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Abbreviations and symbols

A geometric surface area of an electrode
AEI anion exchange ionomer

AEMFC anion-exchange membrane fuel cell
BE binding energy

BET Brunauer-Emmett-Teller

BF boron-fluorine

BFC boron-fluorine-carbon

CNT carbon nanotubes

CPV cumulative pore volume

PbPc lead (ll)phthalocyanine

VPc vanadyl phthalocyanine

CuPc copper (Il)phthalocyanine

Co2® concentration of oxygen in the bulk solution
cv cyclic voltammetry

Doz diffusion coefficient of oxygen

dp diameter of pores

DFT density functional theory

DMFC direct methanol fuel cell

E electrode potential

e electron charge

EC standard potential

E1/2 half-wave potential

Eonset onset potential

EDX energy dispersive X-ray spectroscopy
F Faraday constant

FePc iron (Il)phthalocyanine

FC fuel cell

FCEV fuel cell electric vehicle

FWCNT few walls carbon nanotube

GC glassy carbon

GDL gas diffusion layer

HER hydrogen evolution reaction

HOR hydrogen oxidation reaction

| current

la diffusion-limited current

Ik kinetic current

ICP-MS inductively coupled plasma mass spectrometry
j current density

jd diffusion-limited current density



jk kinetic current density

K-L Koutecky-Levich

LSV linear sweep voltammogram

MEA membrane-electrode assembly
MFC microbial fuel cell

M-N-C metal-nitrogen-carbon

MOF metal-organic framework
MWCNT multi-walled carbon nanotube

n number of electrons transferred per O2 molecule
N-C nitrogen-carbon

NNMC non-noble metal catalyst

NPMC non-precious metal catalyst

OER oxygen evolution reaction

ORR oxygen reduction reaction

PEMFC proton-exchange membrane fuel cell
PGM platinum group metal

Pt/C carbon-supported Pt catalyst

RDE rotating disk electrode

rGO reduced graphene oxide

RHE reversible hydrogen electrode
RRDE rotating ring-disk electrode

SAC single atom catalyst

SCE saturated calomel electrode

SEM scanning electron microscopy
SHE standard hydrogen electrode

SSA specific surface area

SWCNT single-walled carbon nanotubes
TEM transmission electron microscopy
Vp total volume of pores

XAS X-ray absorption spectroscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray powder diffraction

v kinematic viscosity of the solution
w electrode rotation rate
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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
CO, and NOy 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 (Ngrskov et al., 2004). Nevertheless, Pt is
expensive, with limited source and its mining produces huge amounts of CO2 (Alonso
etal., 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/cm?
to approximately 0.1-0.2 mg/cm? (Miiller-Hulstede 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) (lijima, 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 [l], vanadium and nitrogen doped carbon [ll], boron and fluorine doped
carbon [lll]. 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 (OH7),
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).

@) /\ /\/ b)

Backplate

AEM PEM

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 (Zarmebhri et al., 2013).

Anode end Plate

Oxygen in
Hydrogen in e \

Current Collector

Bipolar Plate

Gasket

Cathode End Plate

Gas Diffusion Layer

Bipolar Plate

Hydrogen Excess Oxygen Excess & Water out

Figure 2. Low temperature fuel cell structure (adapted from