, resulting in the formation 
of water molecules and the release of electrons (Das et al., 2022).  
 

 
 

Figure 1. (a) Anion exchange membrane fuel cell and (b) proton exchange membrane fuel cell 
(adapted from Zhang et al. (H. W. Zhang et al., 2015)). 
 

In addition to polymer electrolyte membrane fuel cells, the microbial fuel cell (MFC) 
is working in neutral medium. In MFC, electroactive microorganisms oxidize organic 
substrates at the anode under anaerobic conditions, releasing protons and electrons.  
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The electrons are transferred to the external circuit, generating an electric current, while 
the protons migrate through a membrane or electrolyte to the cathode. At the cathode, 
under aerobic conditions, oxygen is reduced and combines with the protons to form 
water. This bioelectrochemical process occurs efficiently in neutral media, making MFCs 
suitable for applications such as wastewater treatment with simultaneous electricity 
generation (Kruusenberg, 2013; Santoro et al., 2017). 

Using a single-cell membrane electrode assembly (MEA) as an illustrative case, the fuel 
cell generally contains catalysts that are either deposited onto or incorporated into a 
carbon material, constituting the anode and cathode components. The electrodes are 
then applied onto the polymeric membrane and positioned between gas diffusion layers 
(GDLs). GDL is often composed of carbon paper or carbon cloth and serve the function 
of facilitating the effective transportation of gases to and water from the electrodes.  
The membrane electrode assembly (MEA) is situated between flow field of bipolar plates, 
which function as additional conduits for the transportation of gas and water vapor 
(Figure 2). These plates are often composed of graphite or metal that has been coated 
with layers resistant to corrosion, because of the acidic environment inside a PEMFC (Stein 
& Ein-Eli, 2020). Additionally, they provide support to the MEA and contribute to the 
structural integrity of the fuel cell stack (Zarmehri et al., 2013). 
 

 
 

Figure 2. Low temperature fuel cell structure (adapted from Cruz-Martínez et al (Cruz-Martínez et al., 
2019)).  
 

The main issues in fuel cell industry that must be addressed are durability and 
affordability. The cost breakdown analysis of PEMFC stack reveals that the catalyst 
component makes a substantial contribution (59%) to the overall cost of stack (Figure 3). 
The order costs are associated with the bipolar plate, membrane, gas diffusion layer, 
electrodes and gaskets (Anderson et al., 2023; Madheswaran et al., 2023; Pollet et al., 
2019). 
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Figure 3. The cost breakdown for stack at 50000 systems per year (Gregory Kleen et al., 2022). 

The increased cost of specialized Pt catalysts compared to untreated Pt metal may be 
ascribed to factors such as material processing expenses and manufacturer markup. 
The prices of PEMFCs have been decreased at a similar rate to those of lithium-ion 
batteries via the process of manufacturing scale-up (Porstmann et al., 2019; Schmidt 
et al., 2017). Nevertheless, the cost of the catalyst mostly consists of material expenses 
and does not decrease in proportion to the annual production volume of systems. 
Therefore, it is crucial to reduce the quantity of Pt-based catalyst used while yet 
preserving its durability. The decrease of catalyst loading may be achieved by the 
discovery of an enhanced catalyst possessing a greater level of activity in ORR. This can 
be further facilitated by augmenting the surface area of the catalyst and reducing the 
losses associated with mass transport, particularly under conditions of high current 
density. Nevertheless, there has been a resurgence of interest in cathode catalysts that 
do not include PGM. Notably, their effectiveness has been greatly enhanced, although 
only in the presence of oxygen (Charalampopoulos et al., 2023). Due to the limited 
intrinsic activity of catalysts devoid of PGM for ORR, a higher quantity of catalyst is 
required to achieve comparable performance, particularly in the presence of air. 
Increased loadings of catalysts that are devoid of PGM lead to a much thicker catalyst 
layer, which may be up to 100 times thicker than catalysts containing PGM. This is 
accompanied by greater resistance within the catalyst layer and losses in mass transfer.  

The development of PEMFCs is often given to Willard Thomas Grubb and Leonard 
Niedrach, both of whom were associated with General Electric (GE) in the early 1960s. 
The research conducted on PEMFCs had a primary focus on enhancing the efficiency and 
functionality of the Gemini missions (Nail et al., 2008). The challenge of the significant 
demand for Pt in the manufacturing process of GE fuel cells has been acknowledged as a 
primary barrier to their widespread adoption from its beginnings (Nail et al., 2008). 
In contemporary times, PEMFCs have attained significant achievements. Prominent 
automobile manufacturers such as Toyota, Hyundai, Honda, Ford, Chevrolet, and 
Mercedes-Benz have unveiled their respective car models equipped with PEM fuel 
cell technology (Debe, 2012). Furthermore, Plug Power, a corporation specialized in the 
manufacturing of hydrogen-powered forklifts, disclosed a revenue of $230 million in the 
fiscal year 2020 (Plug Power Inc. Financials - Annual Reports, 2021). Over the last decade, 
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there has been a notable increase in both the specific activity and bulk activity of 
catalysts based on Pt (F. Guo et al., 2023; Hussain et al., 2020; Pollet et al., 2019; Xiaqing 
Wang et al., 2025). However, the successful implementation of these catalyst-level 
advancements into large-scale fuel cell stacks has proven to be a significant challenge  
(Ly et al., 2020). Based on the most optimistic forecasts, it is projected that the maximum 
platinum loading for PEMFC technology is 0.1 g kW–1 (Pollet et al., 2019). This suggests 
that around 14% of the global platinum reserves would be required for the implementation 
of PEMFC technology, disregarding any possible losses resulting from recycling and 
catalyst production. The long-term feasibility of using platinum-based catalysts in 
PEMFCs for fuel cell electric vehicles (FCEVs) is questionable (Y. Wang et al., 2021).  
The inclusion of NPMC materials in the roadmaps of the US Department of Energy 
for PEMFC provides support for this approach (Thompson & Papageorgopoulos, 2019). 

1.2 Oxygen reduction reaction 
One of the key electrochemical processes is the electroreduction of oxygen. Not only 
does it provide power via fuel cells, but it is also essential for biological respiration, which 
sustains life. In acidic aqueous solutions ORR (Figure 4 right) can follow either a  
4-electron pathway (eq. 1-4) (Anastasijević et al., 1987): 
O2 + 4H+ + 4e- → 2H2O    𝐸𝐸0 = 1.229 V, (1) 
or 2-electron pathway: 
O2 + 2H+ + 2e- → H2O2    𝐸𝐸0 = 0.67 V, (2) 
followed by further reduction of hydrogen peroxide  
H2O2 + 2H+ + 2e- → 2H2O   𝐸𝐸0 = 1.77 V (3) 
or disproportionation 
2H2O2 → 2H2O + O2 (4). 
In alkaline conditions (Figure 4 left) the ORR can also proceed via two pathways. The 4-
electron pathway (eq. 5-8): 
O2 + 2H2O + 4e- → 4OH-   𝐸𝐸0= 0.401 V, (5) 
or 2-electron pathway: 
O2 + H2O + 2e- → HO2- + OH-     𝐸𝐸0 = −0.065 V, (6) 
followed by further reduction 
HO2- + H2O + 2e- → 3OH-   𝐸𝐸0 = 0.867 V, (7) 
or disproportionation 
2HO2- → 2OH- + O2 (8) 
with all the standard potential (E0) values given versus the standard hydrogen electrode 
(SHE) at 25 °C.  
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Figure 4. Simplified mechanism of oxygen reduction reaction in cathode of fuel cell in alkaline (left) 
and in the acidic media (right) (adapted from Kruusenberg (Kruusenberg, 2013). 
 

In fuel cells, the 4-electron pathway is consistently preferred. The 2-electron pathway 
leads to the formation of hydrogen peroxide too, and if not further reduced, can have 
corrosive effects on fuel cell components. Moreover, the formation of H2O2 (or HO2–) 
leads to a reduction in fuel cell efficiency (A. Yu et al., 2024). On noble metal surfaces, 
such as platinum, ORR proceeds along a direct 4-electron pathway. In the presence of 
acidic environment, platinum is well recognized as the electrocatalyst with the highest 
level of activity towards ORR. It exhibits selectivity in reducing oxygen via the 4-electron 
pathway (D. Zhang et al., 2023). Nevertheless, in alkaline media, the oxygen reduction 
reaction (ORR) can proceed via both inner-sphere and outer-sphere electron transfer 
mechanisms. The outer-sphere pathway involves the one-electron reduction of 
molecular oxygen without the necessity for specific adsorption onto the catalyst surface, 
typically forming a solvated superoxide anion, which is subsequently protonated to 
hydroperoxide (HO₂⁻). This reaction route is surface-independent and thus permits the 
effective use of a broader range of NPMCs, as it bypasses the strong chemisorption 
requirement that is essential in acidic media where inner-sphere mechanisms dominate. 
Although the outer-sphere mechanism primarily yields peroxide species rather than 
water, its prevalence in alkaline conditions significantly broadens the scope for catalyst 
design beyond platinum-group metals (Figure 5) (Ramaswamy & Mukerjee, 2011, 2012). 
However, it has been shown that some catalytic sites, such as the MN4 coordination 
center, which are NPMCs, may still facilitate the direct reduction of oxygen by a 4e– 
process in both acidic and alkaline environments (Asset & Atanassov, 2020; Byeon et al., 
2023; Mineva et al., 2019). 
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Figure 5. Schematic illustration of the double-layer structure during the ORR in acidic (left) and 
alkaline (right) conditions. Insets (a) and (b) illustrate the inner-and outer-sphere electron transfer 
processes. (adapted from Ramaswamy et al. (Ramaswamy & Mukerjee, 2011)). 

1.2.1 Oxygen reduction on non-precious metal catalysts 
The search for alternative materials to substitute platinum in the realm of oxygen 
reduction has a long historical lineage that predates the development of PEMFCs.  
Non-precious metal catalysts (NPMCs) have garnered significant attention as  
cost-effective alternatives to platinum-based catalysts for the oxygen reduction  
reaction (ORR) in fuel cells. Among these, iron-nitrogen-carbon (Fe-N-C) catalysts have 
demonstrated remarkable ORR activity, attributed to the presence of atomically 
dispersed Fe-N₄ sites within a carbon matrix. Recent studies have shown that  
increasing the concentration of these active sites enhances catalytic performance, 
achieving half-wave potentials up to 0.886 V versus the reversible hydrogen electrode 
(RHE) in alkaline media (Yuan Zhao et al., 2024). In addition to Fe-N-C catalysts, 
heteroatom-doped carbon materials, such as those doped with nitrogen, sulfur, boron, 
phosphorus, and fluorine, have been explored for ORR applications. These dopants 
modify the electronic structure of carbon, enhancing its catalytic activity. A recent review 
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highlighted the progress in combining transition metals with heteroatom doping, 
underscoring the synergistic effects that result in improved catalytic performance 
(Jannath & Saputra, 2024). Metal phthalocyanines have been extensively studied as 
molecular precursors for M-N-C catalysts due to their well-defined metal-N₄ 
coordination, providing insights into the active sites responsible for enhanced ORR 
performance. High-temperature treatment enhances the interaction between the MN₄ 
macrocycles and the substrate, leading to improved contact and integration (Jahnke  
et al., 1976). It must be noted that such thermal treatments can also lead to modifications 
of the active sites’ structure and composition, an important issue that remains under 
active investigation. Nevertheless, it is crucial to acknowledge that this particular 
intervention also induced modifications to the attributes of the active site, a topic that 
will be further expounded upon in later discourse. In the year 1989, Gupta and colleagues 
achieved a notable breakthrough by replacing the expensive MN4 macrocycles with a 
combination of a readily available nitrogen source, namely polyacrylonitrile (PAN), and 
basic metal salts like cobalt or iron acetate. The mixtures were subjected to pyrolysis at 
increased temperatures ranging from 300 to 950 °C, leading to the formation of highly 
regarded NPMCs at that time (Gupta et al., 1989). However, unlike the physically 
adsorbed macrocycle-based catalysts, which had a well-defined structure, these new 
heat-treated materials proposed the important question about the exact nature of the 
active sites for ORR after pyrolysis, which has only begun to be answered in the recent 
years (S. Liu et al., 2022; Mineva et al., 2019; Rukmani Krishnan et al., 2024).  

Carbon contains in the large majority of the materials (atomic percentage) and 
provides the substance with chemical stability, electrical conductivity, porous structure, 
and mechanical strength(Jiang Li et al., 2023). Carbon materials with a significant surface 
area, such as Vulcan XC72 and Black Pearls BP2000, have been extensively used as 
support materials for heterogeneous catalysts, particularly as carriers for Pt nanoparticles 
(Shao et al., 2016; Yeager, 1984). Nevertheless, carbon alone has little electrocatalytic 
activity towards ORR, especially towards 4-electron reaction (Wei et al., 2023). The most 
effective technique so far in the creation of active sites for ORR without the use of 
platinum involves doping the carbon material with transition metals and heteroatoms. 
This approach promotes the formation of metal-nitrogen moieties and other defects that 
serve as catalytically active centers (Barkholtz & Liu, 2017; X. Li et al., 2022; Shao et al., 
2016; Dan Wang et al., 2021). 

1.2.2 ORR on heteroatom doped carbon nanomaterials 
Heteroatom doping of nanocarbons has emerged as an easy and effective way to 
enhance the kinetics of ORR, alongside many alternative non-platinum catalysts 
(Chattopadhyay et al., 2022; Gutru et al., 2023; Vikkisk et al., 2015; Woo et al., 2021). 
In fact, doped carbon materials are attractive due to their low cost, good tolerance to 
fuel impurities, long-term stability and good electrocatalytic activity towards the ORR 
(F. Kong et al., 2022; Woo et al., 2021). Since the seminal work by Gong et al. (K. Gong 
et al., 2009), which unveiled the electrocatalytic capabilities of N-doped carbon nanotube 
arrays for ORR in alkaline environments, a substantial body of research has emerged on 
metal-free carbon-based electrocatalysts (X. Kong et al., 2020). Various heteroatoms, 
including nitrogen (L. Sun et al., 2012; D. Yu et al., 2010; N. Zhou et al., 2018), boron (Bo 
& Guo, 2013; Jang et al., 2018; Sheng et al., 2011), phosphorus (J. Wu et al., 2013; Zhu 
et al., 2015), and sulfur (Klingele et al., 2017; Seredych et al., 2015; Z. Yang et al., 2012), 
have been used for the purpose of doping. However, it is worth noting that N-doped 
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carbon nanomaterials continue to be extensively researched and used as catalysts 
for ORR (Jeon et al., 2020; J. Wang et al., 2020). The N-doping technique has earned 
significant attention due to the comparable atomic radii of nitrogen and carbon, 
measuring at 74 picometers (pm) and 77 pm, respectively. This interest stems from the 
ease of the N-doping procedure and the enhanced stability it offers in comparison to 
other heteroatoms (Nagappan et al., 2022). The heteroatoms discussed above exhibit 
distinct electronegativity values and atomic sizes relative to carbon. Consequently, the 
introduction of dopants will cause changes in carbon charge distribution and electrical 
properties (Kaur et al., 2019). The proximity of nitrogen to carbon in the periodic  
table facilitates its integration into the carbon framework with little deformation,  
owing to similarities in atomic sizes and number of valence electrons (Jeon et al., 2020). 
The introduction of N-functionalities will result in the creation of supplementary 
electrocatalytically active sites (Qian et al., 2020; X.-L. Zhou et al., 2021). Although 
nitrogen can generate chemically stable species within the carbon structure, potentially 
improving certain aspects of electrochemical performance, the overall durability is often 
higher in more graphitized, defect-free carbons due to their superior resistance to 
oxidative degradation (Quílez-Bermejo et al., 2020). The electronegativity of nitrogen with 
a value of 3.04 is greater than that of carbon with a value of 2.55 (Jeon et al., 2020; Kaur 
et al., 2019). Consequently, the introduction of nitrogen into the carbon structure leads 
to the formation of defects, as the nitrogen atoms undergo a change in their configuration 
(Kaur et al., 2019; Sekhon & Park, 2021). Defects within carbon materials have been seen 
to have a significant impact on many properties, including electrical conductivity, 
wettability, and surface polarity. Consequently, these defects have been found to 
enhance the electrocatalytic activity towards ORR (X.-L. Zhou et al., 2021). Indeed, it is 
worth noting that various defects, such as unsaturated carbon atoms, vacancies, or extra 
structural defects, have a significant role in electrocatalytic activity (Quílez-Bermejo  
et al., 2020). The beneficial impact of defects is contingent upon the maintenance of a 
sufficiently high level of conductivity in the catalysts, hence facilitating efficient electron 
transportation to the active sites (Quílez-Bermejo et al., 2020). The presence of nitrogen 
atoms results in the induction of a net positive charge in adjacent carbon atoms. This 
phenomenon of charge delocalization enhances the adsorption of O2 and further reduction 
(Kaur et al., 2019; Sekhon & Park, 2021). There is much debate on the significance of the 
nitrogen content in the bulk material with respect to its electrochemical activity. 
However, some studies have shown a correlation between the catalytic activity and the 
content of nitrogen, as evidenced by previous research (Kaur et al., 2019). In contrast, 
further research has shown that the correlation between doping sites and catalytic 
activity has more significance compared to the quantity of nitrogen (Kaur et al., 2019; 
Quílez-Bermejo et al., 2020; X.-L. Zhou et al., 2021),. The functional group known as 
pyridinic-N has been primarily attributed to the significant activity seen in ORR (Quílez-
Bermejo et al., 2020). Its significance arises from the presence of a localized lone pair of 
electrons on the nitrogen atom, which is available for interaction with adsorbed oxygen 
molecules. This lone pair increases the electron-donating character of adjacent carbon 
atoms, thereby promoting the reductive adsorption and activation of O₂ during the 
oxygen reduction process (Kaur et al., 2019). The active sites responsible for the 
reduction of O2 are not specifically nitrogen atoms, but rather the adjacent carbon 
atoms. O2 is first attracted to these sites, chemisorbed, and ultimately reduced (Quílez-
Bermejo et al., 2020). 
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There are four common types of bonding nitrogen functionalities on the surface of  
N-doped catalysts: pyrrolic N, pyridinic N, graphitic N and oxidized N. (Figure 6).  
In pyrrolic N, nitrogen atom is in the ring of five carbons atoms, whereas pyridinic 
nitrogen is in the ring of six carbon atoms. If nitrogen atom is located in the plane of 
graphene substituting the carbon atom, it is called graphitic. Bonding between oxygen 
and nitrogen is oxidized N (Kasera et al., 2022). These species can be detected using XPS 
– pyridinic, pyrrolic, graphitic and N-oxide appear in 398.1 (± 0.1) eV, 400.3 (± 0.2) eV, 
401.1 (± 0.1) eV and 402.2 (± 0.2) eV respectively (NIST, Gaithersburg, 20899, 2000; 
Ratso, Kruusenberg, Joost, et al., 2016). Pyridinic N is considered as the most efficient 
one for ORR among the forementioned nitrogen species (Ayyubov et al., 2023; 
Fukushima et al., 2015; D. Guo et al., 2016; Sakaushi et al., 2017). 
 

 
 
Figure 6. Hypothetical structure of N-doped biochar (Kasera et al., 2022). 
 

Recently, there has been high interest in carbon materials doped with fluorine, mostly 
due to the element's strong electronegativity (J. Guo et al., 2018; Panomsuwan et al., 
2015; Sim et al., 2022; Zeng et al., 2022). The use of fluorine as a co-dopant, in conjunction 
with nitrogen, boron, and sulfur, has been employed (Akula & Sahu, 2020; X. Bai et al., 
2017).  

The incorporation of atoms with differing electronegativities into the carbon framework 
disturbs the local charge distribution, creating polarized regions and positively charged 
carbon sites adjacent to the heteroatoms (Gutru et al., 2023; Yu Zhao et al., 2013). These 
positively charged carbon sites are favorable for the adsorption of O₂ molecules, which 
exhibit a partial negative charge due to electron withdrawal from antibonding orbitals as 
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they approach the catalyst surface. This charge interaction promotes the initial 
adsorption and activation of oxygen, a critical step in ORR (Peera et al., 2024; Xia et al., 
2020; Zeng et al., 2022). Although the doping of carbon materials with nitrogen has been 
extensively investigated, the doping of materials with boron and fluorine remains 
relatively less studied.  

There exist three primary approaches for incorporating boron atoms into the carbon 
framework: (1) using chemical vapor deposition with carbon and boron sources 
alongside a catalyst, (2) subjecting carbon material to thermal annealing (single-step) in 
the presence of a boron precursor, and (3) utilizing a two-step thermal treatment 
procedure (Bo et al., 2013; Y. Cheng et al., 2014; Kondo et al., 2014). In a manner similar 
to the incorporation of boron atoms, fluorine may be integrated into the carbon 
framework. In addition to the techniques indicated above, plasma treatment and direct 
chemical synthesis have also been used for the purpose of fluorine doping (Panomsuwan 
et al., 2015; Yeom et al., 2015; Zeng et al., 2022). 

According to existing literature, it has been proposed that the process of pyrolysis at 
high temperatures leads to the removal of oxygen-containing groups from the surface of 
carbon nanomaterials. Consequently, defects are formed within the framework, which 
serve as active sites for the introduction of boron or fluorine doping (Bo et al., 2013; 
Yeom et al., 2015; J. Zhang et al., 2021). For instance, it has been shown that  
carboxylic groups exhibit decomposition tendencies throughout the temperature range 
of 350–750 °C, whereas quinone and phenolic groups have similar decomposition 
patterns within the temperature range of 500-950 °C (Bansal & Goyal, 2005; Bernal  
et al., 2018). In their study, Schniepp et al. investigated the impact of heat-treatment on 
the C/O ratio in graphene oxide (GO). Their findings revealed that when subjected to 
temperatures below 500 °C, the C/O ratio was measured at 7. Conversely, temperatures 
over 750 °C resulted in a higher C/O ratio exceeding 13 (Schniepp et al., 2006).  

When boron is introduced into the carbon network, it induces a partial positive charge 
on the boron atoms due to its electronegativity of 2.04. Consequently, these partly 
positively charged boron atoms function as active sites for ORR (B. Wang et al., 2021).  
The study conducted by Lazar et al. shows that the incorporation of boron into the carbon 
network may occur either by replacement or addition, depending on the chemical 
properties of the doping agent (Lazar et al., 2014). According to previous research  
(Bo et al., 2013), the process of substitutional doping involves the bonding of boron to 
carbon within the sp2 network by replacing carbon atoms present in the network. Upon 
further boron doping, sp3 carbon atoms will be incorporated into the sp2 carbon lattice, 
accompanied by the introduction of BH2 species on the surface and edges of the carbon 
material (Lazar et al., 2014). The predominant bonding patterns of boron integrated into 
a carbon network are BCO2, BC2O, BC3, and B4C (Wenjun Cheng et al., 2018; Sadhanala & 
Nanda, 2016; Sreekanth et al., 2015). The significance of B-C bonding in the mechanism 
of ORR has been highlighted in previous research conducted by Jo and Shanmugam.  
The researchers provided evidence that catalysts with larger concentrations of B3C, B4C, 
and BC3 species exhibited greater activity in ORR (Jo & Shanmugam, 2012). This finding 
suggests that a greater B/C ratio may have a positive impact on improving the kinetics of 
ORR, a conclusion that was further supported by Cheng et al. (Y. Cheng et al., 2014).  

Previous research has shown that the presence of positively charged boron leads to 
the chemisorption of oxygen molecules. Indeed, the transfer of electrons to O2 results in 
the destabilization of the O-O bond, so initiating the process of ORR. The electrons are 
derived from neighboring carbon atoms, with boron serving as a mediator (L. Yang et al., 
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2011). The preference for associative ORR over dissociative ORR on B-doped carbon 
materials was revealed by Fazio et al. (Fazio et al., 2014). This implies that after the 
adsorption of O2 in an end-on orientation, dioxygen species are generated, which 
undergo directly reduction to hydroperoxo species, bypassing the formation of 
energetically expensive side-on intermediates seen in the dissociative process (Fazio  
et al., 2014). 

The investigation of F-doping remains rather limited. This suggests that the mechanism 
of ORR on doped materials and the precise function of fluorine in these materials remain 
uncertain. Thus far, fluorine has mostly been linked to the increase of electrical conductivity 
in the catalyst material (Ni et al., 2020). Due to its high electronegativity and an 
abundance of valence electrons compared to nitrogen and boron, the introduction of 
fluorine into carbon materials is expected to consistently result in semiconducting 
behavior at low levels of F-doping, whereas higher concentrations are likely to induce a 
conductive behavior (C. Tang et al., 2005; Xue et al., 2013). According to previous studies, 
it has been shown that fluorine has the ability to efficiently eliminate and substitute 
oxygen functional groups of graphene oxide (GO), while simultaneously introducing 
fluorine atoms into both the basal plane and edges of graphene. Hence, the 
incorporation of F-doping may also be regarded as a simultaneous approach for the 
reduction of graphene oxide (X. Cheng et al., 2017; D. Y. Kim et al., 2011; Sim et al., 2022; 
Sysoev et al., 2020) . 

The investigation conducted by Chokradjaroen et al. (Chokradjaroen et al., 2020) 
focused on the synthesis of carbon nanomaterials doped with boron and fluorine using 
a single-step solution plasma technique. The researchers discovered that the catalyst 
treated with both boron and fluorine exhibited the most significant ORR activity in 
comparison to carbon materials that were either non-doped or only doped with boron. 
Nevertheless, the catalyst material that underwent dual-doping also facilitated ORR via 
a 2-electron pathway.  

1.2.3 Oxygen reduction on metal-nitrogen-carbon (M-N-C) catalysts 
Metal-nitrogen-carbon (M-N-C) catalysts consist of a combination of a transition metal, 
nitrogen, and carbon. Doping carbon with transition metals and nitrogen is a more  
cost-effective method for creating active sites for ORR compared to using platinum 
(Barkholtz & Liu, 2017; He & Wu, 2022; Jaouen et al., 2009; Marshall-Roth et al., 2020; 
Shao et al., 2016; Yeager, 1984). For understanding the precise characteristics of the 
active site, it is vital to acquire comprehension regarding the manufacturing process of 
these components. The prevalent techniques used in the synthesis of M-N-C catalysts 
include (Ratso, 2020): 
 1. The doping process involves the pyrolysis of a synthesis mixture including a carbon 
carrier, a nitrogen dopant, either a polymer or a smaller molecule with a high concentration 
of nitrogen atoms, and a metal source, often an inexpensive salt, to introduce dopants 
into the carbon material. The nitrogen and metal sources may be effectively coupled, 
such as by the use of a macrocycle that includes the necessary metal. The precursors are 
frequently combined through either liquid-phase method such as sonication or stirring 
in a solvent, or solid-phase methods such as grinding, mixing, or milling. Subsequently, 
the resulting mixture is subjected to high-temperature pyrolysis, leading to the fusion of 
the precursors. This process alters the chemical properties of both the dopants and the 
substrate, resulting in the formation of active sites for ORR (Bashyam & Zelenay, 2006; 
Ferrandon et al., 2012; Lefèvre et al., 2009; Vikkisk et al., 2013; G. Wu et al., 2011).  
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One notable benefit of using this particular approach is in the use of a pre-existing carbon 
material, which serves to determine the characteristics of the resulting catalyst, including 
its structure, porosity, and level of graphitization.  
2. The in-situ doping method, resembling method 1, involves the formation of a doped

carbon network through pyrolysis using carbon, nitrogen, and metal sources. These
sources can either be the same, such as Fe-doped ZIF-8, or different, such as a
carbon-based polymer, a nitrogen-containing molecule, and an iron salt. The use of this
approach often enables a greater concentration of nitrogen and metals in comparison to
method 1. However, it presents challenges in terms of regulating the structure and
porosity of the resultant catalyst. This issue is often mitigated by using a precursor
(or precursors) that has a well-defined structure, such as metal-organic frameworks
(MOFs) (Proietti et al., 2011; Ramaswamy & Mukerjee, 2011; Shui, Chen, et al., 2015;
Strickland et al., 2015; H. Zhang et al., 2017; Zitolo et al., 2015), metal macrocycles
(Kramm et al., 2016; José H. Zagal et al., 2006), macrocyclic aerogels (Zion et al., 2020),
or polymers (Jiang et al., 2018; Xiaojuan Wang et al., 2016).
3. The hard-template method, also known as the sacrificial support method (SSM),

employs a similar approach as described in method1. However, it involves the use of a
hard template, often composed of silica, to contain the precursors throughout the
pyrolysis process. The use of a stable template throughout the pyrolysis process enables
the determination of the ultimate configuration of the catalyst (Gokhale et al., 2017;
Monteverde Videla et al., 2016; Serov et al., 2015). Hence, this approach amalgamates
two advantageous aspects from methods 1 and 2. However, it is accompanied by the
drawback of necessitating the removal of the template subsequent to pyrolysis. This
process may also induce modifications in the resulting catalyst by etching certain metal
components. It is worth noting that such modifications can potentially enhance the
stability of the final catalyst (Serov et al., 2015).

In a number of cases, a combination of approaches is used, whereby the catalyst 
generated using the hard-template method is subsequently doped by the addition of 
more compounds containing nitrogen and subsequent pyrolysis of the mixture (Jiazhan 
Li et al., 2018), or through pyrolysis in the presence of ammonia  (Strickland et al., 2015; 
Zitolo et al., 2015). The use of acid washing is a prevalent practice in all techniques aimed 
at eliminating inactive metal species that may cause fuel cell contamination during 
operation. However, it is worth noting that this method necessitates an additional heat 
treatment to deprotonate the N-groups on the surface. This deprotonation process is 
crucial as it prevents the binding of anions, which could potentially reduce the catalyst’s 
activity (Herranz et al., 2011). Mostly, metal is coordinated with X (e.g. 4) nitrogen atoms, 
named M-Nx (Zitolo et al., 2015). Determining the precise characteristics of the M-Nx sites 
that exhibit the highest activity towards ORR poses significant challenges, mostly due to 
the multitude of active sites of this specific kind inside a catalyst. The presence of different 
kinds of active sites has been seen in all catalysts synthesized using the high-temperature 
pyrolysis process, which is known for its imprecise nature. The identification of active 
species in a catalyst is often accomplished by the use of XPS, Mössbauer spectroscopy, 
or XAS. Nevertheless, it should be noted that the signals obtained from M-Nx sites, and 
in the case of XPS, other nitrogen moieties, tend to overlap. Consequently, a significant 
aspect of the identification process involves the deconvolution and fitting of peaks (Asset 
& Atanassov, 2020). In the case of graphene, a material known for its exceptional 
properties, atomic-level imaging has been successfully accomplished (Chung et al., 2017). 
However, when it comes to catalysts, most of them exhibit an amorphous structure 
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unlike graphene. Consequently, the precise determination of the number and type of 
atoms that are linked to the metal center remains speculative due to the limitations of 
existing imaging techniques. 

Synthesizing a catalyst with a single type of active site is difficult, so determination of 
exact mechanism of reaction is hard. Figure 7 shows a comprehensive illustration of 
ORR occurring on a catalyst composed of M-N-C (in this case, Fe-N-C) in acidic environment 
(Asset & Atanassov, 2020). 
 

 
Figure 7. ORR on a M-N-C catalyst with different active sites: S, S*, S1 and S2 (Asset & Atanassov, 
2020). 
 

As shown in Figure 7, Fe-Nx sites catalyse a direct 4-electron reduction of oxygen to 
water or the 2×2e– reduction, where both of the steps take place on either the same 
active site or another S* site. On nitrogen moieties without any coordinated iron,  
the ORR undertakes the 2+2e– reduction with the first steps of oxygen adsorption and 
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reduction to H2O2 taking place on pyrrolic or graphitic nitrogen and the second step on 
pyridinic nitrogen, (Ramaswamy & Mukerjee, 2011, 2012). However, it must be noted 
that the surrounding carbon also has an influence on the active sites and can thus change 
the selectivity (Kruusenberg, 2013; Ratso, 2020). 

The processes depicted in Figure 7 are:  
(A) O2 in solution or surface diffusion to the active sites. 
(B) O2 adsorption on the different active sites. 
(C) O2 reduction in H2O (on S sites) or H2O2 (on S* or S1 sites) followed by diffusion in 
solution. 
(D) Re-adsorption on S* or S2 sites. 
(E) H2O2 reduction in H2O, followed by diffusion in solution (Asset & Atanassov, 2020). 

1.2.4 Oxygen reduction on carbon-supported metal-phthalocyanines 
Metal macrocyclic complexes such as metal phthalocyanines (Figure 8) and porphyrins are 
highly adaptable compounds that serve as catalysts for a diverse range of electrochemical 
reaction (Abarca et al., 2019; Lu & Kobayashi, 2016; Sorokin, 2013; José H. Zagal et al., 
2010). Phthalocyanine (Pc) is composed of four isoindole subunits, which are connected 
through N atoms located at the meso-position. By altering the central ion, the structure 
of Pcs enables a wide range of functionalities. Ligands can be attached to the metal 
center at the axial positions, while substituents can be attached at the α- or β-positions 
(peripheral or non-peripheral) (Shaoxuan Yang et al., 2021). The majority of elements 
from various groups in the periodic table have the ability to interact with the N atoms in 
the Pc macrocycle. consequently, there are over 70 different types of metal or metalloid 
macrocycle complexes. The physical characteristics of the Pc are significantly influenced 
by the central metal cation (Wenjing Cheng et al., 2022; Patowary et al., 2022; L. Sun  
et al., 2012). If the oxidation state of the central metal cation is +1, two nitrogen atoms 
bind to the ions. A common example of this is dilithium phthalocyanine (Li2Pc) (D. Yu  
et al., 2010; N. Zhou et al., 2018). Additionally, there are metal-oxide phthalocyanines, 
such as vanadyl Pc and titanyl Pc. As previously stated, subjecting MPc to heat treatment 
enhances their electrocatalytic activity and stability (Shaoxuan Yang et al., 2021).  
The precise mechanisms behind the catalytic activity of MN4 macrocycles in ORR remain 
unclear. Some scientists believe that the split of the O-O bond occurs as a result of  
the creation of a peroxo dimer on the two active metal sites (dual-site mechanism)  
(José H. Zagal et al., 2006). According to some authors, it has been suggested that the 
catalysis of ORR by MN4 macrocycles occurs via a dual-site mechanism. In this process, 
oxygen molecules align both to the metal active center and to a nitrogen atom on the 
macrocyclic ligand (Tanaka et al., 1987). There is an agreement in the literature that the 
nitrogen ligands present in MN4 macrocycle catalysts, in addition to the transition metal, 
significantly contribute to the stability and activity of these catalysts. However, the exact 
composition of the final active sites remains unknown, as shown by previous studies 
(Ding et al., 2012; Nabae et al., 2010). It is significant to emphasize that support material 
has the potential to function as an axial ligand, hence potentially leading to distinct 
features of the complexes in the adsorbed form (José H. Zagal et al., 2006). Various 
investigations in the area of oxygen reduction electrocatalysis have used catalysts such 
as carbon nanotubes, carbon nanofibers, graphene, Ketjen Black, and Vulcan carbon to 
include FePc and CuPc complexes (Mamuru & Ozoemena, 2010; Mocchil & Trasatti, 2003; 
Okunola et al., 2009; Pan et al., 2012; Yamazaki et al., 2005; José H. Zagal et al., 2009;  
S. Zhang et al., 2011). The enhancement of electrocatalytic capabilities of phthalocyanine 
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complexes by the functionalization of CNTs has been shown in previous studies (Dong  
et al., 2012; Z. Xu et al., 2011). Phthalocyanines exhibit a robust adsorption on CNTs via 
noncovalent π–π interactions, resulting in the formation of “molecular phthalocyanine 
electrodes” (José H. Zagal et al., 2009). 

In addition to these electronic and molecular-level interactions, the spatial 
distribution and surface accessibility of the MN₄ catalytic sites on the support play a 
critical role in determining overall electrocatalytic activity. The quantity of MN4 catalysts 
present on the support material's surface is an additional factor that impacts the 
electrocatalytic activity of the catalyst material. Some research has shown a clear 
correlation between the thickness of the catalyst layer on the support material and 
oxygen reduction currents. According to the findings of Fierro et al., it has been shown 
that only 30% of the catalyst present on the porous support material exhibits activity for 
ORR (Fierro et al., 1990). Additionally, research has shown that just the outermost layer 
of the catalyst is accessible to oxygen molecules, making it the only active site for oxygen 
reduction. The presence of an excessively thick coating of the catalyst has been seen to 
have a detrimental effect on the electrical conductivity, resulting in a drop in the current 
associated with the reduction of oxygen (Pavez et al., 2005). Research has shown that 
subjecting catalyst materials to pyrolysis in an inert environment leads to an 
enhancement in both their catalytic activity and stability (Bouwkamp-Wijnoltz et al., 
1998; Lalande et al., 1997). Since the seminal investigation conducted by Jahnke et al. 
(Jahnke et al., 1976), which documented the impact of heat-treatment, a number of 
studies have been undertaken to discover and enhance the parameters of pyrolysis,  
as well as to elucidate the precise configuration of the catalytic site responsible for the 
electrocatalytic activity pertaining to ORR (Li Zhu et al., 2010; Meng et al., 2010).   
The selection of the heat-treatment temperature is contingent upon the particular MN4-
macrocycle under consideration. The temperatures used for the pyrolysis of MN4-
macrocycles in an inert environment range from 500 to 1000 °C. However, research has 
shown that macrocycles generally exhibit optimal activity within the temperature range 
of 500 to 600 °C. At high temperatures, the catalytic activity of the material may exhibit 
a decline, while concurrently experiencing an increase in stability. There are three 
primary mechanisms involved in the pyrolysis process of the MN4- macrocycles (José H. 
Zagal et al., 2006). According to Van Veen (van Veen et al., 1981; van Veen & Colijn, 
1981), optimal catalytic activity may be attained within the temperature range of 500 to 
600 °C, without causing full degradation of the macrocycles but ligand modification 
instead. Stability is attained by the binding of ligands to the carbon support, therefore 
mitigating oxidative attacks on the catalyst material. Yeager (Yeager, 1984) expressed 
disagreement with the findings obtained by van Veen and arrived at the conclusion that 
the degradation of the macrocycles began at a temperature as low as 400 °C. At a 
temperature of 800 °C, the macrocycles undergo decomposition, resulting in the loss of 
coordination between the metal and the nitrogen ligand atoms. Instead of that, metallic 
ions coordinate or adsorb onto the carbon surface and interact with nitrogen to generate 
the resulting composition as well. Yeager postulated that the resultant structure serves 
as the catalytic site for ORR. Regarding heat treatment parameters, the focus has mostly 
been on temperature, since it has a substantial impact on the structure of Pcs. Higher 
temperatures may lead to the degradation of the Pc and result in the aggregation of 
metals (Adeleye et al., 2021; Ladouceur et al., 1993). The optimal synthesis temperature 
is dependent upon both the Pc and the central metal. Although there are conflicting 
findings in the literature, it is evident that subjecting the material to temperatures over 
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700 °C resulted in the creation of a metal-Nx-C structure (Shaoxuan Yang et al., 2021).  
In the context of non-pyrolysed transition metal phthalocyanines, the reactivity of metals 
exhibits a decrease in the following sequence: Fe > Co > Ni > Cu > Mn (Jose H. Zagal & 
Bedioui, 2016). However, it is important to note that the majority of catalysts used in 
contemporary applications undergo pyrolysis. Consequently, the characteristics of the 
active site significantly deviate from those of a pristine metal phthalocyanine 
(Tammeveski & Zagal, 2018; José H. Zagal & Koper, 2016), resulting in distinct variations 
in activity trends.  

As per Wiesener’s findings (Wiesener, 1986), the presence of metal ions inside the 
MN4-macrocycles facilitates the breakdown of the chelate at elevated temperatures, 
therefore leading to the generation of nitrogen-doped carbon. In this particular instance, 
the presence of metal residues resulting from the decomposition of MN4-macrocycles 
does not have any significant influence on ORR. Conversely, the introduction of nitrogen 
into carbon structures generates an active group that facilitates the process of oxygen 
reduction. In the latter scenario, it was seen that the transition metal in the precursor 
compound forms a nitrogen bond with a carbon matrix resembling graphite. This carbon 
matrix is generated by the process of pyrolysis. The remaining of the inner core structure 
of the MN4 macrocycle during pyrolysis has been suggested, and it is believed to serve as 
a catalytic center for ORR (Fiechter et al., 2004). The precise identification of catalytic 
active sites remains unclear, leading to ongoing debates among scientists (D. Guo et al., 
2016; Hu et al., 2022; Jia et al., 2019; L. Liu & Corma, 2021). One perspective suggests 
that MN4-centers are attributed to the catalytic active sites, whereas another perspective 
favors nitrogen heteroatoms as preferred catalytic sites (Herranz et al., 2007; Matter  
et al., 2007; Wiesener, 1986). Lalande et al. (Lalande et al., 1997) have shown the 
significance of nitrogen in the MN4 catalyst material. Wiesener (Wiesener, 1986) 
proposes that Metal-N4, or metal-N2+2, might potentially serve as active sites. Several 
research groups have also proposed that the presence of quinone groups on the surface 
of carbon materials may contribute to the creation of active sites. Elbaz and colleagues 
provided empirical support on the development of stabilized MN4 macrocycle-quinone 
complexes on carbon-based surfaces, with the aim of designing catalysts for ORR that do 
not rely on noble metals (Elbaz et al., 2010).  
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Figure 8. Structure of metal phthalocyanine. Adapted from Yang et al. (Shaoxuan Yang et al., 2021). 
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2 Experimental 
2.1 Synthesis of catalyst materials 
2.1.1 Synthesis of Pb-N-doped carbon, and V-N-doped carbon 
Lead (II) phthalocyanine (PbPc) (Sigma-Aldrich) or vanadyl phthalocyanine (VPc)  
(Sigma-Aldrich) was mixed with MWCNTs in different MPc-to-MWCNT (M: Pb, V) mass 
ratios (1:7, 1:3, 1:1, 3:1, 7:1) and suspended in 5 ml of ethanol followed by magnetic 
stirring and sonication for 2 h to achieve the adsorption of MPc on the surface of 
MWCNT’s. The catalyst suspension was poured into a quartz boat followed by drying at 
70 °C for 20 min and heat-treatment at 600, 800, and 1000 °C for 2 hours in a flowing 
nitrogen 99.999% (argon 99.999% for VPc) atmosphere. Also, dihydrogen phthalocyanine 
(HPc) (Sigma-Aldrich) was mixed with MWCNT (1:1) and pyrolysed at 800 °C for comparison 
with PbPc/MWCNT. The prepared catalysts are designated as MPc/MWCNT (X:Y),  
where X and Y represent the relative masses of metal phthalocyanine (MPc, either PbPc 
or VPc) and multi-walled carbon nanotubes (MWCNTs), respectively, used during the 
synthesis. 

2.1.2 Synthesis of boron, fluorine and nitrogen-doped graphene/FWCNT 
Few-walled carbon nanotubes (FWCNT) were synthesized by fluidized-bed chemical 
vapor deposition purchased from Noda Lab (Japan) (Zhongming Chen et al., 2014; D. Y. 
Kim et al., 2011) and reduced graphene oxide (rGO) was synthesized from graphite 
powder (Graphite Trading Company) by a modified Hummers method (Hummers & 
Offeman, 1958), (L. Sun et al., 2012). Boron trifluoride diethyl etherate (BTDE) (Sigma 
Aldrich) was used as boron and fluorine source in the doping process. Firstly, the FWCNTs 
were oxidized at room temperature in a mixture of 1:1 H2SO4 and HNO3 solution in order 
to introduce oxygen-containing groups on the carbon nanotube surface, which in turn 
introduces reactive sites for further modification of FWCNTs. 

B and F co-doped carbon nanomaterials were synthesized by a single-step pyrolysis 
method. FWCNTs and rGO with a ratio of 1:1 were mixed with a BTDE. Four different 
mass ratios were used (FWCNT and rGO/BTDE = 1:2.5, 1:5, 1:10 and 1:20) and the 
prepared catalysts are designated as 1BFC, 2BFC, 3BFC and 4BFC, respectively. All the 
mixtures were sonicated for 1 h and then dried in a vacuum oven. The materials were 
pyrolyzed in nitrogen atmosphere at 800 °C for 2 h and then cooled down to room 
temperature. For comparison purposes also pyrolysis at temperatures of 600 °C and  
1000 °C was carried out. 

In addition, Pt/C 20% commercial (Alfa-Aesar) was used as a benchmark. NaCl, 
Na2HPO4, KCl and KH2PO4 (Sigma-Aldrich) were used to prepare 0.1 M phosphate buffer 
solution (PBS) pH 7.5 at room temperature (23 ± 1 °C). All the solutions were made using 
MilliQ-water. 

2.2 Modification of GC electrodes  
A glassy carbon (GC) disk (GC-20SS, Tokai Carbon) was used as the substrate material for 
the rotating disk electrode (RDE) tests, with a geometric surface area (A) of 0.2 cm2.  
GC disks were embedded in a Teflon holder, and the GC electrodes were meticulously 
polished with 1.0 and 0.3 μm alumina powder (Buehler) to a mirror-like finish. The GC 
disk electrodes were sonicated in isopropanol for 5 minutes and then in water for  
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5 minutes after the polishing process. The electrodes were modified with MPc/MWCNT 
(M: Pb, V) electrocatalysts utilizing aqueous suspensions (4 mg ml–1) containing ionomer 
to prepare a uniform catalyst layer on the GC surface. Ionomer was 0.25% Nafion 
perfluorinated resin solution (Aldrich, USA) for acid and neutral media, and 0.15% 
FAA-3 OH– ionomer (FumaTech Germany) for alkaline media. The catalyst suspensions 
were sonicated for 1 h in the ultrasonication bath, keeping the temperature at <30 °C, 
and on a vortex mixer for two minutes. Then, 5 µl aliquot of the well-dispersed ink was 
loaded onto the polished, clean GC electrode, completely covering the GC. It was 
repeated four times to reach 20 µl. The ink droplet was dried in the ambient atmosphere. 
Thus, for electrochemical testing, the electrocatalyst loading was 0.4 mg cm–2. Also, 
HPc/MWCNT and 20% Pt/C catalysts were tested in alkaline, neutral and acidic media for 
comparative purposes, with the same catalyst ink preparation procedure as used for the 
MPc/MWCNT. For the industrial 20 wt.% Pt/C used for the comparison purposes, catalyst 
with a loading of 0.4 mg cm–2 was applied, resulting in a Pt loading of 80 µg cm–2. 
The carbon material doped with BF was dispersed in isopropanol at a concentration of 
4 mg ml‒1, with the addition of 0.25% Tokuyama ionomer AS-4 (Tokuyama Corporation, 
Japan) for the alkaline medium and 0.5% Nafion solution (Sigma-Aldrich) for the acid 
medium. A volume of 20 μL of the catalyst suspension that had been made was applied 
onto the surface of the GC, followed by a drying process at a temperature of 70 °C for a 
duration of 30 minutes. 

2.3 Electrochemical measurements 
To test the metal-phthalocyanine modified MWCNT catalyst materials, the RDE setup of 
an OrigaTrod rotator with speed control device (OrigaLys, France) was used for 
electrochemical measurements, with the electrode rotation rate (ω) varied between 400 
and 4400 rpm. The potential was applied with a Gamry potentiostat/galvanostat 1010E 
(Gamry Instruments, USA) at a scan rate of 10 mV s–1 and step size 10 mV. A graphite rod 
served as the counter electrode, whereas a saturated calomel electrode Hg/HgCl (SCE), 
4.2 M KCl reference electrode (SI-Analytics B 3410+, Germany) served as the reference 
electrode. Three electrolytes 0.5 M H2SO4 (pH 0.3), 0.1 M phosphate buffer solution 
(pH 7.5) and 0.1 M KOH (pH 13) were used in the electrochemical experiments. 
The electrolyte solution was saturated with O2 (99.999%, AGA) for ORR current density 
and N2 (99.999%) for background measurements. During the electrochemical testing, 
a steady flow of these gases was maintained over the solution.  

For BFC catalyst the counter electrode used in the experiment was composed of 
platinum foil, while a SCE was utilized as the reference electrode. To prevent the 
migration of Pt nanoparticles into the electrolyte solution, the Pt foil was positioned 
inside a separate quartz cuvette equipped with a filter. The validity of this counter 
electrode has been established and its performance has been compared to that of a 
graphite rod electrode. The experimental setup used a modified glassy carbon disk. 
The working electrode employed in the study had a geometric area of 0.2 cm2. 

All experiments were carried out at room temperature (23 ± 1 °C). For all RDE 
measurements the adhesion of the composite electrocatalysts to the GC disk was 
excellent and no loss of the catalyst occurred during the measurements as evidenced by 
an unchanged and stable cyclic voltammogram before and after the ORR testing. 

The cyclic voltammetry (CV) was used for stabilization before the linear sweep 
voltammetry test. It was run between 0 V and 1 V vs RHE in different pH media. The scan 
rate was 100 mV s–1. No rotation rate was applied. Linear sweep voltammetry (LSV) in 
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different rotation rates between 4400 to 400 rpm was employed to study the kinetics of 
electrode reactions. the voltage range was between 0 V to 1 V vs RHE. The scan rate was 
10 mV s–1. 

Methanol tolerance was used to evaluate catalyst tolerance against methanol 
poisoning at alkaline, buffer and acidic environment. Tests were carried out at specific 
potential and at 1900 rpm, 3 M MeOH was added at 300 s, then test continued for  
900 s. In this study, chronoamperometry was run for all catalysts and Pt/C® in all 
environments. Also, the electrode rotated at 200 rpm during the test to avoid bubble 
accommodation under electrode. The chronoamperometry test was carried out for 20 h 
at 0.6 V. 

The stability of the prepared catalysts was evaluated by carrying out 5000 potential 
cycles at a scan rate of 100 mV s−1 while the rotation rate was set to 1000 rpm. After 
every 100 cycles the LSVs were recorded at 10 mV s−1. 

Experiments were conducted to evaluate the durability of the highly active catalyst 
produced at a temperature of 800 °C. These experiments were carried out in alkaline, 
buffer and acidic environments, and the findings were compared to those obtained with 
a commercial 20% Pt/C catalyst. The duration of test was 72000 seconds across all 
mediums for PbPc, VPc catalysts and 60000 seconds for BFC.  

Electrochemical impedance spectroscopy (EIS) was used for calculation of iR 
compensation for all experiments, the ohmic resistance was measured for each test. We 
used a special sequence in Gamry framework software to measure it. 

In this thesis, Eonset is defined as the potential value when the current density reaches  
0.1 mA cm−2. 

The Koutecky-Levich (K-L) equation (9) was used to calculate the number of electrons 
transferred per O2 molecule (n) [66]: 
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where j is the measured current density, jd and jk are the diffusion-limited currents 
density and kinetic current density, respectively, k is the electrochemical rate constant 
for O2 reduction, ω is the rotation rate (rad s-1), F is the Faraday constant (96,485 C mol–1), 
𝐷𝐷𝑂𝑂2  is the diffusion coefficient of oxygen (1.9 ×10–5 cm2 s–1 for alkaline and neutral media 
and 1.8×10–5 cm2 s–1 for acid media, 𝐶𝐶𝑂𝑂2

𝑏𝑏  is the concentration of oxygen in the bulk  
(1.2 ×10–6 mol cm–3 for alkaline and neutral media and 1.132 × 10–6 mol cm–3 for acid 
media and υ is the kinematic viscosity of the solution (0.01 cm2 s–1) (Gottesfeld et al., 
1987; K.K. Türk et al., 2018). If the intercepts of the extrapolated K-L lines were close to 
zero, this illustrates that the mechanism of oxygen reduction is almost completely 
controlled by diffusion(K.K. Türk et al., 2018), but the non-zero intercepts of the 
extrapolated K-L lines indicating that the process of ORR is controlled by the mixed 
kinetic-diffusion. 

To make the research data obtained more easily comparable with the literature and 
with different materials that are presented in this work, the electrode potentials that 
were recorded vs. SCE were calculated to the reversible hydrogen electrode (RHE) scale 
by employing Nernst equation (10): 

𝐸𝐸𝑅𝑅𝑅𝑅𝑅𝑅 = 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 + 0.059𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆0     (10) 
where 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 is the potential value recorded vs. SCE, and 𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆0 = 0.242 V at 25 °C. All the 
potential values are stated against RHE, unless noted otherwise. All the potentials in this 
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paper are expressed in terms of the reversible hydrogen electrode (RHE) except of 
stability curves. 

Through RRDE test, the concentration of H2O2 is measured to calculate the number of 
electron transfer (n), which indicates the average number of electrons transferred  
per oxygen molecule during reduction, and which pathway dominates under specific 
experimental conditions. The percentage yield of peroxide formation at the disk 
electrode was determined using Eq. (11). 

%𝐻𝐻2𝑂𝑂2 =  2
𝐼𝐼𝑟𝑟
𝑁𝑁

𝐼𝐼𝑑𝑑+
𝐼𝐼𝑟𝑟
𝑁𝑁

× 100%      (11) 
 

Here, Id represents the disk current, Ir denotes the ring current, and N is the collection 
efficiency of the Pt ring electrode (with N = 0.25, as determined by the hexacyanoferrate 
(III) reduction reaction). The value of n was calculated from the RRDE results using Eq. (12). 

𝑛𝑛 = 4 𝐼𝐼𝑑𝑑
𝐼𝐼𝑑𝑑+
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        (12) 

2.4 Physical characterization instruments 
Scanning electron microscopy (SEM) LYRA3, Tescan, Schottky field emission gun (FEG), 
1.2 nm at 30 kV, was used to study the surface morphology of the MPc/MWCNT (M: Pb, V) 
catalysts and high-resolution scanning electron microscope (HR-SEM) NanoLab 600 (FEI), 
1.1 nm at 30 kV, was deployed for BFC catalyst. 

Transmission electron microscopy (TEM) images of the catalysts were obtained by 
using Helios 5UX (ThermoFisher, USA) for MPc/MWCNT (M: Pb, V) dual beam system  
0.6 nm @ 30 kV, and TEM JEOL 2200 FS (Japan) Schottky-type Field Emission Gun (FEG), 
0.19 nm (200 kV) for BFC instrumentation. 

X-ray diffraction (XRD) analysis was used to characterize the crystalline structure and 
phase composition of catalysts. The measurements were performed using a PANalytical 
apparatus, operating with Cu Kα radiation (λ = 0.154 nm), 45 kV beam voltage and 40 mA 
beam current. Patterns were obtained in the range from 10° to 90° with 0.02° increments 
and the exposure time of 100 s, for the analysis High Score Plus software was used. 

NovaTouch 4LX Analyzer (Quantachrome) was used to evaluate porosity of the 
catalyst materials and for that record the N2 adsorption/desorption isotherms of the 
catalyst samples at nitrogen’s boiling temperature (77 K). Before the measurement,  
the samples were degassed for 20 hours under vacuum at 200 °C and then backfilled  
with N2. Up to a nitrogen relative pressure of P/P0 = 0.2, the specific surface area (SSA) 
was determined using either the Brunauer-Emmett-Teller (BET) theory (as SBET) or the 
density functional theory (DFT). Near saturation pressure of N2 (P/P0 = 0.98), the total 
volume of pores (Vtot) was measured. Using the t-plot technique and deBoer statistical 
thickness, the microporosity (V) was determined. dp = 2Vtot/SBET was used to calculate 
the average diameter of pores (dp) for a slit-type pore shape.  

The surface composition was studied with employing X-ray photoelectron 
spectroscopy (XPS). The XPS sample was prepared dissolving the MPc/MWCNT catalyst 
in ethanol (4 mg ml–1) and applying it to a glassy carbon substrate (1.1 × 1.1 cm),  
after which the solvent was allowed to evaporated in the air. A Scienta Gammadata  
SES-100 hemispherical energy analyser (operated at 200 eV pass energy, with a ~0.9 eV 
overall spectral resolution) combined with a non-monochromated Mg Kα X-ray source 
(hv 1253.6 eV, operated at 300 W source power) were used for the XPS measurements. 
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To estimate the at.% composition, the spectrometer transmission was checked against 
multiple spectral line intensities of sputter cleaned Au, Ag and Cu metals, and the 
photoionization cross sections. Most of the XPS data analysis was performed using 
the CasaXPS software, apart from the C 1s spectral fit, where the proper sp2 carbon 
Doniach-Sunjic asymmetric peak was fitted using the SPANCF macro package for IgorPro 
software. 

The XPS Axis Ultra DLD (Kratos Analytical) was used to analyze the surface chemistry 
of the pyrolysed VPc/MWCNT samples. Monochromatic Al Kα X-ray source was used with 
source power of 105 W for survey scan and 225 W for characteristic energies to excite 
the photoelectrons. Pass energy of 160 eV was used for survey scan and pass energy of 
20 eV for narrow core-level regions scans. The binding energy scale was corrected using 
C1 peak (284.6 eV) as a reference. 

Raman spectroscopy is used to analyze the structural properties, defects, and carbon 
bonding in catalysts. The Raman spectra were recorded using a Renishaw via Raman 
spectrometer using a green laser (max 20 mW) beam; objective x100, 514 nm, 100% laser 
power, 1 accumulation (extended), 150–4000 cm–1, exposure time 10s. The substrates 
were cleaned Si wafer plates. The ID/IG ratios were extracted by fitting the spectra with 
two Lorentzian peaks. 
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3 Results and discussion 
3.1 Oxygen electroreduction on Pb and N-doped carbon nanotubes 
3.1.1. Physical characterisation of Pb and N-doped catalyst material. 
This part is written based on the first journal paper (I) (Zarmehri, Raudsepp, Šmits, et al., 
2023). The morphology and microstructure of sample PbPc/MWCNT (3:1) were assessed 
using scanning electrode microscopy (SEM)and transmission electron microscopy (TEM). 
SEM pictures shown in Figure 9a-c reveal that, while some agglomerates are present, the 
catalyst exhibits a generally uniform dispersion on the SEM substrate. This favorable 
distribution facilitates effective diffusion of both oxygen and solution throughout the 
deposited catalyst layer. The presence of Pb particles, which are characterized by their 
light appearance, and MWCNTs, identifiable by their gray coloration, is observable. 
During the process of pyrolysis, the carbon structure was effectively maintained in a 
favorable state as carbon nanotubes. The dispersion of Pb nanoparticles on the catalyst 
subjected to pyrolysis at 1000 °C exhibits superior characteristics compared to those 
seen on materials pyrolyzed at 800 °C and 600 °C. In Figure 9b, a higher degree of 
agglomeration of Pb particles inside certain regions of CNT clusters is evident in the 
material subjected to heat treatment at 800 °C. Conversely, Figure 9a displays fewer 
agglomerated particles in the sample that underwent annealing at 600 °C. 
 

 
Figure 9. SEM images of PbPc/MWCNT (3:1) catalyst materials heat treated at 600 °C (a), 800 °C 
(b) and 1000 °C (c). TEM images of catalyst materials heat treated at 600 °C (d), 800 °C (e) and  
1000 °C (f). 
 

Figure 9d-f display TEM pictures of the PbPc/MWCNT (3:1) sample. The surface 
modification of the PbPc/MWCNT catalyst material was successfully carried out, as seen 
by the TEM picture, without the introduction of significant defects. It is crucial to 
guarantee that the carbon catalysts doped with Pb-N maintain their expected properties. 
Furthermore, TEM examinations shown in Figures 9d-f do not reveal the presence of 
larger amorphous carbon particles or any other contaminants. The presence of a 



36 

clustering effect can be seen in Figure 9; nevertheless, the formation of large-scale 
agglomeration of MWCNT has been successfully prevented. The catalyst that was 
synthesized at a temperature of 600 °C exhibits evidence of particle aggregation of Pb, 
as seen in Figure 9d. EDX pictures seen in Figure 10 demonstrate a uniform distribution 
of both nitrogen and Pb over the surface of the carbon nanotubes, also particles are 
clearly seen. 

Figure 10. Distribution mapping via EDX of PbPc/MWCNT (3:1) 800 °C pyrolysed, TEM of the same 
cluster place (A), Nitrogen (B), Lead (C, D) and Carbon (D). 

Raman spectroscopy is a commonly used technique for characterizing the structure 
and level of disorder in materials composed of carbon (Celiešiute et al., 2014; Ferrari & 
Robertson, 2000; Trusovas et al., 2016). The Raman spectra of the PbPc/MWCNT (3:1) 
are shown in Figure 11. The D-band, which corresponds to disordered carbon structures, 
has a peak at around 1350 cm–1. On the other hand, the G-band, associated with graphitic 
carbon, appears as peaks within the range of 1560–1600 cm–1. These two bands are 
widely recognized as the most conspicuous features in the Raman spectrum of carbon 
materials. Significant attention has been devoted to the examination of surface 
imperfections, since they have a crucial significance in determining the performance of 
carbon catalysts. Tao et al. and Liu et al. demonstrated, by the use of DFT calculations 
and physical characterization techniques, that carbon atoms located near the edge 
defect exhibited a greater electron cloud density in comparison to regular carbon atoms 
(Behler et al., 2006; Contreras-Navarrete et al., 2015). The D-band is a feature that arises 
from double resonance and is generated by disorder. The G-peak at 1580 cm–1 in graphite 
is attributed to the tangential vibrations of carbon atoms, but the peak at 1345 cm–1 is 
indicative of the presence of disordered amorphous carbon. The 2D-peak seen at 
2680 cm–1 in the spectra is closely connected with graphene and exhibits sensitivity to 
the number of graphene layers. The analysis revealed that the ID/IG ratio of the 
PbPc/MWCNT (3:1) @ 800 °C sample was determined to be 1.26. This ratio suggests that 
the proportion of disordered carbon material is greater than that of ordered graphite 
inside the material. The ID/IG ratio was determined to be 1.14 for PbPc/MWCNT treated 
at 1000 °C and 1.23 for PbPc/MWCNT treated at 600 °C. 
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Figure 11. Raman spectra of PbPc/MWCNT (3:1) catalyst. 

XRD investigation indicated the presence of metallic phases in the PbPc/MWCNT 
samples. The diffraction patterns exhibited multiple types of peaks, which may be 
ascribed to the presence of graphitic carbon and Pb (Figure 12). The distinctive reflections 
of Pb were seen at 19.9°, 24.7°, 27.1°, 40.4°, 53.9°, 62.5°, and 77.5° 2θ. The Miller indices 
were allocated to the peak positions of the lead phase (PDF card 98-005-4312 from the 
ICDD PDF-2 database) that showed the closest match. Distinctive reflections associated 
with graphitic carbon were seen at degrees of 25.8°, 29.6°, 43.9°, 44.3°, 52.6°, and 
53.9° 2θ. The Miller indices were allocated to the peak positions of the graphite phase 
(PDF card 98-018-5973 from the ICDD PDF-2 database) that exhibited the closest match. 

Figure 12. XRD (Cu kα) spectrum for PbPc/MWCNT (3:1) catalyst. 
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N2 physisorption measurement is a technique used to determine the specific surface 
area of materials, particularly porous solids such as catalysts, adsorbents, and powders. 
Table 1 presents the calculated BET specific surface areas, pore volumes, micropore 
volumes, and average pore sizes. The catalyst with the greatest surface area, lowest 
average pore size, and biggest pore volume among all the catalysts is PbPc/MWCNT (3:1) 
synthesized at 1000 °C. In contrast, PbPc/MWCNT (3:1) synthesized at 600 °C has less 
surface area and pore volume compared to the other two catalysts. The alteration in 
catalyst layer structure and pore characteristics occurs as a consequence of subjecting 
materials to pyrolysis at varying temperatures. The catalyst’s BET surface area is found 
to be twice as large when it is subjected to pyrolysis at 800 °C compared to when it is 
produced at 600 °C. Similarly, the catalyst’s surface area is seen to be three times greater 
when it undergoes pyrolysis at 1000 °C in comparison to the catalyst created at 600 °C. 

Table 1. Volume and surface properties of catalysts in various pyrolysis temperatures. 

Catalyst 
pyrolysis 
Temperature 

Multipoint 
BET (m²/g) 

DFT 
method 
cumulative 
surface 
area (m²/g) 

DFT 
method 
cumulative 
pore 
volume 
(cm³/g) 

Total 
Pore 
Volume 
(cm³/g) 

DFT 
method 
pore 
radius 
(nm) 

Average 
Pore 
Size 
(nm) 

600 °C 88.7 91.6 0.55 0.88 11.38 19.91 

800 °C 169.7 146.4 0.81 1.18 11.38 13.94 

1000 °C 246.1 206.5 1.08 1.52 11.38 12.34 

The pore size was measured in the nitrogen adsorption test. The pore width for the 
catalyst PbPc/MWCNT (3:1) @ 600 °C is 15 nm to 33 nm. The cumulative pore volume 
(CPV) for pores with width less than 20 nm is about 0.05 cm³ g–1, while it is 0.50 cm³ g–1 
for pores with width greater than 20 nm (Figure 13). There are no pores smaller than 15 
nm at this temperature. In contrast, pyrolysis at 800 °C and 1000° C results in the 
formation of smaller pores. PbPc/MWCNT (3:1) @ 800 °C has pores 4 nm to 10 nm wide, 
the CPV is about 0.03 cm³ g–1 for these small pores. The CPV for pores larger than 10 nm is 
0.81 cm³ g–1 for this catalyst. The CPV for PbPc/MWCNT (3:1) @ 1000 °C is 0.047 cm³ g–1 
for pores smaller than 10 nm and 1.08 cm³ g-1 for larger pores. It is concluded that the 
higher pyrolysis temperature not only leads to the formation of micropore less than 
10 nm in width, but also creates more pore volume for pores larger than 10 nm in width. 
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Figure 13. Pore width and pore volume distribution for catalysts (a) PbPc/MWCNT (3:1) @ 600 °C, 
(b) PbPc/MWCNT (3:1) @ 800 °C and (c) PbPc/MWCNT (3:1) @ 1000 °C based on DFT method. 
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XPS was used to analyze the surface composition of the catalyst material PbPc/MWCNT 
(3:1) after pyrolysis at a temperature of 800 °C.  XPS survey spectra shown in Figure 14a 
indicate the detection of oxygen, nitrogen, carbon and lead components. The atomic 
percentage (at. %) of nitrogen elements and their corresponding relative concentrations 
(%) were determined using XPS peak intensities. These results are shown in Table 2 and 
visually depicted in the insets of Figure 14.  The peaks seen in the high-resolution N1s 
spectrum shown in Figure 14b may be attributed to several nitrogen species, including 
oxidized N (403.8 eV), graphitic N (401.1 eV), pyrrolic N (400.4 eV), metal-N (399.5 eV), 
and pyridinic N (398.1 eV) (Artyushkova, 2020). In the graphene basal plane, the hexagonal 
ring structure is modified by the substitution of N atoms for C atoms, leading to links to 
three carbon atoms. This substitution process leads to the release of a single p-electron, 
which becomes part of the aromatic π-system. During the process of moderate pyrolysis, 
several nitrogen functionalities such as pyridones, protonated pyridinic N, and pyridinic N 
oxides undergo conversion to pyridinic N. Additionally, pyrrolic N is converted into pyridinic 
N while carbon structural development takes place (Xiao et al., 2005). The process of 
pyrolysis conducted at high temperatures leads to the formation of pyridinic N at the 
edges of graphene layers, or graphitic N inside the interiors of the graphene layers. 
The thermal stability of nitrogen functional groups may be arranged in the following order: 
C (graphitic N) > C (pyridinic N) > C (pyrrolic N) > C (oxidized N) (Xiao et al., 2005). 

It is worth noting that the likelihood of metal-Nx species being present is high, 
as shown by the component binding energy falling between the distinct peaks associated 
with pyridinic and pyrrolic N species. In the context of macrocycle-metal N-doped carbon 
materials, the nitrogen species known as graphitic N and pyridinic N are often 
acknowledged as the nitrogen species that exhibit activity in ORR (Ratso, Kruusenberg, 
Joost, et al., 2016; Dongliang Wang et al., 2023; G. Xing et al., 2023).  

Previous studies have shown that elevated pyrolysis temperatures have a significant 
impact on the removal of oxygen surface groups from carbon (Aliev et al., 2012; 
Chandra et al., 2010). Despite the presence of residual oxygen in our catalyst products, 
the determination of the specific characteristics and distribution of these oxygen functions 
is challenging due to the closely matched binding energies of the several surface groups 
containing oxygen (Figure 14e). Despite the fact that a significant portion of oxygen groups 
on the surface of a carbon nanomaterial are eliminated at high pyrolysis temperatures, 
a clear O1s peak may still be seen (Aliev et al., 2012; Chandra et al., 2010). The peak seen 
at 529.8 eV in the O1s spectrum may be attributed to the binding energy associated with 
the interaction between oxygen and a lead atom (Gomez-Bolivar et al., 2019). The peak 
seen at 531.5 eV in the O1s spectrum is attributed to the presence of doubly bonded 
oxygen in the carbonyl group. On the other hand, the peak at 533.0 eV is indicative of a 
carbon-oxygen single bond and is also associated with the presence of adsorbed moisture 
and oxygen, as reported in previous studies  (Bakry et al., 2020; Kundu et al., 2008; Mannan 
et al., 2019). The peak seen at the greatest binding energy (535.1 eV) in the O1s spectrum 
is ascribed to the presence of hydroxyl groups  (Bakry et al., 2020; Mannan et al., 2019). 

XPS spectra of the C1s orbital exhibits a mostly undisturbed sp2 hybridized bonding 
configuration. This observation is consistent with previous studies, where the C1s peak 
centered at 284.7 ± 0.2 eV has been attributed to the presence of carbon-carbon (C = C) 
bonds  (Ermolieff et al., 2001). The peak seen at 286 eV in the C1s spectrum is attributed 
to several carbon-oxygen functional groups, such as carboxyl and quinone groups. These 
groups have been identified on the surface of carbon nanotubes in many experimental 
studies  (Langley et al., 2006; Masheter et al., 2007; Karl Kalev Türk et al., 2015). 
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Table 2. Elemental composition of PbPc/MWCNT (3:1) @ 800 oC catalysts determined by XPS. 

Catalyst C at.% N at.% O at.% Pb at.% 

PbPc/MWCNT (3:1) 90.6 3.6 5.2 0.5 

Relative concentration 
(%) of N moieties in the 
catalysts 

Pyridinic Pyrrolic Graphitic N-metal N-Oxide

PbPc/MWCNT (3:1) 30.9 30.2 12.3 15.5 10.9 

The Pb 4f spectrum is fitted with a single spin-orbit doublet with appropriate 4:3 
intensity ratio corresponding to the electron count in the 4f7/2 and 4f5/2 levels (Figure 
14c), and the relatively narrow linewidth of 1.7 eV FWHM suggests the lead is included 
in the sample quite homogeneously  (Pederson, 1982). The binding energy of the Pb 4f7/2 
peak at 138.9 eV is at least 2 eV too high for either PbO or PbO2  (NIST, 2021). However, 
some of the previous studies have shown the presence of Pb-N bond at binding energy 
at 139 eV (Ai et al., 2020; NIST, 2021). XPS studies were also carried out with a catalyst 
material PbPc/MWCNT (3:1) synthesised at 600 °C and 1000 °C. Raising the pyrolysis 
temperature decreases the relative percentage of metal-nitrogen species. In addition, 
ICP-MS analysis was performed on catalysts synthesized at different temperatures, 
revealing that the level of impurities was negligible. Based on XPS result we conclude 
that the metal in metal-nitrogen species is Pb. 

Figure 14. XPS spectra of PbPc/MWCNT (3:1) catalyst materials and high-resolution N1s (b), Pb4f 
(c), C1s (d) and O1s (e) spectra. 
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3.1.2 Electrochemical characterization Pb and N-doped catalyst material  
The investigation focused on the electrochemical reduction of oxygen utilizing RDE 
technique, using the PbPc/MWCNT catalyst. Initially, the impact of varying ratios of three 
distinct PbPc to MWCNTs on the performance of ORR was investigated. The findings of 
LSV experiment conducted in O2-saturated solutions of 0.1 M KOH, 0.1 M phosphate 
buffer, and 0.5 M H2SO4, at a rotating speed of 1600 rpm, are shown in Figure 15. 
The observed significant reduction current in all the electrocatalysts may be ascribed to 
the co-doping of Pb and N in MWCNT, as well as the consequent development of 
electrocatalytically active sites. The data shown in Figure 15a-c demonstrates that the 
catalyst material prepared by using 75% PbPc to 25% MWCNTs ratio (PbPc/MWCNT 
(3:1)) exhibits the greatest diffusion limited current density values (jd) throughout 
alkaline, neutral, and acidic conditions. The catalyst exhibited the greatest onset potential 
in acidic conditions, whereas in neutral and alkaline conditions, the onset potential was 
found to be unaffected by the proportion of PbPc to MWCNT. The phenomenon 
described may be attributed to the process of metal atom agglomeration, as shown by 
the observation of larger particles via the use of TEM and SEM techniques, conducted 
during high-temperature pyrolysis. This implies that augmenting the metal (PbPc) 
concentration in the initial catalyst precursor mixture will not result in a correspondingly 
elevated level of active sites. The ORR performance of agglomerated metal- and 
nitrogen-doped carbon catalysts is shown to be inferior when compared to that of well 
distributed M-N-C material (H. Zhang et al., 2017; Zion et al., 2020). 

The investigation also included an examination of the impact of varying pyrolysis 
temperatures on the electrocatalytic activity of the lead and nitrogen co-doped material. 
The PbPc/MWCNT (3:1) catalyst subjected to heat treatment at 800 °C, exhibited the 
most pronounced ORR activity. Additionally, pyrolysis processes were conducted at 
temperatures of 600 °C and 1000 °C, using the same ratio of lead phthalocyanine to 
carbon support. Figure 15d-f demonstrates that the catalyst material, synthesized by 
pyrolysis at a temperature of 800 °C, showcases superior electrocatalytic performance 
for the reduction of O2 in alkaline, neutral, and acidic environments. Furthermore, 
investigations have also been conducted on non-pyrolyzed catalysts. As seen in Figure 
15d-f, these catalysts exhibit the least activity in terms of ORR. This observation strongly 
suggests the need of heat-treatment. Other research groups have also reported similar 
findings. For instance, Gupta et al. conducted a study that showed the limited effect of 
MN4 macrocycles on the activity of ORR in acidic environments, even without the use of 
annealing  (Gupta et al., 1989). The data shown in Table 3 demonstrates that pyrolysis 
conducted at a temperature of 800 °C results in the most positive values for Eonset, E1/2, 
and Jd.  
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Figure 15. LSV curves for oxygen reduction on GC electrodes coated with (a, b, c) PbPc/MWCNT 
catalysts prepared using various ratios of precursors and heat treated at 800 °C, (d, e, f) 
PbPc/MWCNT (3:1) catalysts pyrolysed at various temperatures and not pyrolysed catalyst;  
O2-saturated (a, d) 0.1 M KOH, (b, e) 0.1 M phosphate buffer and (c, f) 0.5 M H2SO4, υ = 10 mV s–1, 
ω = 1600 rpm. 
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Table 3. ORR results obtained for catalysts of PbPc/MWCNT (3:1) prepared at various pyrolysis 
temperatures, in various electrolytes (1600 rpm). 

Electrolyte Pyrolysis 
Temperature 

Eonset (V) E1/2 (V) jd (mA cm-2) n 

Alkaline 
KOH 0.1 M 

600 °C 

800 °C 

1000 °C 

0.93 

0.93 

0.94 

0.75 

0.78 

0.77 

-5.2

-6.2

-6.1

3.6 

3.9 

3.7 

Neutral 
Phosphate 
buffer 0.1 M 

600 °C 

800 °C 

1000 °C 

0.76 

0.80 

0.79 

0.50 

0.55 

0.50 

-5.7

-6.0

-5.9

3.0 

3.1 

3.0 

Acid   
H2SO4 0.5 M 

600 °C 

800 °C 

1000 °C 

0.70 

0.77 

0.73 

0.36 

0.58 

0.52 

-4.8

-6.4

-5.3

2.8 

3.0 

2.8 

Previous studies have provided evidence that increasing the pyrolysis temperature 
results in an increase of electrocatalytically active surface species; consequently, 
the material synthesized at 800 °C exhibits higher activity compared to that synthesized 
at 600 °C (Jo & Shanmugam, 2012; Y. Liu et al., 2019; Ott et al., 2022). The potential 
explanation for the lower concentration of active sites on the catalyst synthesized at a 
temperature of 600 °C might be attributed to the incomplete decomposition of the 
macrocyclic molecule at lower pyrolysis temperatures (Hiraike et al., 2015; Jingkun Li 
et al., 2020). The temperature as high as 1000 °C may break the Pb-N bonds and 
decompose the structure rich of active surface groups and defect sites (Jingkun Li et al., 
2020; Y. Ma et al., 2020). 

Figure 16 shows a series of polarization curves for ORR obtained under different 
electrolyte conditions (alkaline, neutral, and acidic) and at varying electrode rotation 
speeds (ω). The PbPc/MWCNT (3:1) catalyst modified glassy carbon electrodes exhibit 
the highest level of activity among the tested catalysts. The onset potentials for 
ORR in alkaline, neutral, and acidic fluids are around 0.93 V, 0.80 V, and 0.76 V vs RHE, 
respectively. In the case of PbPc/MWCNT (3:1) in a neutral environment, as seen in 
Figure 16b, it can be observed that with more negative potentials (about 0.0 V) and 
increased rotation speeds, a second reduction wave starts. The wave under consideration 
is associated with the 2e− pathway that leads to the formation of the H2O2 intermediate. 
This intermediate has two possible fates: it may either diffuse away or be grabbed by 
another active site. In the latter case, the H2O2 is subsequently reduced to H2O in a 
subsequent 2e− step. The observed behavior is often seen in carbon materials that have 
been co-doped with metal and heteroatoms, particularly in neutral environments.  
This finding is consistent with other studies (K.K. Türk et al., 2018; W. Wang et al., 2019). 
The occurrence of the two-step reduction current plateau has been seen in carbon 
materials as well (Kruusenberg et al., 2009).  The Pb/N/C catalyst surfaces may support 
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multiple ORR pathways as a result of the presence of various active sites characterized by 
distinct structural patterns. However, the absence of a pre-wave is found at lower rotation 
rates. The observed electrocatalytic behavior may be attributed to the appearing of novel 
active sites arising from the co-doping of Pb and N. Ge et al. conducted a study whereby 
they observed that the introduction of nitrogen into the carbon structure leads to a rise in 
positive charge on the surrounding carbon atoms via charge delocalization. This, in turn, 
enhances the activity of p-electrons and facilitates the adsorption of O2 molecules  (Ge 
et al., 2015). As previously stated, among the four nitrogen moieties, pyridinic and graphitic 
N exhibit the most pronounced catalytic activity in relation to ORR. Based on XPS 
findings, it has been shown that the PbPc/MWCNT (3:1) catalyst comprises nitrogen at a 
concentration of 3.66 atomic percent. Further analysis reveals that 30.9% of the nitrogen 
content corresponds to pyridinic N, while 12.4% corresponds to graphitic N. A significant 
proportion, namely 30.3%, of the nitrogen species present exhibits pyrrolic characteristics. 
It is worth noting that pyrrolic nitrogen is comparatively less stable when compared to 
pyridinic and graphitic nitrogen. Moreover, during the process of ORR, pyrrolic nitrogen has 
a higher susceptibility to oxidation (Xing et al., 2014). Furthermore, it has been shown that 
a significant proportion of nitrogen (15.5%), forms a bond with the metal element Pb. 
This interaction is recognized as an active site for ORR  (Gewirth et al., 2018). Pb atoms have 
the ability to function as axial ligands. When incorporated into carbon structures as Pb-N 
dopants, they exhibit catalytic activity in ORR via a dual-site mechanism. In this process, 
oxygen molecules coordinate with both the metal atom and the nitrogen atom inside the 
Pb-N active center (José H. Zagal et al., 2006). Given the absence of any existing literature 
on the topic of Pb and N co-doped carbon material for the purpose of ORR, 
we might propose the potential impact of Pb on improving ORR performance, drawing on 
the findings of a study conducted by Luo et al.  (Luo et al., 2020). The researchers conducted 
a study on carbon nanomaterials co-doped with Sn and N to investigate their potential as 
electrocatalysts for ORR. Through DFT calculations, it was shown that the presence of Sn 
centers greatly enhances the adsorption of O2, to the extent that it may even induce 
spontaneous splitting of the molecule. According to the RDE results we can conclude that 
the modification of carbon support with Pb and N atoms can lead to the improvement of 
electrocatalytic ORR activity in terms of onset potential, half-potential and limiting current 
values. 

Based on Koutecky-Levich equation and LSV curves in various rotation speed, the 
number of electron transfer was calculated at different potentials for PbPc/MWCNT (3:1) 
catalyst in different electrolytes, and plotted in Figure 16d-f. The direct 4-electron 
pathway is often preferred for fuel cells, leading to the mainly usage of platinum group 
metals due to their well-known ability to catalyze the 4-electron pathway (Erikson et al., 
2019). The N and Pb co-doped catalysts exhibited a n value approximating 4 for the whole 
of the potential range investigated in alkaline conditions. This observation suggests that 
the PbPc/MWCNT catalysts exhibit a high performance and possess significant promise 
as cathode catalysts in the context of AEMFC. In both neutral and acidic environments, 
the observed value of n was about three, indicating the presence of a mixed ORR 
pathway including both 2e– + 2e– and 4e– processes. This observation aligns with prior 
research findings, which indicate that the ORR on phthalocyanine modified MWCNT 
mostly proceeds by a combination of 2e– and 4e– pathways. Specifically, at lower 
overpotentials, the formation of HO2– occurs, which is then reduced at more negative 
potentials (Kruusenberg et al., 2009, 2016; Praats et al., 2021; Ratso, Kruusenberg, 
Sarapuu, et al., 2016). 



46 

Figure 16. (a, b, c) LSV curves in various rotation speed for oxygen reduction on PbPc/MWCNT (3:1) 
catalyst in O2-saturated (a) 0.1 M KOH, (b) 0.1 M phosphate buffer and (c) 0.5 M H2SO4, υ = 10 mV s–1, 
ω = 400–4400 rpm; (d, e, f) number of electron transfer based on Koutecky-Levich equation for ORR 
on PbPc/MWCNT (3:1) at various potentials per O2 molecule in (d) 0.1 M KOH, (e) 0.1 M phosphate 
buffer and (f) 0.5 M H2SO4. 
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Regarding the fact that the mechanism of the ORR process and oxygen adsorption on 
N-doped carbon materials is still under investigation, it is thought that oxygen molecules
are chemisorbed onto the carbon atoms in the N-doped carbon material primarily due
to the various nitrogen functionalities and their electronic properties (Kiani et al., 2021).
The carbon atoms with nitrogen dopants must have a very high positive charge density
to counteract the strong electronic affinity of the nitrogen atom. At the Fermi level, the
conjugation effect of nitrogen lone-pair electrons in nitrogen and carbon-system
increases bulk electrical conductivity and density of states (W. Wang et al., 2019).
The above-mentioned charge delocalization is also thought to modify the adsorption
behaviour of carbon material towards O2 molecules, effectively weakening the O-O bond
and facilitating oxygen electroreduction (Matter et al., 2006; B. Wu et al., 2022).
The formation of metal bonds plays a critical role in catalyst activity, influencing whether
the reaction follows a 2-electron or 4-electron pathway (H. Xu et al., 2024; X. Zhang
et al., 2023). The nature and quantity of nitrogen on the catalyst content, and thus the
formation of catalytically active centers, have been found to be influenced by the metal
center chosen (Mazzucato et al., 2023; Oh & Kim, 2012). In addition to the metal based
catalytic centers, M-N-C catalysts also contain Nx-Cy active sites. Pb-Nx sites are
considered to reduce oxygen via a 4-electron pathway, while on Nx-Cy sites the ORR
seems to proceed via the 2+2-electron pathway, with the underlying metal stabilising
the intermediates (Strickland et al., 2015; Ye et al., 2024; Zitolo et al., 2015). Pb-Nx doping
introduces an unpaired electron, which causes the localized distribution of the molecule
orbitals and significantly improves the chemical reactivity of the MWCNT (L. Zhang & Xia, 
2011). It is uncertain what kind of atoms and how many atoms are bound to the metal
center and it is rather speculative with current imaging capabilities.

Figure 17a-c provide a comparative analysis of the polarization curves for ORR across 
different catalyst materials. The LSV curve of catalysts co-doped with N and Pb is being 
compared to that of a commercially available carbon-supported Pt catalyst with a 
platinum loading of 20 wt.%. The Pt/C catalyst has an onset potential that is about 0.1 V 
more positive in alkaline medium, 0.05 V more positive in neutral medium, and 0.15 V 
more positive in acidic medium, when compared to the PbPc/MWCNT (3:1) catalyst. 
The LSV curves of MWCNT and a material prepared by pyrolysis of HPc and MWCNT in a 
3:1 ratio has been included for the purpose of comparison. 
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Figure 17. (a, b, c) Comparison of RDE results of oxygen reduction on MWCNT, not pyrolysed material, 
HPc/MWCNT (3:1), PbPc/MWCNT (3:1) and Pt/C modified GC electrodes in O2-saturated (a) 0.1 M 
KOH, (b) 0.1 M phosphate buffer and (c) 0.5 M H2SO4. v = 10 mV s–1, ω = 1600 rpm; (d, e, f) Stability 
of PbPc/MWCNT (3:1) coated GC electrodes in O2-saturated (d) 0.1 M KOH, (e) 0.1 M phosphate 
buffer and (f) 0.5 M H2SO4, υ = 10 mV s–1, ω = 1600 rpm. 
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The Eonset and E1/2 values for the HPc/MWCNT material are comparatively more 
negative than those of the PbPc/MWCNT (3:1) material, suggesting that the presence of 
Pb atoms enhances the performance of the catalyst. Tables 4, 5 and 6 provide a 
comprehensive analysis of the RDE outcomes achieved for PbPc/MWCNT catalysts at 
varied PbPc to carbon ratios (pyrolyzed at 800 °C), as well as HPc/MWCNT and Pt/C 
catalysts in different media. 

Table 4. Comparison of the ORR results obtained for PbPc/MWCNT catalysts pyrolysed at 800 °C, 
non-pyrolysis material, HPc/MWCNT and Pt/C in 0.1 M KOH (1600 rpm). 

Catalyst Eonset (V) E1/2 (V) jd (mA cm-2) n 

MWCNT 0.84 0.69 -3.0 2.5 

Non-pyrolysis 0.84 0.73 -4.1 2.7 

HPc/MWCNT  3:1 0.91 0.75 -4.9 3.0 

PbPc/MWCNT 1:3 0.92 0.77 -5.3 3.7 

PbPc/MWCNT 1:1 0.92 0.77 -5.8 3.7 

PbPc/MWCNT 3:1 0.93 0.78 -6.2 3.9 

PbPc/MWCNT 7:1 0.88 0.75 -5.5 3.6 

Pt/C 20 % 0.98 0.84 -5.9 3.9 

Table 5. Comparison of the ORR results obtained for PbPc/MWCNT catalysts pyrolysed at 800 °C, 
non-pyrolysis material, HPc/MWCNT and Pt/C in 0.1 M phosphate buffer (1600 rpm). 

Catalyst Eonset (V) E1/2 (V) jd (mA cm-2) n 

MWCNT 0.52 0.31 -3.5 3.0 

Non-pyrolysis 0.62 0.47 -3.9 3.0 

HPc/MWCNT  3:1 0.65 0.50 -5.0 2.9 

PbPc/MWCNT 1:3 0.80 0.57 -4.7 3.0 

PbPc/MWCNT 1:1 0.80 0.58 -5.1 3.0 

PbPc/MWCNT 3:1 0.80 0.55 -6.0 3.1 

PbPc/MWCNT 7:1 0.80 0.53 -5.5 3.0 

Pt/C 20% 0.90 0.60 -5.9 3.7 
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Table 6. Comparison of the ORR results obtained for PbPc/MWCNT catalysts pyrolysed at 800 °C, 
non-pyrolysis material, HPc/MWCNT and Pt/C in 0.5 M H2SO4 (1600 rpm). 

Catalyst Eonset (V) E1/2 (V) jd (mA cm-2) n 

MWCNT 0.40 0.24 -2.5 3.0 

Non-pyrolysis 0.60 0.44 -3.4 3.0 

HPc/MWCNT  3:1 0.71 0.48 -5.5 2.7 

PbPc/MWCNT 1:3 0.64 0.49 -4.5 2.5 

PbPc/MWCNT 1:1 0.60 0.41 -6.3 3.2 

PbPc/MWCNT 3:1 0.77 0.58 -6.4 3.0 

PbPc/MWCNT 7:1 0.69 0.48 -6.4 2.4 

Pt/C 20% 0.93 0.80 -5.9 3.8 

 
Part of the electrochemical activity may be attributed to the successful doping of 

nitrogen atoms during the pyrolysis process and decomposing of the phthalocyanine 
compound (Z. Xu et al., 2012; Shaoxuan Yang et al., 2021).  The most active lead and 
nitrogen co-doped catalyst material was subjected to a stability assessment, whereby 
LSV curves were repeatedly cycled for a total of 5000 cycles. The outcomes of this 
experiment are shown in Figure 17d-f. The observed ORR stability was found to be 
satisfactory for the doped catalyst material which was prepared by mixing of PbPc and 
MWCNT at a ratio of 3:1 and heat treated at a temperature of 800 °C. Only minor 
variations in the E1/2 values and no change in the onset potential seen in both neutral 
and acidic environments. The stability in alkaline media was lower, as seen by the decline 
in E1/2 values and diffusion-limited current when E <−0.5 V. The findings presented in this 
study effectively illustrate the exceptional stability of lead containing catalyst in sulfuric 
acid, indicating the potential of lead as a non-noble metal dopant for the fabrication and 
application of fuel cell electrocatalysts. Lead-based catalyst demonstrates good result for 
using in the cathode of fuel cell. This is an entry work into in-depth study of Pb-based 
catalyst in the moving from old battery to new battery generation. Recycled lead from 
lead-acid-battery can be used as the base materials for Pb-based catalysts. 
 
3.2 Oxygen electroreduction on V and N-doped carbon nanotubes 
3.2.1. Physical characterization of V and N co-doped catalyst material 
This part is written based on the second journal paper (II) (Zarmehri, Raudsepp, Danilson, 
et al., 2023). SEM image (Figure 18a) reveals a uniform distribution of the catalyst 
material across the substrate surface, with no visible signs of significant agglomeration. 
Furthermore, SEM results provide empirical support for the preservation of the 
structural integrity of carbon nanotubes following the pyrolysis process. The placement 
of vanadium within the structure of carbon nanotubes is demonstrated through  
high-resolution transmission electron microscopy (HR-TEM) analysis, as depicted in 
Figure 18b-c. The bright regions observed in the dark-field HR-TEM image (Figure 18c) 
are attributed to the presence of a metallic element. In this particular case, vanadium is 
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identified as the sole metal, as confirmed by the absence of any other metals detected 
through XPS and XRD measurements, which will be discussed in subsequent sections of 
this manuscript. 
 

                      
 

 
 

Figure 18. SEM (a) and HR-TEM (b, c) images of VPc/MWCNT (1:3) catalyst materials heat treated 
at 800 °C. 
 

The Raman spectra of V and N co-doped MWCNTs are depicted in Figure 19. The Raman 
spectrum of carbon-based materials exhibits significant peaks at approximately 1350 cm–1 
(referred to as the D-band) and within the range of 1560–1600 cm–1 (known as the  
G-band). The 2D-peak detected at a wavenumber of 2680 cm–1 is indicative of a carbon 
structure resembling graphene. The intensity of this peak is directly associated with the 
average number of carbon layers present in MWCNT (Lehman et al., 2011). The catalytic 
performance of carbon materials has been linked to surface defects by numerous 
scientists. Liu et al. and Tao et al. conducted a study where they employed physical 
characterization techniques and DFT method to demonstrate that the electron cloud 
density of carbon atoms located at the edges of defects is higher compared to that of 
sp2-hybridized carbon atoms (D. Liu et al., 2018; Tao et al., 2019). The ratio of ID/IG was 
determined to be 1.14 for the VPc/MWCNT (1:3) sample pyrolyzed at a temperature of 
800 °C. This finding suggests that this particular catalyst has the highest amount of 
disordered carbon compared to the other catalysts. Four additional peaks were  
observed in the VPc/MWCNT sample at 600 °C, specifically at wavenumbers of 1105 cm–1, 
1210 cm–1, 1430 cm–1, and 1455 cm–1. These peaks can be attributed to the H-C bend and 
isoindole stretch, which are known to be associated with VPc, as reported in reference 
(Jennings et al., 1996). The evidence presented indicates that the VPc structure remains 
partially intact and a portion of the VPc compound remains unaltered following the 
process of pyrolysis. 
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Figure 19. Raman spectra of VPc/MWCNT @ 800 oC catalyst with different VPc to CNT ratio (a) and 
VPc/MWCNT (1:3) synthesized using different pyrolysis temperature (b). 
 

XRD analysis is shown in Figure 20. The observed peaks at angles of 26.5° and 44.5° 
can be related to the presence of graphitic carbon, (ICDD 96-901-1578). The presence of 
vanadium species, specifically V2O3 and V2O5, was identified through XRD analysis.  
The reference pattern of V2O3 shows distinct peaks at angles of 24.7°, 26.2°, 35.8°, 36.1°, 
41.0°, 42.3°, 54.0°, and 62.7°, as documented in the JCPDS 41–1426 and ICDD 98-000-6286 
databases (Y. Bai et al., 2013; Mjejri et al., 2018; Zaki et al., 2020; L. Zhao et al., 2014). 
The peak with the highest intensity in V2O3 occurs at an angle of 26.2° and exhibits an 
overlap with a graphite carbon peak. The peak observed at an angle of 42.3° exhibits 
overlapping characteristics with peaks corresponding to graphitic carbon, carbon-nitrogen 
bonds, and metallic vanadium. The peak observed at an angle of 36.0° corresponds to 
two reference peaks of V2O3 at angles of 35.8° and 36.1°. The diffraction peaks observed 
for V2O5 are located at angles of 20.4°, 26.3°, 32.5°, 34.4°, 41.5°, 42.3°, and 51.5°, (ICDD 
98-009-4904). In a similar manner to V2O3, it can be observed that the most prominent 
peaks of V2O5 at 26.3° exhibit overlap with the peak corresponding to graphitic carbon. 
The identification of V2O3 and V2O5 species was also verified using XPS, which will be 
discussed in the subsequent section. Furthermore, based on the XRD and XPS analyses, 
the identified elements are carbon, nitrogen vanadium and oxygen. Notably, the absence 
of distinctive peaks at approximately 36° and 54° for carbon and nitrogen respectively 
provides additional evidence supporting the attribution of these peaks to a vanadium 
compound. XRD spectra shows three peaks for metallic vanadium at 42.6°, 61.8° and 
78.0° (ICDD 96-151-2550) and (ICSD 426983) for materials with 50 and 75% of VPc in the 
catalyst mixture. Conversely, the catalyst with 25% of VPc displays two peaks at 42.6° 
and 78.0°. The C3N4 compound exhibits three distinct peaks at angles of 27.4°, 44.0°, and 
46.2°, as reported in the PDF 98-24-8326 and JCPDS 87-1526 references. However, the 
identification of these peaks is challenging due to the presence of intense graphitic peaks 
that overlap with them. Based on XRD findings, it is a challenging task to definitively 
ascertain or disprove the existence of vanadium and nitrogen within the sample.  
To confirm the existence of vanadium and nitrogen subsequent to the doping process, 
XPS analyses were conducted. These findings will be elaborated upon in the subsequent 
section. 
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Figure 20. XRD spectra of VPc/MWCNT @ 800 °C for different VPc to MWCNT ratios with 
corresponding reference patterns. 

Figure 21 displays XPS study of the VPc/MWCNT (1:3) sample, which was synthesized 
at a temperature of 800 °C. The survey spectrum exhibits four separate peaks, which can 
be attributed to the C1s, O1s, N1s, and V2p. These results indicate that nitrogen and 
vanadium doping occurred during the pyrolysis process of VPc with MWCNT. Based on 
the XPS spectrum presented in Figure 21, it is evident that the surface of the carbon 
nanomaterial shows distinct nitrogen species, totaling four in number. The detected peaks 
are subjected to deconvolution, resulting in the identification of pyrrolic-N (400.0 eV), 
N-oxide (401.9 eV), pyridinic-N (398.6 eV), and graphitic-N (401.1 eV). Table 8 presents
the distribution of elemental components, together with the relative quantities of
different nitrogen species. The presence of pyridinic-N and graphitic-N has been
identified as significant active sites for ORR in carbon materials doped with MN4 (Ratso,
Kruusenberg, Joost, et al., 2016).

At a moderate pyrolysis temperature of 800 °C, it has been observed that N functional 
groups, specifically pyridinic-N oxides, pyridones, and protonated pyridinic-N, undergo 
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conversion to pyridinic-N (Xiao et al., 2005). At high temperatures, the formation of 
graphitic-N and pyridinic-N occurs within the internal layers and at the edges of 
graphene, respectively. 

The determination of the specific kind of oxygen groups present on the surface is 
difficult due to the very similar binding energies seen across various groups. According 
to the existing literature, the O1s peaks are seen at 530.3 and 531.7 eV, which are 
associated with V-O and C = O, respectively (Bondarenka et al., 2003; L. Li et al., 2019;  
H. Wu et al., 2020). The observed peaks at 533.3 eV (O1s) and 286.0 eV (C1s) may be 
attributed to distinct C-O functional groups present on the surface of MWCNT. These 
functional groups, namely quinine and carboxyl groups, have been previously identified 
in several investigations focused on the characterization of carbon nanotube surfaces 
(Tian et al., 2019; Karl Kalev Türk et al., 2015; Vijayakumar et al., 2018). The V2p peaks 
seen at 517.2 and 524.4 eV are indicative of the presence of the V5+ component inside 
the V-O bond (J. Liu et al., 2022; Simas et al., 2017). The absence of visible peaks 
corresponding to V-C and V-N bonding suggests that the existence of V is exclusively in 
its oxidized state. Liang et al. (Liang et al., 2011) have proposed that the bonding between 
transition metal oxides and carbon networks may occur via oxygen ligands. 
 

 
Figure 21. XPS survey spectra of VPc/MWCNT (1:3) catalyst material (a) and high-resolution C1s (b) 
N1s (c), V2p (d), and O1s (e) spectra. 
 

Table 7 presents the specific surface area measurement, micropore volumes, pore 
volumes, and average pore diameters for materials that were produced at various 
temperatures. The investigation showed that the VPc/MWCNT catalyst, when subjected 
to a heat treatment at 1000 °C, exhibited the smallest average pore size, the largest 
surface area, and the highest pore volume. Conversely, the VPc/MWCNT catalyst heat 
treated at 600 °C exhibited the lowest pore volume and surface area. Different catalyst 
structures and pore structures are obtained as a result of the pyrolysis of materials at 
different temperatures (Behler et al., 2006; Contreras-Navarrete et al., 2015; Hansson  
et al., 2020). According to the obtained data, the specific surface area of the sample exhibits 
a declining trend in the following sequence: VPc/MWCNT at 1000 °C > 800 °C > 600 °C. 
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Table 7. Volume and surface properties of catalysts in various pyrolysis temperatures. 

Catalyst 
pyrolysis 
temperature 

Multipoint 
BET (m²/g) 

DFT method 
cumulative 
surface area 
(m²/g) 

DFT 
method 
cumulative 
pore 
volume 
(cm³/g) 

DFT method 
pore radius 
(nm) 

Average 
pore 
size 
(nm) 

600 °C 136.8 112.9 0.21 2.04 6.92 

800 °C 153.8 143.0 0.23 2.03 5.81 

1000 °C 180.4 194.4 0.28 2.03 5.34 

 
The relationship between the vanadium concentration and various pyrolysis 

temperatures can be explained by referring to Table 8. The sample subjected to pyrolysis 
at a temperature of 600 °C exhibits the greatest atomic percentage of vanadium, while 
the sample that had heat treatment at 1000 °C has the lowest vanadium content. 
Previous studies have demonstrated that the presence of transition metals promotes  
the process of graphitization(Goldie et al., 2021; Sevilla et al., 2007). This, in turn, leads 
to a reduction in surface area by decreasing the number of defects. Consequently,  
the material with the highest vanadium (V) content, specifically VPc/MWCNT (1:3) 
synthesized at 600 °C, exhibits the lowest surface area. Conversely, the sample with the 
lowest V content, VPc/MWCNT (1:3) synthesized at 1000 °C, demonstrates the highest 
surface area. 
 
Table 8. Elemental composition of VPc/MWCNT catalysts determined by XPS. 

Catalyst C at.% N at.% O at.% V at.% 

VPc/MWCNT (1:3) 600 °C 94.1 2.2 1.7 2.0 

VPc/MWCNT (1:3) 800 °C 95.9 1.6 1.4 1.0 

VPc/MWCNT (1:1) 800 °C 93.5 1.9 3.0 1.6 

VPc/MWCNT (3:1) 800 °C 92.6 1.8 2.6 2.9 

VPc/MWCNT (1:3) 1000 °C 94.0 1.5 3.7 0.9 

Relative concentration (%) 
of N moieties in the 
catalysts 

Pyridinic 
at.% 

Pyrrolic 
at.% 

Graphitic 
at.% 

N-Oxide 
at.% 

VPc/MWCNT (1:3) 600 °C 57.4 21.3 12.1 9.2 

VPc/MWCNT (1:3) 800 °C 45.4 38.8 9.7 6.1 

VPc/MWCNT (1:1) 800 °C 47.6 27.5 16.4 8.4 

VPc/MWCNT (3:1) 800 °C 44.2 8.8 42.6 4.4 

VPc/MWCNT (1:3) 1000 °C 18.5 20.4 42.8 18.3 
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3.2.2 Electrochemical characterization V and N-doped catalyst material  
Electrochemical reduction of oxygen on VPc/MWCNT was studied with the RDE 
technique using the same procedure as for PbPc/MWCNT catalysts. In all three media, 
the catalysts produced at the pyrolysis temperature of 800 °C had the highest activity, 
according to the results shown in Figure 22. The non-pyrolyzed catalyst had the lowest 
activity at all three pH-s, demonstrating the need of VPc heat treatment. 
 

 
Figure 22. LSV curves for oxygen reduction reaction. Various ratios of VPc/MWCNT catalyst and 
heat treated at 800 °C (a, b, c), VPc/MWCNT (1:3) catalyst pyrolyzed at various temperatures and 
non-pyrolysis (d, e, f); O2-saturated 0.1 M KOH (a, d), 0.1 M PBS (b, e) and 0.5 M H2SO4 (c, f),  
υ = 10 mV s–1, ω = 1600 rpm. 
 

According to Table 9, the pyrolysis temperature of 800 °C is associated with the 
highest Eonset and E1/2 values as well as the highest limiting current density. 
 
Table 9. ORR results obtained for catalysts of VPc/MWCNT (1:3) prepared at various pyrolysis 
temperatures in various electrolytes (1600 rpm). 

Electrolyte Pyrolysis  
Temperature Eonset (V) E1/2 (V) jd (mA cm-2) n 

Alkaline KOH 
0.1 M 

600 °C 

800 °C 

1000 °C 

0.89 

0.93 

0.91 

0.72 

0.80 

0.76 

-4.8 

-5.0 

-5.2 

3.6 

3.9 

3.7 

Neutral    
PBS 0.1 M 

600 °C 

800 °C 

1000 °C 

0.61 

0.76 

0.71 

0.45 

0.50 

0.46 

-4.1 

-5.2 

-4.9 

2.7 

2.9 

2.8 

Acid       
H2SO4 0.5 M 

600 °C 

800 °C 

1000 °C 

0.56 

0.70 

0.64 

0.35 

0.52 

0.46 

-3.8 

-4.9 

-3.9 

2.9 

3.0 

3.0 
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A higher doping temperature has been shown to enhance the formation of 
electrocatalytically active species throughout the surface in prior investigations, and as a 
result, a catalyst made at 800 °C has a higher activity than one created at 600 °C (Jo & 
Shanmugam, 2012; Y. Liu et al., 2019). Due to the fact that the macrocyclic compound 
cannot fully decompose at low temperatures (such as 600 °C), active sites are not created 
on the catalyst surface. The pyrolysis conditions should be kept below a specified 
temperature since higher temperature might eliminate active sites, which lowers the 
onset potential and current densities. When cobalt phthalocyanine was pyrolyzed at 
1000 °C as opposed to 800 °C, Zhi et al. demonstrated that the N/C ratio was approximately 
two times lower (Zhi et al., 2005). 

For alkaline, neutral, and acidic media at various electrode rotation speeds (ω), ORR 
polarization curves are shown in Figure 23a–c using the catalyst material with the 
greatest activity, VPc/MWCNT (1:3) @ 800 °C. The onset potentials for alkaline, neutral, 
and acidic media are 0.93 V, 0.80 V, and 0.76 V vs RHE, respectively. At lower rotation 
rates and more negative potentials in neutral and acidic media, a second reduction wave 
is visible, indicating that O2 is reduced to an intermediate of H2O2 through the 2e− 
pathway, followed by decomposition or further reduction to H2O by a subsequent 2e- 
pathway. This is the process that is expected to occur for heteroatom and metal  
co-doped carbon materials in a neutral medium, according to previous similar studies 
(K.K. Türk et al., 2018; W. Wang et al., 2019).  

It has been noted that the value of n obtained in an alkaline environment remains 
about four over the whole range of potentials investigated. This finding highlights the 
significant capabilities of VPc/MWCNTs as cathode catalysts, particularly in the context 
of AEMFC. In both acidic and neutral conditions, the value of n is determined to be 
around 3, indicating the presence of simultaneous 4-electron and 2-electron pathways 
(Gottesfeld et al., 1987; Kruusenberg et al., 2009). 

The occurrence of multiple ORR pathways on the surface of a vanadium/nitrogen/ 
carbon (V/N/C) catalyst may be attributed to the simultaneous presence of diverse active 
sites characterized by varying structures.  

Nitrogen doping in carbon materials increases positive charge on nearby carbon 
atoms and enhances conductivity through lone-pair electron conjugation. This promotes 
charge delocalization, weakens the O–O bond, and facilitates oxygen reduction by 
enabling electron transfer to oxygen. The metal center also influences nitrogen content, 
affecting active site formation (Ge et al., 2015; W. Wang et al., 2019). XPS analysis 
conducted in this study has provided evidence indicating that the vanadium species 
present in the sample are mostly in an oxidation state of +5. V2O5 has interstitial spaces 
within its structure, which facilitate the adsorption of oxygen on its surface (Sajid et al., 
2020; Surnev et al., 2003). The exposed O2 molecule in V2O5 facilitates the conductivity 
of catalyst, leading to enhanced ORR (Ji et al., 2016; Noori et al., 2017). The findings of 
the RDE study suggest that the observed increase in catalytic activity, mainly in terms of 
half-wave potential and onset potential, as well as increase in diffusion-limited current 
density, may be attributed primarily to the existence of vanadium oxide and nitrogen 
surface groups, which are known to be active in ORR. 

To the best of our knowledge, there is no existing literature pertaining to carbon 
materials co-doped with V and N for the purpose of ORR. The idea on the potential 
ORR mechanism on this catalyst material is derived from previous studies on co-doped 
carbon materials including transition metals and nitrogen, as well as catalyst materials 
modified with vanadium oxide. 
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Figure 23. RDE polarization curves for the ORR on VPc/MWCNT (1:3) @ 800 °C catalyst in  
O2-saturated 0.1 M KOH (a), 0.1 M PBS (c) and 0.5 M H2SO4 (e), υ = 10 mV.s-1, ω = 400– 4400 rpm; 
Koutecky-Levich plots for ORR on VPc/MWCNT (1:3) modified GC electrodes in O2 molecule in 
0.1 M KOH (b), 0.1 M PBS (d) and 0.5 M H2SO4 (f). Inset shows the potential dependence of n. 
 

Figure 24a-c show the comparative linear sweep voltammetry (LSV) curves of  
five different catalysts: commercial Pt/C, pure MWCNT, nitrogen-doped MWCNTs 
(HPc/MWCNT), and nitrogen/vanadium co-doped MWCNTs (VPc/MWCNT) with and 
without pyrolysis. The novel catalyst, VPc/MWCNT (1:3), exhibits more negative onset 
potential (Eonset) in alkaline, neutral, and acidic conditions compared to the commercially 
available Pt/C catalyst. The observed differences in Eonset values are 0.04 V, 0.07 V, and 
0.20 V, respectively. The observed decrease in Eonset between Pt/C and N/V co-doped 
catalysts in alkaline medium, relative to the other two media, suggests that the V-doped 
catalyst exhibits superior performance in an alkaline environment. The validity of this 
finding was further confirmed by the examination of n values. In comparison to 
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VPc/MWCNT (1:3), Eonset of HPc/MWCNT is more negative by 20 mV in alkaline medium, 
50 mV in neutral media, and 20 mV in acidic media.  Furthermore, it can be shown that 
the E1/2 values exhibit a decrease of 60 mV, 40 mV, and 30 mV in alkaline, neutral, and 
acidic environments, respectively, when using HPc/MWCNT. This finding provides insight 
into the influence of V atoms on the enhancement of catalytic performance. It is 
important to note that the electrocatalytic activity of the material doped with both 
vanadium and nitrogen is higher compared to the catalyst doped only with nitrogen.  
This observation provides evidence that vanadium oxide is mixed with carbon  
nanotubes, hence enhancing the electrocatalytic activity. Tables 10, 11 and 12 provide a 
comprehensive analysis of the data obtained from RDE experiments conducted on 
VPc/MWCNT catalysts with varying ratios of VPc to carbon, which were subjected to 
pyrolysis at a temperature of 800 °C. Additionally, the RDE experiments were performed 
on HPc/MWCNT and Pt/C catalysts in different media. 
 

 
Figure 24. Comparison of RDE results of oxygen reduction on MWCNT, non-pyrolysis material, 
HPc/MWCNT (1:3), VPc/MWCNT (1:3) and Pt/C modified GC electrodes in O2-saturated 0.1M KOH 
(a), 0.1M PBS (b) and 0.5M H2SO4 (c), υ = 10 mV.s–1, ω = 1600 rpm. 
 
Table 10. Comparison of the ORR results obtained for VPc/MWCNT catalysts pyrolyzed at 800 °C, 
non-pyrolysis material, HPc/MWCNT and Pt/C in 0.1 M KOH. 

Catalyst Eonset (V) E1/2 (V) jd (mA cm-2) n 

MWCNT 0.84 0.69 -3.0 2.5 

Non-pyrolysis 0.84 0.67 -4.1 2.7 

HPc/MWCNT 3:1 0.91 0.74 -4.9 3.0 

VPc/MWCNT 1:3 0.93 0.80 -5.0 3.9 

VPc/MWCNT 1:1 0.88 0.78 -4.8 3.7 

VPc/MWCNT 3:1 0.89 0.78 -5.3 3.9 

Pt/C 20 % 0.97 0.82 -5.5 3.7 
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Table 11. Comparison of the ORR results obtained for VPc/MWCNT catalysts pyrolyzed at 800 °C, 
non-pyrolysis material, HPc/MWCNT and Pt/C in 0.1 M phosphate buffer. 

Catalyst Eonset (V) E1/2 (V) jd (mA cm-2) n 

MWCNT 0.54 0.31 -3.6 2.5 

Non-pyrolysis 0.67 0.42 -3.8 2.7 

HPc/MWCNT  3:1 0.71 0.46 -5.0 2.9 

VPc/MWCNT 1:3 0.76 0.50 -5.2 2.9 

VPc/MWCNT 1:1 0.78 0.53 -5.0 3.2 

VPc/MWCNT 3:1 0.76 0.47 -4.9 3.0 

Pt/C 20% 0.83 0.52 -5.0 3.6 

 
Table 12. Comparison of the ORR results obtained for VPc/MWCNT catalysts pyrolyzed at 800 °C, 
non-pyrolysis material, HPc/MWCNT and Pt/C in 0.5 M H2SO4. 

Catalyst Eonset (V) E1/2 (V) jd (mA cm-2) n 

MWCNT 0.40 0.24 -2.5 2.4 

Non-pyrolysis 0.50 0.31 -3.5 2.4 

HPc/MWCNT  3:1 0.68 0.49 -4.0 2.9 

VPc/MWCNT 1:3 0.70 0.52 -4.9 3.0 

VPc/MWCNT 1:1 0.63 0.40 -4.8 3.2 

VPc/MWCNT 3:1 0.62 0.43 -4.1 3.0 

Pt/C 20% 0.90 0.72 -5.4 3.7 

 
To evaluate the stability of the produced catalysts, VPc/MWCNT (1:3) was subjected 

to 1000 cycles in alkaline, neutral, and acidic environments.  The LSV curves shown in 
Figure 25 provide evidence that the VPc/MWCNT (1:3) catalyst exhibits enhanced 
stability, with very little variation in E1/2 values seen in the acidic environment. 
Additionally, a slight decrease in both E1/2 and limiting current density values is observed 
in the alkaline environment. The observation that ORR polarization curves exhibit 
minimal reductions in current density values, without any change in the onset potential, 
provides evidence for the exceptional stability of these materials in both neutral and 
acidic conditions. 
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Figure 25. Stability of VPc/MWCNT (1:3) in O2-saturated in 0.1 M KOH (a), 0.1 M PBS (b), and 0.5 M 
H2SO4 (c), υ = 10 mV s-1, ω = 1600 rpm. 
 

In light of the significant importance placed on the durability of catalyst materials in 
fuel cell technology, a series of chronoamperometric studies were conducted using the 
VPc/MWCNT (1:3) catalyst. The experiment was conducted under controlled conditions, 
maintaining a constant potential of 0.4 V vs RHE. The electrolyte used was a 0.1 M 
KOH solution that was saturated with oxygen. Figure 26 demonstrates that the 
VPc/MWCNT (1:3) catalyst maintains a significantly higher relative current of 87% even 
after a 20-hour testing period. The chronoamperometric studies were also conducted in 
0.1 M PBS and 0.5 M H2SO4 solutions. The relative current in these media is seen to drop 
to 92% from the starting current value. Similarly, the relative current on the Pt/C catalyst 
reduces to 77% at a constant potential of 0.4 V vs RHE in the 0.5 M H2SO4 solutions. 
Furthermore, the relative current reaches 82% in the alkaline medium and 79% in the 
neutral medium. The findings of this study suggest that the VPc/MWCNT catalyst has 
much better electrochemical stability than the Pt/C catalyst. 

 
Figure 26. Chronoamperometric responses for the ORR on VPc/MWCNT(1:3) and Pt/C catalysts in 
O2 saturated 0.1 M KOH, 0.1 M PBS and 0.5 M H2SO4 solution for 20 hours at 0.4 V vs RHE. Rotation 
speed: 200 rpm. 
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3.3 Oxygen reduction reaction on boron and fluorine co-doped carbon 
composite 
3.3.1. Physical characterisation of B and F co-doped carbon catalyst 
This part is written based on the third journal paper (III) (Raudsepp et al., 2024).  
The surface of the GC electrode was analyzed using SEM after modification with boron 
and fluorine co-doped carbon nanomaterial. The provided illustration, denoted as Figure 
27, showcases a SEM image of a catalytic material composed of rGO and FWCNT doped 
with boron and fluorine (BF). The BF-doped rGO/FWCNT composite material exhibits 
uniform distribution over the electrode surface, as seen in the Figure 27.  
 

 
Figure 27. SEM image of boron and fluorine co-doped rGO/FWCNT composite material. 
 

TEM analyses were conducted on the catalyst doped with both B and F elements, 
providing valuable insights into the material’s morphology. The reduced graphene  
oxide co-doped material seen in Figure 28a exhibits a morphology characterized by  
nano-platelets with diameters ranging from 50 to 200 nm. The nano-platelets show a 
uniform distribution over the framework of FWCNT. The TEM picture shown in Figure 
28b provides a comprehensive depiction of the catalyst material. It also serves to 
illustrate that not all of the nanotubes establish interactions with the graphene platelets, 
resulting in the presence of graphene-free nanotubes. In the shown picture, we see the 
presence of graphene platelets of bigger dimensions. Figure 28c displays an example of 
a bigger platelet. The platelet consists of many layers of graphene and is surrounded by 
numerous nanotubes that serve as spacers, thus inhibiting potential agglomeration of 
the layers (Karl Kalev Türk et al., 2015). Figure 28d displays a high magnification view of 
FWCNT used in the investigation. In this observation, it is evident that FWCNTs have a 
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distinct structural characteristic, consisting of 5–10 well-defined walls that are devoid of 
any amorphous carbon. Graphene platelets of diminutive dimensions, measuring as 
minute as 10 nm, may be seen. The presence of significant surface defects in graphene 
platelets has been observed, maybe attributed to the process of doping. 

 

 
Figure 28. TEM image of boron and fluorine co-doped rGO/FWCNT composite material. (a) and (b) 
overview of the catalyst. (c) larger flakes of rGO. (d) FWCNT used in the study. 
 

The investigation of the degree of graphitization and defect sites in the catalyst 
material was conducted using Raman spectroscopy. Figure 29 shows the presence of a 
prominent D peak at 1310 cm‒1 and a G peak at 1584 cm‒1 in the composite material 
prior to the co-doping of B and F. Upon the introduction of boron and fluorine doping, 
distinct peaks corresponding to the D and G bands manifest at wavenumbers of  
1303 cm‒1 and 1586 cm‒1, respectively. The G band is attributed to the scattering of E2g 
phonons by sp2 hybridized carbon atoms, whereas the D band is associated with 
resonance Raman spectra resulting from distortions in the sp2 carbon system (Pawbake 
et al., 2018). The presence of a pronounced D band in the carbon network after acid 
treatment and doping suggests a significant increase in the number of defects inside the 
material. 
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Figure 29. Raman spectra of rGO/FWCNT and BF co-doped rGO/FWCNT. 

The determination of the D/G ratio enables the obtaining of insights on the magnitude 
of defects present in the material under investigation. The intensity ratio (ID/IG) between 
the D and G bands is 1.69 for carbon material that is not doped, and 1.76 for carbon 
material that is doped with BF. The presence of a larger ratio implies a greater quantity 
of surface defects, therefore suggesting that the introduction of boron and fluorine 
doping results in an increase of surface flaws. This observation is supported by the 
research conducted by Kakaei and Balavandi, who discovered a significant increase in the 
ID/IG ratio after the introduction of fluorine into the graphene framework. This finding 
implies that fluorine doping is a major contributor to the generation of a disordered and 
defective carbon surface (Kakaei & Balavandi, 2017).  The co-doping of carbon with 
nitrogen and fluorine has been shown to have a similar outcome, as it leads to the 
creation of defect sites and the disruption of the carbon skeleton in graphene, resulting 
in a higher level of distortion (H. Wang et al., 2021). A noticeable alteration seen in the 
Raman spectra is the progressive broadening of the D peak, suggesting a disruption of 
sp2 hybridization subsequent to B and F doping. The Raman spectroscopy findings 
presented in this study exhibit a high level of agreement with the findings published by 
Gong et al. (P. Gong et al., 2014). 

XPS technique was used to investigate the surface chemical composition of the 
composite material doped with both B and F. XPS analysis reveals the detection of boron, 
carbon, oxygen, and fluorine elements, with atomic percentages of 1.7%, 92%, 6%, and 
0.6%, respectively. According to the data shown in Figure 30a, distinct peaks were seen 
at certain binding energies for various elements. Specifically, a discernible peak 
corresponding to the B1s orbital was observed at a binding energy of 192.5 eV, the C1s 
orbital exhibited a peak at 284 eV, the O1s orbital displayed a peak at 534.5 eV, and the 
F1s orbital demonstrated a peak at 685.5 eV. In Figure 30b, the C1s peak was subjected 
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to deconvolution, resulting in the identification of five separate peaks. These peaks 
correspond to the C = C peak at 284 eV, the B-C peak at 285 eV, the C-C peak at 285.5 eV, 
the C-O peak at 286.5 eV, and the O-C = O peak at 288.2 eV. XPS peak corresponding to 
the carbon-fluorine (C-F3) bond is expected to manifest at around 291.8 electron volts 
(eV). However, due to the limited fluorine content present in the sample, which is in close 
proximity to the instrument's detection threshold, distinguishing the current peak from 
the C1s peak poses considerable challenges. According to Gong et al. (P. Gong et al., 
2014), it has been shown that the degree of fluorine doping exhibits a significant 
sensitivity to elevated temperature processing. The proportion of carbon-incorporated 
fluorine exhibits a gradual rise throughout the process of heat-treatment until reaching 
a temperature of 700 °C. Subsequently, it begins to decline, with a significant decrease 
seen at 800 °C (P. Gong et al., 2014). This phenomenon may arise due to the thermal 
degradation of species containing fluorine at higher temperatures (P. Gong et al., 2014; 
J. Kim et al., 2018).

XPS spectrum in Figure 30c has a high level of detail, allowing for the identification of
three distinct peaks corresponding to various boron species: B2O3, BCO2, and BC2O. 
These peaks are seen at binding energies of 193, 192.2, and 190.8 eV, respectively. 
The distribution of various boron species is characterized by a composition consisting of 
60% B2O3, 22% BCO2, and 18% BC2O. The binding energy of the present B1s XPS peak, 
measured at 192.5 eV, exhibits a positive shift when compared to the binding energy of 
pure boron, which is recorded at 187.0 eV (NIST, 2021; Sankaran & Viswanathan, 2007). 
This observation suggests that a portion of the boron was integrated into the carbon 
material via the substitution of carbon atoms within the sp2 carbon network. Upon 
analyzing the high resolution F1s XPS peak (Figure 30d), it is evident that the F1s peak 
may be separated into three distinct peaks. However, determining the precise 
characteristics and distribution of the various fluorine bonding forms proves to be 
challenging. It is anticipated that the introduction of BF co-doping may result in a 
diminished peak of covalent C-F bonding at higher binding energy levels, while 
simultaneously enhancing the intensity of semi-ionic and ionic C-F bonds. These bonds 
are primarily responsible for enhancing the charge transfer capabilities of the catalyst 
material (J. Kim et al., 2018; Panomsuwan et al., 2015; Parthiban et al., 2019). It is evident 
that fluorine is well doped into the carbon structure, since prior scientific studies have 
shown that the fluorine present in the ionic and semi-ionic CF bonds exhibits distinct 
characteristics compared to free fluorine ions in solution (J. Kim et al., 2018). Fu et al. 
have proposed that the increased proportion of ionic C-F bonds may also play a role in 
enhancing ORR activity of heteroatom-doped carbon catalysts (Fu et al., 2017). It has 
been observed that fluorine forms strong ionic and semi-ionic bonds with carbon, 
resulting in increased resistance to corrosion for the catalyst (Fu et al., 2017). Parthiban 
et al. have shown that the creation of semi-ionic C-F bonds plays a crucial role in 
achieving outstanding ORR activity (Parthiban et al., 2019). 
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Figure 30. (a) XPS wide-scan spectrum of BF-doped carbon material. Core-level XPS spectra in (b) 
C1s, (c) B1s and (d) F1s regions. 

3.3.2 Electrochemical characterization B and F co-doped carbon catalyst  
The electrocatalytic activity of BF-doped rGO and FWCNT composite material towards 
ORR was investigated using RDE technique. The working electrode used in this study 
consisted of GC electrodes that were modified with BF co-doped carbon composite 
catalysts. The measurements were conducted in electrolyte solutions of O2-saturated 
0.1 M KOH and 0.5 M H2SO4. The first phase of the study was an examination of 
ORR activity in relation to the mass ratio between the carbon composite and the BF 
source. The RDE findings in alkaline and acid media for all four distinct mass ratios of BF 
source to rGO/FWCNT pyrolyzed at 800 °C are shown in Figure 31a-b, respectively. The ORR 
polarization curves of these were compared to those of unmodified rGO/FWCNT material 
and the bare glassy carbon electrode. 
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Figure 31. RDE voltammetry curves for oxygen reduction on GC electrodes modified with undoped 
rGO/FWCNT and BF-doped carbon composite materials in O2-saturated (a) 0.1 M KOH and in  
(b) 0.5 M H2SO4, υ = 10 mV s‒1, ω = 1900 rpm. Curve GC corresponds to unmodified glassy carbon. 

The observation in Figure 31a reveals that 2BFC, and 3BFC exhibit similar onset
potentials for ORR in alkaline conditions, approximately 0.87 V vs. RHE. This value is 
slightly more positive than that of 4BFC, suggesting that further increasing the levels of 
boron and fluorine doping will eventually lead to a decrease in the electrocatalytic 
activity towards the ORR. Figure 31b shows analogous behavior in acidic environments, 
but with a more noticeable impact of dopant concentration. The clear superiority of the 
2BFC catalyst over the other catalysts is obvious. While certain prior studies have 
indicated a positive correlation between the electrocatalytic activity of the catalyst 
material for ORR and the concentration of boron, it is important to note that there is a 
lack of existing literature on the utilization of boron trifluoride diethyl etherate (BTDE) as 
a source of boron or fluorine for the purpose of heteroatom doping in carbon 
nanomaterials (Bo et al., 2013; Y. Cheng et al., 2014). Previous studies have shown that 
there exists a certain threshold beyond which augmenting the boron content in the 
carbon network becomes more challenging only via the incremental addition of the 
boron source (Y. Cheng et al., 2014). Furthermore, the presence of defects and 
oxygen-containing functional groups on the surface of carbon materials significantly 
influences their electrocatalytic activity. A further factor contributing to the enhanced 
ORR kinetics on BF co-doped carbon is the concurrent increase in oxygen content 
resulting from the introduction of boron into the material. This is due to the ability of 
boron atoms to promote the adsorption of oxygen (Y. Cheng et al., 2014). There has been 
a proposal suggesting that the presence of positively charged boron atoms on the carbon 
surface might enhance the process of oxygen chemisorption. This chemisorption, in turn, 
serves as a bridge for the transfer of electrons from adjacent carbon atoms to oxygen, 
resulting in the weakening of the O-O bond (L. Yang et al., 2011). In contrast, 
the introduction of fluorine into rGO and FWCNTs results in the creation of a highly 
efficient p-type semiconductor with low fluorine concentration. At greater levels of 
fluorine coverage in the carbon composite material, these doped materials exhibit 
conductive properties (P. Gong et al., 2014; Ho et al., 2014). The addition of fluorine, 
a strongly electronegative element with an excess of valence electrons relative to boron 
or other heteroatoms, is expected to enhance the electrical conductivity of the catalyst 
material (P. Gong et al., 2014; Ho et al., 2014). One possible explanation for the enhanced 
ORR activity seen in BF-doped rGO/FWCNT composites is the introduction of fluorine 
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atoms into the carbon framework, which may lead to the creation of distinct structural 
defects that might serve as electrocatalytically active sites (Rosas-Medellín et al., 2022). 
This concept is also consistent with the findings from the Raman spectroscopy analysis 
discussed earlier. 

Several research investigations have shown that the co-doping of graphene sheets 
with several heteroatoms is a more efficient approach for altering the chemical surface 
composition of graphene and facilitating the interaction between these diverse atoms 
(A. Liu et al., 2015; Y. Liu et al., 2013). Therefore, it is anticipated that the electrocatalytic 
activity will be enhanced when graphene oxide and FWCNTs are doped with fluorine and 
boron. The electronic hybrid structure of the carbon material may be manipulated by 
co-doping, which involves the formation of covalent bonds with the local π-orbital 
system of graphitic carbon. This process also leads to the production of novel bond 
interactions (P. Gong et al., 2013).  

Furthermore, it is evident that the onset potential of ORR polarization curves for the 
heat-treated combination of rGO and acid-treated FWCNT exhibits an approximate shift 
of 100 mV in positive direction compared to the unmodified glassy carbon electrode in 
alkaline environments. The introduction of boron and fluorine co-doping results in a 
further change of the onset potential for ORR in the positive direction. The half-wave 
potential value exhibits an approximate positive shift of 200 mV in comparison to the 
unmodified glassy carbon electrode. Additionally, the reduction current values show a 
significant increase. The electrocatalytic effect is more pronounced in acidic environments, 
as shown by the 2BFC electrocatalyst exhibiting a positive shift in onset potential of 
600 mV compared to heat-treated rGO/FWCNTs and about 700 mV compared to bare 
GC (refer to Figure 31b). Based on the obtained findings from RDE, it is evident that the 
introduction of boron and fluorine atoms into the carbon structure of rGO and FWCNT 
significantly alters the electrocatalytic characteristics of the catalyst material. 

The investigation also included an examination of the impact of pyrolysis temperature 
on the electrocatalytic activity of the material doped with both boron and fluorine. At a 
temperature of 800 °C, 2BFC exhibited the most significant ORR activity. The pyrolysis 
processes conducted at temperatures of 600 °C and 1000 °C used an identical ratio of 
boron and fluorine precursor to carbon material. Figures 32a-b illustrate that the catalyst 
material, synthesized by pyrolysis at 800 °C, has superior electrocatalytic performance 
for O2 reduction in both alkaline and acid environments. This is evident from its more 
positive onset potential and higher reduction current values compared to other catalyst 
materials. Previous studies have shown that raising the temperature during the doping 
process leads to an increase in the quantity of electrocatalytically active surface species. 
Consequently, the material synthesized at 800 °C exhibits higher activity compared to 
the material synthesized at 600 °C (Jo & Shanmugam, 2012; X. Xu et al., 2014). Several 
earlier studies have shown that increasing the pyrolysis temperature above 800 °C leads 
to more efficient heteroatom doping (X. Sun, Song, et al., 2013; Venkateswara Rao & 
Ishikawa, 2012). However, in the present study, the increase in temperature from 800 
to 1000 °C during BF co-doping using BTDE did not result in an improvement in the 
electrocatalytic performance of the material for ORR. Hence, the use of BTDE for B and 
F co-doping may be regarded as a more economically viable option compared to using 
boron sources that exhibit similar electrocatalytic ORR activity after doping at higher 
temperatures (L. Yang et al., 2011). 
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Figure 32. RDE voltammetry curves for oxygen reduction on a 2BFC/GC electrode in O2-saturated 
(a) 0.1 M KOH and (b) 0.5 M H2SO4. υ = 10 mV s‒1, ω = 1900 rpm. 2BFC material was prepared by
pyrolysis at temperatures of 600, 800 and 1000 °C. 

Figure 33a-b show a series of polarization curves for ORR obtained at various 
electrode rotation rates. These measurements were conducted using a highly active 2BFC 
catalyst-modified GC electrode, in both alkaline and acid environments, as indicated. 
The onset potential for ORR is estimated to be about 0.85 V vs RHE. At lower rotation 
speeds, the reduction current plateaus are seen, suggesting that the ORR process is 
mostly governed by diffusion control.  

However, it is worth noting that this particular electrocatalytic activity may also be 
attributed to the emergence of novel active sites as a consequence of boron and fluorine 
co-doping. Specifically, fluorine has a tendency to induce defects in the surface, whilst 
boron aids in the attraction of oxygen species (Panomsuwan et al., 2015; L. Yang et al., 
2011). Numerous prior investigations have consistently demonstrated that the 
introduction of fluorine into carbon frameworks leads to an augmentation of positive 
charge on adjacent carbon atoms. This, in turn, enhances the activity of p-electrons, 
thereby promoting stronger interactions between the catalyst sites and O2 molecules. 
Consequently, the electrocatalytic activity for ORR is increased (Parthiban et al., 2019; 
X. Sun, Song, et al., 2013; X. Sun, Zhang, et al., 2013). Based on the findings of the RDE
analysis, it can be inferred that the simultaneous incorporation of boron and fluorine
atoms into the graphitic frameworks of graphene and FWCNTs has the potential to
enhance the electrocatalytic activity of ORR, as shown by improvements in both the
onset potential and limiting current values.
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Figure 33. RDE voltammetry curves for oxygen reduction on a 2BFC/GC electrode in O2-saturated 
(a) 0.1 M KOH and in (b) 0.5 M H2SO4 at different rotation rates. υ = 10 mV s‒1. 
 

The insets of Figure 34a-b present a comparison of the electron transfer number (n) 
values derived from the Koutecky-Levich (K-L) equation at various applied potentials.  
In alkaline media, n value, as calculated from the K-L equation, approaches four. 
However, rotating ring-disk electrode (RRDE) measurements indicated n value closer to 
three. Additionally, the production of peroxide species increased from 40% to 60% as the 
potentials shifted towards more negative values (refer to Figure 35a). These RRDE results 
suggest that contrary to the K-L analysis, the oxygen reduction reaction (ORR) on the 
2BFC nanocarbon catalyst proceeds via 2e– and two-step 2e– + 2e– pathway, meaning 
that some of the peroxide is further reduced. This aligns with previous findings by 
Chokradjaroen et al., who reported a predominance of the two-electron pathway on 
boron and fluorine co-doped materials in alkaline media (Chokradjaroen et al., 2020). 
The variation in the fluorine species present in the catalyst may explain this behavior.  
In this study, fluorine predominantly exists in its ionic form, whereas in the work by 
Chokradjaroen et al., semi-ionic fluorine was more prevalent (Chokradjaroen et al., 
2020). While both ionic and semi-ionic forms of fluorine enhance ORR activity, ionic 
fluorine is associated with higher electrical conductivity, exerting a greater influence on 
the carbon network’s electronic structure (T. Gong et al., 2019). 

In acidic media, at lower overpotentials (E > 0.36 V), n value is approximately two, 
indicating that O₂ reduction primarily leads to the formation of peroxide as the final 
product. As the potential becomes more negative, n value gradually increases up to 
three, suggesting that some of the peroxide undergoes further reduction within this 
potential range. RRDE measurements in acidic media showed n value of 3.2 across all 
potential ranges, with 40% peroxide production (refer to Figure 35b). It should be noted 
that the Koutecky-Levich analysis of the undoped rGO/FWCNT material revealed n value 
in the range of 2 to 2.5 in both alkaline and acidic media. This indicates that while both 
the doped and undoped catalysts generate peroxide as an intermediate during the 
oxygen reduction reaction (ORR), the boron and fluorine co-doped material serves as a 
more effective catalyst for the further reduction of peroxide. This suggests enhanced 
catalytic performance for the doped material in driving the ORR towards a more 
complete reduction process. 
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Figure 34. Koutecky-Levich plots for oxygen reduction on a 2BFC/GC electrode in (a) 0.1 M KOH and 
(b) 0.5 M H2SO4. Inset shows the potential dependence of the number of electrons transferred per 
O2 molecule (n). Data derived from Figure 33. 
 

The RRDE experimental data was utilized to calculate both the peroxide yield and the 
n values. 

 
Figure 35. Percentage of HO2- and H2O2 and number of electrons transferred per O2 molecule 
calculated based on RRDE measurements in alkaline (a) and acid media (b). 
 

Durability and methanol tolerance tests were conducted on the most active catalyst 
(2BFC), synthesized at 800 °C, in both alkaline and acidic environments. These results 
were compared to those of the commercial 40% Pt/C catalyst. In the durability tests 
(Figure 36), the 2BFC material showed a 30% reduction in its initial current value after 
60,000 seconds in both media, stabilizing at that point. In contrast, the 40% Pt/C catalyst 
exhibited a 35% drop in initial current over the same period, with a continued downward 
trend. When comparing methanol 3 M tolerance (Figure 37), the 2BFC catalyst 
demonstrated significantly better performance than the commercial Pt/C in both media. 
In alkaline conditions, 2BFC lost only 12% of its initial current, while the 40% Pt/C catalyst 
saw a 27% reduction. Similarly, in acidic media, 2BFC experienced a 15% decrease in 
current after 900 seconds following methanol injection (at 300 seconds), whereas the 
commercial catalyst lost nearly 40% of its initial current.  

The importance of boron- and fluorine-doped catalysts has been recognized 
previously. However, the results obtained in this study provide further insights into their 
electrochemical properties. Based on the physical characterization results presented 
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above, it is evident that boron and fluorine play crucial roles in enhancing the 
electrocatalytic activity of these catalysts. The ORR electrocatalytic behavior improved 
between the doped B and F atoms. Electrochemical measurements clearly demonstrate 
that B and F co-doping effectively enhances ORR activity in both alkaline and acidic 
media. Therefore, such catalysts hold great potential for application in proton exchange 
membrane or anion exchange membrane fuel cells, as well as in metal-air batteries. 

 

 
Figure 36. The durability of 2BFC compared with commercial 40% Pt/C in alkaline solution at 0.5 V 
vs. RHE (a), and acidic medium at 0.2 V vs. RHE (b). 
 

 
Figure 37. Methanol tolerance of 2BFC compared with commercial 40% Pt/C in alkaline at 0.5 V vs. 
RHE (a), and acidic medium at 0.2 V vs. RHE (b). 3 M methanol was added after 300 seconds.  
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4 Conclusions 
In this work, three different approaches were studied to dope carbon support with 
non-noble metals and/or heteroatoms. Catalysts derived from metal phthalocyanines 
(MPc) and multi-walled carbon nanotubes (MWCNTs) were synthesized and evaluated 
for the oxygen reduction reaction (ORR). The study varied the ratios of MPc to MWCNTs 
and identified the optimal ratios for achieving the highest electrocatalytic activity. 
The best ratios were determined in alkaline media as PbPc/MWCNT 3:1 (onset potential 
0.93 V vs RHE), VPc/MWCNT 1:3 (onset potential 0.93 V vs RHE), and GO/FWCNT/boron 
and fluorine source 1:5 (onset potential 0.86 V vs RHE). Across all materials, an 800 °C 
heat treatment consistently yielded the best results, with catalysts synthesized at this 
temperature demonstrating excellent ORR performance. In addition to electrochemical 
characterization, the successful modification of the carbon materials was confirmed 
through various physical characterization techniques, including SEM, TEM, XRD, N₂ 
adsorption, Raman spectroscopy, and XPS. 

In the first part of the thesis (I), Pb and nitrogen co-doped carbon materials, 
synthesized using PbPc and MWCNTs, exhibited promising ORR activity, and diffusion-
limited current density comparable to commercial Pt/C 20% catalysts, particularly in 
alkaline environment. Although the onset potential was more positive for Pt/C in all 
media, the inclusion of Pb played a crucial role in enhancing the electrocatalytic activity. 
This was clearly demonstrated by the significantly lower performance of catalysts 
synthesized without Pb. Notably, the Pb and N co-doped catalyst exhibited 
electrocatalytic activity comparable to that of commercial Pt/C, highlighting its potential 
as a promising alternative for ORR applications. Koutecky-Levich analysis revealed that 
in alkaline media, the catalyst favored a 4-electron reduction pathway (n ≈ 4), while in 
neutral and acidic media, the pathway was mixed 2e– + 2e– and 4e–, with n ≈ 3. 
The PbPc/MWCNT catalyst materials also demonstrated outstanding stability during 
linear sweep voltammetry (LSV) cycling in neutral and acidic media, though the stability 
was lower in alkaline conditions. These results suggest that PbPc/MWCNT materials have 
great potential as cathode catalysts in fuel cells, with the added advantage of using 
recycled lead from batteries as a raw material (I). 

In the second part of the thesis (II), vanadium and nitrogen co-doped carbon 
nanomaterials were also prepared using a facile and cost-effective one-step synthesis 
method, with VPc as the vanadium and nitrogen precursor and MWCNTs as the carbon 
support. The catalyst synthesized with a VPc to MWCNT ratio of 1:3 had the most positive 
Eonset in alkaline (20 mV more negative than Pt/C) and acidic (50 mV more negative than 
Pt/C) media and the highest diffusion-limited current values in neutral and acidic 
electrolytes. Heat treatment at 800°C yielded the best ORR performance, with V–N 
co-doped catalysts showing higher diffusion-limited current values and more positive 
onset potential in neutral and acidic media compared to only N-doped MWCNTs. 
Furthermore, the V–N co-doped catalyst material exhibited superior stability, maintaining 
92% of its initial current value after 20 hours in acidic electrolyte, compared to 77% for 
commercial Pt/C 20%. These results clearly indicate that vanadium doping significantly 
enhances the performance of ORR catalysts, making V–N co-doped materials promising 
candidates for fuel cell cathode applications (II). 

In the third part of the thesis (III), boron and fluorine co-doped nanocarbon catalysts 
were successfully synthesized and tested for ORR. The doping was achieved using a 
mixture of few-walled carbon nanotubes (FWCNTs) and reduced graphene oxide (rGO) 
as the carbon support, with boron trifluoride diethyl etherate (BTDE) as the boron and 
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fluorine source. Morphological analysis revealed the presence of graphene nanoplatelets 
as small as 10 nm. The incorporation of boron and fluorine led to the formation of 
electrocatalytically active sites, as confirmed by XPS, and RDE measurements. The most 
active co-doped catalyst, prepared by heat-treating rGO/FWCNT and BTDE at 800 °C, 
demonstrated a 50 mV increase in onset potential in alkaline media and a remarkable 
600 mV increase in acidic media compared to the undoped catalyst. The half-wave 
potential was also 100 mV more positive in alkaline media and 700 mV more positive in 
acidic media. These results reveal that these boron and fluorine co-doped materials 
possess significant electrocatalytic activity toward O2 reduction and have great potential 
for use in polymer electrolyte membrane fuel cells and metal-air batteries (III). 

In conclusion, the Pb/N, V/N, and BF co-doped carbon materials synthesized in this 
work exhibit promising electrocatalytic activity, stability, and economic feasibility, 
making them considerable candidates for future use as cathode catalysts in fuel cells and 
other electrochemical energy devices.  
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Abstract 

Development of Catalysts for Oxygen Electroreduction:  
A Doping Approach 
This thesis explores alternative carbon-based nanomaterials as potential catalysts for the 
oxygen reduction reaction (ORR), a key process in fuel cell and metal-air battery cathodes 
that traditionally rely on platinum-based catalysts due to slow reaction kinetics.  
The research focuses on non-precious metal catalysts, aiming to identify cost-effective 
and efficient alternatives to platinum. Two main catalyst categories were explored:  
non-noble metal–nitrogen-doped carbon catalysts and heteroatom-doped carbon 
nanomaterials. For metal–nitrogen doping, metal phthalocyanines (PbPc and VPc) were 
utilized.  

The study evaluates the ORR performance of various catalysts in alkaline, neutral, and 
acidic media. Notably, PbPc and VPc-based materials exhibited performance that was 
close to commercial platinum catalysts, as well as BF-doped catalysts. Together, these 
findings underscore the significant potential of these catalyst materials for use in fuel cell 
and metal-air battery applications. Physical characterization methods, including SEM, 
TEM, XRD, N2 adsorption analysis, Raman spectroscopy and XPS, were employed to 
confirm the successful doping of heteroatoms and the formation of metal nanoparticles 
within the catalysts. These analyses revealed the presence of pyrrolic-N, pyridinic-N,  
and graphitic-N, which are active towards ORR. In particular, the study dives into  
the electrocatalytic behavior of PbPc/MWCNT and VPc/MWCNT catalyst materials.   
The co-doping process, achieved through pyrolysis in a nitrogen atmosphere, was shown 
to enhance ORR activity in various media. The work demonstrates the potential of VPc 
and PbPc as a co-doping agents for creating effective cathode catalysts for microbial, 
PEM, and AEM fuel cells. Additionally, the functionalization of nanocarbon materials with 
boron and fluorine was explored, utilizing a low-cost pyrolysis method to synthesize  
BF-rGO/FWCNT catalysts. These catalysts demonstrated significant electrocatalytic 
activity in both alkaline and acidic media, emphasis on the influence of fluorine, the most 
electronegative element, on the design of novel nanocarbon-based electrocatalysts. 
Overall, this thesis presents a comprehensive exploration of various non-noble metal 
catalysts as a promising alternative to platinum for the ORR, offering insights into the 
synthesis, characterization, and electrochemical performance of these materials. 
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Lühikokkuvõte 

Katalüsaatormaterjalide arendamine hapniku redutseerumise 
tarvis: dopeerimispõhine lähenemine 
Käesolevas väitekirjas uuritakse alternatiivseid süsinikupõhiseid katalüsaatormaterjale 
hapniku elektrokeemiliseks redutseerimiseks, mis on üheks olulisemaks protsessiks 
kütuseelementide ja metall-õhk akude katoodides. Hapniku redutseerumisreaktsiooni 
aeglase kineetika tõttu on seda traditsiooniliselt katalüüsitud plaatinapõhiste 
materjalidega. Antud uurimistöös keskendutakse mitteväärismetall- ja heteroaatomitega 
modifitiseeritud süsinikmaterjalidele, eesmärgiga leida odavaid ja tõhusaid alternatiive 
plaatinale. Metalli- ja lämmastikuga dopeeritud süsinikmaterjalide sünteesiks kasutati 
metallftalotsüaniine (PbPc ja VPc).   

Uuringus hinnatakse erinevate katalüsaatorite mõju hapniku redutseerumisele 
leeliselistes, neutraalsetes ja happelistes keskkondades. Saadud tulemused 
demonstreerivad sünteesitud materjalide potentsiaali katalüüsimaks hapniku 
redutseerimist nii kütuseelementides kui ka metall-õhk patareides. Kinnitamaks 
katalüsaatormaterjalide edukat dopeerimist ja metalli nanoosakeste moodustumist, 
kasutati erinevaid füüsikalisi analüüsimeetodeid, sealhulgas SEM’i, TEM’i, XRD’d, N2 
adsorptsiooni analüüsi, Raman spektroskoopiat ja XPS´i. Analüüside tulemused näitasid 
pürroolse, püridiinse ja grafiitse lämmastikvormi olemasolu, mis kõik mõjutavad hapniku 
redutseerumist. Eelkõige keskendutakse uuringus PbPc-MWCNT ja VPc-MWCNT 
komposiitide elektrokatalüütilisele käitumisele. Katalüsaatormatejale pürolüüsiti 
lämmastiku atmosfääris ja saavutatud dopeerimine suurendas hapniku redutseerumise 
aktiivsust erinevates keskkondades. Tulemused näitavad VPc- ja PbPc-põhiste 
süsinikmaterjalide potentsiaali katalüüsimaks hapniku redutseerimist mikroobsete, 
prootoni- ja anioonivahetusmembraaniga kütuseelementide katoodidel. Lisaks uuriti 
süsiniknanomaterjalide modifitseerimist boori ja fluoriga. BF-rGO/FWCNT-katalüsaatorite 
sünteesimiseks kasutati samuti pürolüüsi lämmastiku keskkonnas. Need katalüsaatorid 
näitasid märkimisväärset elektrokatalüütilist aktiivsust nii leeliselises kui ka happelises 
keskkonnas, demonstreerides kõige elektronegatiivsema elemendi, fluori, mõju 
süsinikupõhiste elektrokatalüsaatorite disainil ja sünteesil. Kokkuvõttes uuritakse 
käesolevas väitekirjas mitmeid mitteväärismetallkatalüsaatoreid kui paljulubavaid 
alternatiive plaatina-põhistele materjalidele, pakkudes detailset ülevaadet nende 
materjalide sünteesist kui ka hapniku redutseerimise elektrokatalüütilisest käitumisest. 
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Appendix 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Zarmehri, E., Raudsepp, R., Šmits, K., Käämbre, T., Šutka, A., Yörük, C. R., Zacs, D., & 
Kruusenberg, I. (2023). Lead and Nitrogen Co-Doped Multi-Walled Carbon Nanotube 
Electrocatalyst for Oxygen Reduction Reaction. Journal of The Electrochemical Society, 
170(11), 114505. https://doi.org/10.1149/1945-7111/AD0072 
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Zarmehri, E., Raudsepp, R., Danilson, M., Šutka, A., & Kruusenberg, I. (2023). Vanadium and 
carbon composite electrocatalyst for oxygen reduction reaction. Materials Chemistry and 
Physics, 307, 128162. https://doi.org/10.1016/J.MATCHEMPHYS.2023.128162 
 

https://doi.org/10.1016/J.MATCHEMPHYS.2023.128162




���������	
��������
��
��������������������

����������
��
������������� !"� �!#$����%�������&'('�����)
����������'
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p̀q̀r_stu_v\sẁ xyz{{|{y}~x�~x����������x����x�����������������������������������������z��z��y������y�y�����|x��x������x���������x����������~x�����x������x�������x��x�y ����y�y�¡�x¢��x���x�����x���x£���������x¤�������������������������������������¥���¥����������¦x��x�����x������x�������x���x�§���x��x§��̈x�©x��������x���xª�������x��x���x����������x£�������x£������x�������



���������	
��
��

������������
��

��������
��������
�����
��
����

�����������������������������
�

����	
��
������
��

�
������

�������������������������

����

����
��
�������������������������������
�����

����������
��
������������ !��������������������"#��$�����#%&'�(
�
����&����
�����

�


�)*+����������

���������,-.$/012��
������
�	��

���������343�5��&�

��6������������������2
���������
��
��

�
��

���
&�

�����������������
����
�������������������-��

�����$����������
�������&�

����
����
�����

�������
���������������������

�78#���+#���#�����������
�������
���&�����
�������

�
&�������������������������6���������

�����
����
���
����
���
���

�������$����������������,-.$/012��
����
����

�����
���
�����������������
�������
���&�
�����������
����
��������
���������
�������
&�
	������������$�
����2
���������
��������������
��
�

�
����$�����������������
������������

�����
����
���
��-����
���
���&�

��6��������������������

9:;<=>?@:;?(�������������
����
���
��������
���&������������������������������&����
����
��
������	������������������

����A�����
��
����������������
�������
���"-��'��$�������	����
�����&��������	�	��������&������
�&��"$/012�'�������
��������",-'���
���������&��������
���&����
�������������

���

���
�"�2��'���&����������������������B���
�����������������������

�
����
�����������
����������
���
�	�

��A�����������C ���0��&�����

�78#���+#���#�����������
�������

�


����������
�����&��������������������
�

������
���������
����
���
��������
���&������������������
��������
���2
�
��
��
-����
���
�	���
�	�&�

���
����
��
�������������&�
��
�
���
���
��,-.$/012����2��	�



�������
����CD5�
E  F0�(
�������
��

���
�

�
&��������������������������,-.012�������
��
�����
&��������
����-������
����
����
�&���������2��
����
&������������������&�����������������������������������������
�2
����

���A��&�������������������������
����
	�������
���
���������
����
���A��	�

�����&�

��6��������������������2
����
��
�������������
����
�������
��
�����
�&��5 �G��������������
��
��
�������6����������
�������������6�&��H  �G����������������������
������������
�

����������
����
�����
��������

�
����	�����
��
���	��C  �G��������
�������6�������������I  �G��������
����������������	
����������
�

�����������&����
������2
������
���������

�


�����
���������������������������
����
���
����
���
�
�	����-3 �����
������� 

�������
�������
��
��
����� ������
�������&������������������
������&�

������JKLMN@OM;PQ=RNMLQNQP@:;:STUVW:LMW9QNX:;YQ;:OQPMN@Q=?-���ZZ�H	
!�������	�	��������&������
�&��"$/012'�����

���A��&�������A���&���
�����������������
��������
�������� 1���+�&"[����'	�������\ZE�ZZ]�������
��������",-'	�����

���A����������
�
���	���",���
�
�2������0������'&���������� �̂�������

���\C  �C C]�����
�������������

���

���
�"�2��'"#����������
'	��������&�����������������������

���������������$���
���

�$/012�	��������A���
����
������
���������
�����CDC 3̂#-���� 1̂-%����
����������
���
����������������
��������������

����&�������
�&���������	
��
��
�����
�����������
�����
��������

����������
�����$/012������$�����������&��������
������	������

���A��&����������
�������������

���$/012����,-	�

���
����CDC	��������	�

��2���$�����������
������
���	�������"$/012�,-_&�������������������̀ CD3�5�CD5�CDC ���CD3 '���

�����������
����
�����������
����C�$0�3�$0�%�$0�����$0�������
���������

����
����	���������
�����C
������

���������������� �����2
���
������	���������A������
������
����
����
E  F0���3
�������

����������	�
����� 
������
����$����������������������������������

������
������H  F0���C   F0	�����������
�

U@a>NMbcd)��
��6��+����
���
���������������
������3�$0.,0����
������"�' �CB)-̂ ���"&' �5B 3̂#-��(���
�
�	�

���
��
���������������

����&��������
����
�������������-3��������"�'���
������������$�����Z�

efghij�kljmncno��3 3%  5�H"E��CC' p3 3�/�����G0̂ ,�&̂

qM?MQN<rsNP@<=M tuvwwxwuyzt{zt|}~��}����t��}�t�������������}�������������~������}���}��v{�v{{u������u{u�{{��xt��t������t���������t����������zt�����t������t�������t}�t�u��{��u{u���t���t���t�����t���t�}�����}��t ��������}�������������~������}�������¡���¡�}�����}��¢t}�t�����t������t�������t�}�t�£���t}�t£��¤t�¥t��������t���t¦}������t��t���t����������t��������t�}��}��t�������



��������	��
����
�
���������������	�����������
������������ �!"!# ��$%�!# ��%#���&�'()*�%+%!, ��$�"�-! �!%+�.�#!#�/��%0 0�$�.12�,��!,#��3�$/� !�0�"%45�!#� �"�% /� !�0�"*�%%+%�!$,!,0$! ��$�"�$,,!��%0 !,�$�6"�%%�#��3�$&78)�"� !&949:949#/)�. !�*�0#� �!�"� !*�%,�0!,0$�;�#++/ �;!$� <=>84?$!"!# ��$!$!�6��$�"�-!�&(8@AB5?(A(9==)�$,�$�$�/�$�#���/� 0# *0$�$�,!����� +3!&�CDAE)*0 �#����# !�0% 0#!$!�60!%�.9EFD4G!H&I6JK9LEL2MNI=4GO!H)�$,9POG4G!H&?"JK9LEL2MNI=4OD!H)*!�!+%!,.���'(% +,0!%4'�!%%+�!0$ �!�$�"�%0%#��/3!�*�%3!"�*9=QR5���45�#�""!#  �!%+�;!�%�!# �� �!!$!�6���$6!.��/O== �=!HL��%%!$!�6�E==!H�$,% !�%0-!=4F!H*�%���"0!,42���3 �0$0$6�06��!%�"+ 0�$�'(%�!# ��� #!� �0$�!60�$%���%%!$!�6��.E==!H*0 �% !��.=49!H*�%���"0!,45�0$;!% 06� ! �!%+�.�#!/�����"�6��.#� �"�% %�%#�$$0$6!"!# ��$/0#��%#��!&(AI)N!"0�%B�$�S�3G==&2A@)*�%+%!,��!�� 0$6� OTH45�!#� �"�% /� !�0�"%*!�!%+%�!$,!,0$! ��$�"�$,�0�!  !,�$ � �!78�"� !4I�$�,0..!�!$ ��!�%�. �!%�/�"!*!�!!U�/0$!, �6�0$ �!/�% �!��!%!$ � 0;!#����# !�0% 0#%�. �!%�/!42��% +,�0$6/� !�0�"/�����"�6��  �!$�$�/! !�%#�"!L ��$%/0%%0�$!"!# ��$/0#��%#��!&5AI)���3!#���!# !,2A@50 �$7EO=VE==*�%+%!,4? E==T!H �!��0$ � ����0$ �!%�"+ 0�$0$5AI�$,(5AI/�,!%��!���+$,E4PW�$,=4RW4(�/�"!%.��5AI 0/�60$6*!�!��!���!,3�/0U0$6 �!#� �"�% ��*,!�%0$! ��$�".�""�*!,3�%�$0#� 0�$.��+$0.��/,0%�!�%0�$4?,����. �!%�"+ 0�$*�% �!$�"�#!,�$�"�#!�#��3�$6�0,�$,*�%�""�*!, �,��0$�0�42�$,1�,��!,7X�2M8B5%�/�"!%*!�!�$�"�-!,�"%�*0 �!"!# ��$!$!�6�"�%%%�!# ��%#���&AAS()�$,!$!�6��,0%�!�%0;!�����%�!# ��%#���&AY()+%0$6ZAI�?CIE==2&� �/0#�!%�"+ 0�$/0#��%#��!)&ZAXSLZ���$)4C�/�$%�!# ��/! !�&C!$0%��*0$H0�)*�%�"%�+%!, �#����# !�0-! �!#� �"�% /� !�0�"%42�� �!%!/!�%+�!/!$ %L�$!U#0 � 0�$?�["�%!�*0 �*�;!"!$6 ��.F9P$/*�%!/�"��!,4\����
����
���
��������\����
����]��������̂
�]����5�! !"!# ��#�!/0#�"/!�%+�!/!$ %*!�! �!�.��/!, *0 � �% �$,��, ��!!�!"!# ��,!%�% !/+%0$6 �!�� � 0$6,0%T!"!# ��,!&CYA)/! ��,4' .�0"*�%+%!,�%�#�+$ !�!"!# ��,!�$,�%� +�� !,#�"�/!"!"!# ��,!&(8A)�%�!.!�!$#!!"!# ��,!4?"" �!�� !$ 0�"%��!�!��!%!$ !,�6�0$% CNA4@$��,!� ��;�0,�$�/06�� 0�$�.' $�$���� 0#"!%0$ � �!!"!# ��"� !%�"+ 0�$ �!' .�0"*�%�"�#!,0$�%!���� !_+�� -#+;!  !*0 ��.0" !�45�0%#�+$ !�!"!# ��,!��%3!!$;�"0,� !,�$, �!�!%+" %��;!3!!$#�/���!,*0 ��6����0 !��,!"!# ��,!4?/�,0.0!,6"�%%�#��3�$&78),0%T&78�E=((L5�T�08��3�$)*0 ��6!�/! �0#��!��.=4E#/E*�%+%!,�%�*��T0$6!"!# ��,!4?78,0%T*�%��!%%!,0$ ��5!."�$��",!��$,��"0%�!, ��/0����.0$0%�+%0$6�"+/0$�%"+���&1+!�"!�)*0 ��6��0$%0-!�.9̀ /4?. !���"0%�0$6 �!!"!# ��,!%*!�!%�$0#� !,0$I0""0�a*� !�&I0""0���!L@$#4)�$,0%������$�"3� �.��F/0$45�!12�,��!, #��3�$ /� !�0�"*�% %+%�!$,!, 0$ 0%������$�"&P/6/"Q9)#�$ �0$0$6=4EFb5�T+��/�0�$�/!�?(�P&5�T+��/�8������ 0�$LZ���$)��=4FbB�.0�$%�"+ 0�$&(06/��?",�0#�).�� �!�"T�"0$!�$,�#0,0#/!,0��!%�!# 0;!"�4E= S̀�. �!��!���!,#� �"�% %+%�!$%0�$*�%,����!,�$ � �!78%+�.�#!�$, �!$,�0!,� <=>8.��D=/0$4CYA/!�%+�!/!$ %*!�!#���0!,�+ 0$=49I JXN&I!�#T)�$,0$=4FI NE(XP&(06/��?",�0#�)%�"+ 0�$+%0$6!"!# ��,!�� � 0�$�� !%&c).��/DG= �PG==��/*�0#�*!�!;��0!,!/�"��0$6�$AY@9=9�� � ��&C�,0�/! !�)�$,%�!!,#�$ ��"+$0 85H9=945�!�� !$ 0�"*�%���"0!,*0 ��$?+ �"�3�� !$ 0��% � '7(5?5D=&A#�8�!/0!14H4L5�!B! �!�"�$,%)�$, �!!U�!�0�/!$ %*!�!#�$ ��""!,+%0$6 �!7!$!��"'+���%!A"!# ��#�!/0#�"(�% !/&7'A()%�. *��!45�!�# 0;0 ��. �!��!���!,#� �"�% %*�%!;�"+� !,3�#�#"0#;�" �//! ��&8H)�$,"0$!��%*!!�;�" �//! ��

&S(H)*0 ��%#�$�� !�.9==/H%Q9�$,9=/H%Q9L�!%�!# 0;!"�45�!#���$��/�!��/! ��/! ��,*�%!/�"��!,.��"�$6 0/!% �30"0 �&G====%)�$,/! ��$�" �"!��$#! !% %&9E==%)45�!#�+$ !�!"!# ��,!*�%6����0 !��,�$,�!.!�!$#!!"!# ��,!(8A42���#0,0#!"!# ��"� ! �!���"0!,�� !$ 0�"*�%=4=H;%CNA�$,.���"T�"0$!!"!# ��"� !*�%=4FH;%CNA42��/! ��$�" �"!��$#!/!�%+�!/!$ L/! ��$�"*�%�,,!,� D==%L%� ��  �!�;!��""/! ��$�"#�$#!$ �� 0�$0$ �!#!""*�%D4=I42�� �!�� � 0$6�0$6�,0%T!"!# ��,!&CCYA)/!�%+�!/!$ %�$?2I5EO5.0U!,�,0%T 0��.78,0%#d' �0$6&'0$!C!%!��#�)*�%+%!,45�!6!�/! �0#��!��. �!78,0%#*�%=49GP#/E45�!!"!# ���#�!/0#�"!U�!�0/!$ %*!�!#�$,+# !, �$'7(5?5D=?+ �"�3�� !$ 0�% � d6�";�$�% � &A#�8�!/0!14H4L5�!B! �!�"�$,%)#�$� ��""!, *0 � 7!$!��"'+���%! A"!# ��#�!/0#�"(�% !/ &7'A()%�. *��!42�� �!CCYA/!�%+�!/!$ %L�$?2I(C��� � �� �6! �!�*0 ��I(C�%�!!,#�$ ��""!�&'0$!C!%!��#�Le(?)*!�!!/�"��!,42�� �!,! !# 0�$�.��,���!��U0,!�$0�$&NXEQ).��/� 0�$,+�0$6 �!CCYA/!�%+�!/!$ %0$=49I JXN %�"+ 0�$L �!' �0$6!"!# ��,!*�%T!� � �#�$% �$ �� !$ 0�"�.=4FFH;%(8A45�!�0$6!"!# ��,!*�%!"!# ��#�!/0#�""�#"!�$!,3!.��!!�#�/!�%+�!�/!$ 3����"�0$6� "!�% .0;!�� !$ 0�"#�#"!%.��/Q=4RF �=4GFH;%(8A� 9==/H%Q942�� �!,! !# 0�$�.��,��6!$�!��U0,!&NEXE).��/� 0�$,+�0$6 �!CCYA/!�%+�!/!$ %0$=4FINE(XP%�"+ 0�$L �!' �0$6!"!# ��,!*�%T!� � �#�$% �$ �� !$ 0�"�.94EH;%(8A45�!�0$6!"!# ��,!*�%!"!# ��#�!/0#�""�#"!�$!,3!.��!!�#�/!�%+�!/!$ 3����"�0$6� "!�% .0;!�� !$ 0�"#�#"!%.��/Q=4E �94PH;%(8A� 9==/H%Q94fghijklmnompmiqr5�0%�!%!��#�*�%.0$�$#0�""�%+���� !,3�0$% 0 + 0�$�"�!%!��#�.+$,0$6&@e5E=�9G�$,@e5E=�9<)�. �!A% �$0�$I0$0% ���.A,+#� 0�$�$,C!%!��#��$,3� �!A% �$0�$C!%!��#�8�+$#0"&7��$ B�4RDED)45�0%*��T*�%�"%�.0$�$#!,3� �!Ae ���+6� �!A+���!�$C!60�$�"Y!;!"��/!$ 2+$,&5J9P9s?,;�$#!,/� !�0�"%�$,�06�� !#�$�"�6�,!;0#!%.��!$!�6��!#+�!�� 0�$%�% !/%t)45�!.+$,0$6.�� �!�!%!��#�% ���  �!YSC@$% 0 + !�.B! *��T!,A$!�6�(�% !/%!4H4&7!�/�$�).��/ �!1+$,!%/0$0% !�0+/ .u�10",+$6+$,2��%#�+$60$ �!.��/!*��T�. �!���v!# BA5�$0�0%6�!� "�����!#0� !,4?+ ���%*�+","0T! � ��$TA% �$0�$C��,I��0$.��% �+# +�!w%B?IeC���v!# 45�!�+ ���% ��$TI%4I0#�0T�A,�� M�%!,�e$0;!�%0 �.���!�%+���� 0$ �!(5AI�AAS(�$�"�%0%4(+6+�+B�,�  ��$T% Z('( .��%+����  ���+6� J�T!$�06��$ Z'9GN=GDGO4xjiylzgqjy{iqm|mrqr5�!�+ ���%,!#"��!$�#�$."0# �.0$ !�!% 4}~q~f�~zl~�zlzq��q~qmpmiq5�!,� � �� %+����  �!.0$,0$6%�. �0%% +,���!�;�0"�3"!.��/ �!#���!%��$,0$6�+ ���+��$�!�%�$�3"!�!_+!% 4���������������L!E=ED==FPG&R�.99) �E=EPM0"!��H8N7/3N

�����
���
����� �������������������� ¡¢¡�£¤�¥�¦§§̈©ª«« ¬¢©­���®�¢�®̄¤ ¤°­�®�¢°­¬�¥«¡�®«��­����«¬�¥ ­���±��²³��̄°�́ ��®��́¢¬¦�®¬ ��µ�®¶¢¤©®§°��·®�¢°�̧��®�¢�¹®̄¤ ¤°����º�»«�²«���³¼­�½¢¢�§¦¢�́¢¤¥©� �¡�¾��¡®§®��©�¿¦§§̈©ª««���®�¢�®̄¤ ¤°­�®�¢°­¬�¥«§¢¤¥©À �¡À¬��¡®§®��©Á����·®�¢°�̧��®�¢�¹®̄¤ ¤°�£�¤�¤Â�¢©��£�Â©¢Ã�̧Ä� ¤§®¬�¢©� ¤¢�Å�¶¢¤�¢¡�̄°�§¦¢� ̈�̈®¬ ̄�¢�¾¤¢ §®¶¢�¾�¥¥��©�¹®¬¢�©¢



��������	
���
��������� �����������
����������������������������� !"#$��%&#&���%'#$�%$#$��%"#(���%)#*
���%+#$�%,#*��%)#,����%-./011023456789:;7<;2.=>==%?@A%BC DE F#�G!"#$�%&#)�%�#H���%+#$�%I#,����%$#$�%J#*
���%*#J
��%,#$�%K:6678=>=>%L%MGDNC#�M!O#���P��%Q#,��%(#Q�%R#"�%S:50TK2;80U766.=>=V%WX% MG#�N!H#&���%I#+��%,#*
���%Y06:625Z[17;68037K76\03]:53 _̂̀Z75Y73a;6205[17;680;:6:1̀]6]%b���c���)#d#%=>Ve#�F!�#"�%I#$��%+#*
��%'#$��%f#*
���%I#R
��%"#+���%,#H���%Sgh/0iga6.K:678.=>Vj%k% D F#�l!Q#$�%O#&��%+#f���%Q#+���%'#Q����%m#H��%H#+���%[578Z̀n7;\501.=>=V%o%G ppMp #�B!m#J
������%O#I
��
%R#��������
�%<;2.Y7g.=>Vq%r%MFC #�E!+#Q�%I#H�%s;;.K:678.Y7].=>==%X%GGNDGMl#�C!"�#"#Q�����%"�#R#Q����%"�#�#t#R�����%,#���Q�����%"����u��%v#f����c��u�%m#O�������c%sgg1./:6:1.w=>==%XLk% G BMM#� p!O#R������%b#v�����xmy������%"#)���
��%v#f����c��u�%-.K:678./\7i.s=>Vq%?%BBlDEpN#�  !&#)��%,#I���%/\25.-./:6:1.=>==%zX%GpFBDGpCp#� G!&#)��%,#I���%<i:11<68a;6a87]=>={%z%GGppMFN#� M!f#"���
���x���
%|#,#$�������%O#f#H�����%v#,#O�������%"#$#m����%|#(#���u�%f#d#d���
��%,#f#"�����%+#R����������
%S:6./0iia5.=>=>%WW%FGEM#� N!*#f���%+#H���%+#$�%I#+��%'#*
���%$#J
��%2<;275;7=>==%Lk% pNFFB#� F!R#J
��%*#&�%,#$�%,#+���%&#R
��%*#*
���%Q#$�%H#$�%*#$�%S:5067;\5010Z̀=>==%XX% EGpp #� l!O#v����%+#*
���%H#$��%&#R��%/0083./\7i.Y7}.=>=>%z@L%G MpNB#� B!"#R���%+#R���%H#R
�%)#&�%,#I��%+#H�%/:6:1̀]6]=>=>%W@% N #� E!+#xQ#H���%)#"�����%R#R#R��
�%s/</:6:1.=>=>%W@% GpM D GpMC#� C!f#f���%+#H���%,#Q��%'#*
���%&#)��%&#|��%*#H���%,#I���%/\25.-./:6:1.=>={%z?%NEDFF#�Gp!"#d�uu��u%t#v����������%R#�����%~#,����%b#R
����%t#v��u%m#���P��%v#f����c��u�%Y</s3}.=>V�%k%FCNCFDFCFpF#�G !,#J
�������
���%f#R#m��
�u%(#m�u%K017;a17]=>==%LA%lBp#�GG!,#H��%,#R#$��%,#Q#v��%R#Q#,��%/\7i./0iia5.=>=V%kA%BMFpDBMl #�GM!�#I����%*#f������c�%�#&�%I#"��������%�#f
�������%"#"�����u%O#(��������%)#d�����%456.-.�̀380Z75[578Z̀ =>==%(
t p# p l��#��
�����#GpGG# p# BB#�GN!,#Q��%,#I���%S:50Y7].=>={%W?% C MD Cll#�GF!f#f���%R#$�%,#R��%*#H���%,#I���%S:50Y7].=>==%Wk%EB NDEBFp#�Gl!�#v���%&#J��%+#Q����%Q#+��%+#J
��%Q#f���%I#"���%J#J
��%*#J
���%,#R
�%s5Z7�./\7i.456.[3.=>==%?W%�GpG  lGCp#�GB!b#"������"�����%O#"#d���������x"����%I#O�����x|����%"#Q#������R���
��%�#I��c��%+#d����I����%�2:i053Y71:6.K:678.=>=>%W@X% pBlB #�GE!(#�����x"�������%�#,#���������xd�����%)#b������%456.-.�̀380Z75[578Z̀=>==%zA%Mp BGDMp BB#�GC!O#I
��
%R#��������
�%[/<K776.s�]68.=>V�%KsL@WAT@L% NCB#�Mp!I#�����%$#������
�%J#(�d�������%-./:6:1.=>Ve%XWr%GpMDG p#�M !"#H���%+#$�%,#����%J#,#d����%+#&�%R#Q��%,#$�%+#$��%J#H��c�����%&#J
��%d#m#(��c��%+#$��%s3}.[578Z̀ K:678.=>=>%W@% CpGBMl#�MG!,#H�%�#+���%H#+��%456.-.�̀380Z75[578Z̀ =>Vj%zz% GCN D GCF #�MM!I#m������P��%|#R����%f#t�
���u�%-.K:678./\7i.s=>V�%X%CCBGDCCE #�MN!R#*���%R#H���%Q#*
����%)#$�%J#$�%+#H���%I#H���%[17;680;\2i.s;6:=>==%zL@% NpNlp#�MF!+#R��%R#R��������%Q#J
�%Q#J
��%"#,�%R#+��%(#J
��R��u%+#Q�,���%J#,���%(#,��v��%"#xv#Q��%Q#J
��%~#R��%,#"���%/\7i.[5Z.-.=>==%zLr% MGpEl#�Ml!,#I��%,#*
���%Q#*
��%+#����%v#"���%Q#Q����%,#J
��%&#H���%Y.<0;.̂g75<;2.=>Vq%k% EpCGF#�MB!R#Ou���%O#v#R�
�%s/<sgg1.K:678.456789:;7]=>=>%WL%  NMED  NNC#�ME!&#)��%'#H���%I#&�%+#|���%v#Q����%�#Q�%*#H�%,#*
���%/\7i.[a8.-.=>V�%LX% lElGD lEBp#�MC!f#I���%�#'�%&#$��%Q#$�%+#*
���%S:50TK2;80U766.=>Vj%WW%C#�Np!+#$c%$#+���%(#J��%/\7i[17;680/\7i=>Vj%?%BN DBNB#�N !J#J
�u���������%R#v���%v#����P���%Q#H�������%f#t�
��%f#t�
���u�%<a]6:25.[578Z̀�a71]=>=>%z%NFBpDNFEp#

�NG!+#*
��%$#+���%R#J
��%&#H���%+#"�%'#H�%+#,����%H#'���%*#Q�%-.si./\7i.<0;.=>V{%WXk% Gp D GpN#�NM!|#O�%"#*
��%&#*
���%'#H���%&#Q����%)#R��%+#R
��%,#H���%)#J
��%�#$��%-.�:�:83.K:678.=>==%zLz% GBNNN#�NN!*#'�%�#R��%,#I��%I#*
��%-./011023456789:;7<;2.=>==%?WX%NBDFl#�NF!(#xH#H���%(#R�%[578Z̀[5}2805.<;2.=>Ve%A%FBlDFC #�Nl!H#&��%"#O#Q�����%,#H���%I#*
�%R#,#H�����%+#*
��%+#)����%(#,#R������%+#+�����
�%,#f���%/\7i.<;2.=>=>%WW%CFENDCFCG#�NB!,#'�����x)������%b#"�������%(#J������xO�����%/:8�05=>==%Wro%FNEDFlp#�NE!H#O�xQ����%+#(�$���%|#)������
%[578Z̀n7;\501.=>==%W@%GGppNCE#�NC!,#H�%*#m��%+#*
���%)#H���%Q#m���%-.K:678./\7i.s=>Vq%?% GCMGD GCNN#�Fp!f#v����%+#v�����%R#tu����%v#+�����%f#O�u�P�%"#+����%/:8�05=>Ve%AA%BEMDBEC#�F !+#J
���%+#f���%&#���%,#$��%J#+��%[17;680;\2i.s;6:=>Ve%WzX%GC DGCl#�FG!&#)�%"#$�%J#Q��%$#I��%[17;680;\2i.s;6:=>V{%WWz%FEGDFEC#�FM!+#&��%&#*
��%J#&��%*#x+#H�%m#*
�%,#+#�f����
��v��%&#)��%I#I��%+#Q�%,#*
���%+#$��%Q#H���%S:6./0iia5.=>=V%WL%NGGF#�FN!*#xQ#R
���%Q#x$#I��%H#x,#)��%�#x)#H���%&#xQ#&��%-.K:678./\7i.=>VV%LL%MCpDMCF#�FF!I#,�%R#R
�������%[17;680;\7i./0iia5.=>V=%Lk% p #�Fl!*#$��%Q#J
��%"#+���%(#+���%Q#$�%sgg1.<a89.<;2.=>V�%zL?%GCNDMpp#�FB!O#$��%H#$�%Q#,��%&#+�%+#)�%+#Q�%Q#Q����%R#H���%,#H���%[17;680;\2i.s;6:=>V�%WAA%MlDNG#�FE!(#x+#+���%H#,���%|#(#v#f�%R#+#+��%R#xR#$��%)#,#R���%Q#J
���%,#O#$��%Q#v��%<;2.Y7g.=>V�%k%CE B#�FC!�#J#)�����%"#I����%��s;6./:8�05s3]08g6.%J�Jm����%=>>�#�lp!d#)�����%$#I������%,#J#"�����xm������%-./:8�0587]7:8;\=>Vq%z%lG#�l !Q#J#R�
�����%,#x$#$�%"#,#"�O�������%Q#R��%"#Q������xO�����%(#Q#O������%�#v#m����
����%�#J��%(#O#R�c����%t#O#Ou���%-.�\̀]./\7i.w=>>�%WW@%EFMFDEFMC#�lG!m#$����%�#*�����%"#m�����%"#
����u�%�\̀]./\7i./\7i.�\̀].=>Ve%W?% NGM D NGMF#�lM!H#J
���%&#$��%|#$�%,#Q��%R#$�%R#+�%Y</s3}.=>Vq%r%  GGGD  GGC#�lN!Q#v#R��
�����%v#v#|����%/:8�05=>V�%o?% llD BM#�lF!|#R���u���
%"#O��������|�������%f#d������d�����
%v#R������%v#$�u�
���������
�m
���%/\7i./0iia5.=>V�%kW% lpl D lplN#�ll!$#+���%R#,����%+#*
��%$#*
�%R#J
��%&#H���%'#H�%,#"�%+#"�%*#Q�%s5Z7�./\7i.456.[3.=>VV%k@%B MGDB MF#�lB!H#|�%+#&��%&#*���%J#$�%Q#H���%*#+���%+#x"#+��%s/<S:50=>=>%Wz%Gp NDGpGM#�lE!+#&��%'#$��%I#Q�%v#&�%$#,����%&#Q�%,#Q�%S:50];:17Y7].U766.=>V{%r%NC#�lC!J#f���%+#)����%+#Q����%R#+��%J#I�%�#&�%(#I������%-.si./\7i.<0;.=>>�%WLA%lFFGDlFFM#�Bp!&#J
���%,#$���%�#H�%$#Q����%$#f��%$#J
��%+#J
��%s/<̂ i7Z:=>V�%L%Gp pDGp l#�B !d#t#R����c%"#
#)���c�u��%(#d#m���u�c%I#|#J
�u
�c�%t#m#O����c%m#|#I�cu�%$#I#)����
�c�%O#d#
u�����%K:6782:1]=>=>%WX%MFME#�BG!R#xQ#v��%J#xQ#$��%,#x"#+��%+#x,#|�
%R#xR#v��%R#$��%R#"#,�%Q#xt#,�
%R#xt#|�%S:50];:17=>Ve%?%B EMDB EB#�BM!v#xv#f��u%t#v����������%,#"�����%m#���P��%,#v����c�%$#"������%d#R���������%v#f����c��u�%-.[17;680:5:1./\7i.=>V�%Ak?%lCDBl#�BN!v#v�u���%O#)���c����%-./011023456789:;7<;2.=>V�%zo@%E CDEGN#�BF!Q#H���%,#R��%,#H���%$#,����%Q#$��%-.K:678.Y7].n7;\501.=>=V%WX%ClGDCBp#�Bl!m#I���%*#H���%*#���%H#Q���%*#+���%,#H���%R#+���%/:8�05=>Ve%AL% BlD EN#�BB!,#v��%�#*
��%v#"���u��
�%R#+�����%Y</s3}.=>Vq%r% N FGD N Fl#�BE!R#"��������%)#d��P����
��%/:8�05=>>�%zk% lGED lMF#�BC!O#d#|���u��%O#v����xd���%R#H#I�����������%J#,#m�P���%S4<n�TY:̀ �\060717;6805<g7;680];0g̀ �:6:�:]7�S4<n<6:53.Y79.�:6:�:]7L@%d������N# #=>V=%(
t p# ENMN�fNfEEv#�Ep!d#m���
����%)#)
�c����
P���%,#v���
�u����%m#"������%O#v#R�
�%S:50];:17s3}.=>Vj%W%NCGlDNCMB#�E !R#��%J#*
�%,#R���%"#b����
���%)#&���%(#(�%+#$��%/\7i.�725\.w78Z]68.�78.=>V�%LX%(
t p# ppG��
��#Gp Bp ClC#�EG!H#xQ#J
����%J#x+#Q���
%R#xJ#$�%+#xJ#J
���%f#v�P��%+#|������
�%/:8�05=>V�%W@o%NCDFl#/\7iS:50K:6=>=e%�GpGMppFNl� p��  � �GpGNH����xdJQI��Q
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�?BĴDC$%&\�(Y���,-�GF��,,�<�:�8���	�6������8�	
���
k
�V�S�
k
�6�14Q
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Curriculum vitae 
Personal data 

Name:   Ehsan Zarmehri 
Date of birth:   04.04.1985 
Place of birth:  Mashhad, Iran 
Citizenship:   Iranian 

 
Contact data 

E-mail:   ehzarm@taltech.ee 
Web:   https://www.linkedin.com/in/ehsan-zarmehri 

 
Education 

2018–2025   Tallinn University of Technology, Ph.D. in electrochemistry 
2008–2011   Isfahan University of Technology, M.Sc. in Chemical engineering 
2004–2008   Mazandaran University, B.Sc. in Chemical engineering 
2000–2004   Razi High school, physic-mathematic 

 
Language competence 

English   Fluent 
German   B1 
Persian   Native 

 
Professional employment 

10.2024–ongoing  Product manager alkaline electrolyser, ThyssenKrupp Nucera, 
Dortmund, Germany 

12.2022–09.2024  Fuel cell and electrolyser developer, Fuel cell & Hydrogen 
research center, Duisburg, Germany 

02.2022–11.2022  Guest researcher, Federal Institute of Materials Research and 
Testing (BAM), Berlin, Germany 

 
Scientific work 
Publications 
1. Zarmehri, E., Raudsepp, R., Šmits, K., Käämbre, T., Šutka, A., Yörük, C. R., Zacs, D., & 

Kruusenberg, I. (2023). Lead and Nitrogen Co-Doped Multi-Walled Carbon Nanotube 
Electrocatalyst for Oxygen Reduction Reaction. Journal of The Electrochemical 
Society, 170(11), 114505. https://doi.org/10.1149/1945-7111/AD0072 

2. Zarmehri, E., Raudsepp, R., Danilson, M., Šutka, A., & Kruusenberg, I. (2023). 
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3. Raudsepp, R., Türk, K. K., Zarmehri, E., Joost, U., Rauwel, P., Saar, R., Mäeorg, U., 
Dyck, A., Bron, M., Chen, Z., Noda, S., Kruusenberg, I., & Tammeveski, K. (2024). 
Boron and Fluorine Co-Doped Graphene/Few-Walled Carbon Nanotube Composite 
as Highly Active Electrocatalyst for Oxygen Reduction Reaction. ChemNanoMat, 
10(6), e202300546. https://doi.org/10.1002/CNMA.202300546 
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Conference and workshop 
1. School of Catalysis, 24-26 May 2022, Charles University, Prague, Czech Republic. 

https://school.katalyza.cz 
2. Concepts in heterogeneous catalysis and applications to energy conversion, 

September – December 2021, Denmark University of Technology, Denmark. 
http://www.dtu.dk 

3. E. Zarmehri et al., Vanadium and nitrogen co-doped multi-walled carbon nanotube, 
electrocatalyst for oxygen reduction reaction”, GSFMT Scientific conference 2021, 
Tartu, Estonia. 

4. Fuel cell tutorial workshop, 8th European Low Temperature Fuel Cells, Electrolysers 
& H2 Processing Forum, 29th June – 1st July 2021, Lucerne, Switzerland. 
http://www.efcf.com 

5. European summer school on Fuel cell, Electrolyzer and Battery, (LT-FC) 4 – 11 
September 2020. Athene, Greece. https://www.jess-summerschool.eu 
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Isikuandmed 
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Kontaktandmed 
E-mail: ehzarm@taltech.ee 
Veeb: https://www.linkedin.com/in/ehsan-zarmehri 

Hariduskäik 

2008–2011 
2004–2008 
2000–2004 

Keelteoskus 
Inglise keel 
Saksa keel 
Pärsia keel 

Töökogemus 
10.2024– …     

12.2022–09.2024 

02.2022–11.2022 

12.2018–11.2022 

Isfahani Tehnikaülikool, M.Sc. keemiatehnoloogias 
Mazandarani Ülikool, B.Sc. keemiatehnoloogias 
Razi keskkool, füüsika-matemaatika suund 

C1 
B1 
emakeel 

leeliselektrolüüserite tootejuht, ThyssenKrupp Nucera, 
Dortmund, Saksamaa 
kütuseelementide ja elektrolüüserite arendaja, 
Kütuseelementide ja Vesiniku Uurimise Keskus (Fuel cell & 
Hydrogen research center), Duisburg, Saksamaa  
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Instituut (Federal Institute of Materials Research and Testing 
(BAM)), Berliin, Saksamaa 
nooremteadur, Keemilise ja Bioloogilise Füüsika Instituut, 
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Publikatsioonid 
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2018–2025 Tallinna Tehnikaülikool, Ph.D. elektrokeemias
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Konverentsid ja töötoad 
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September – December 2021, Denmark University of Technology, Denmark. 
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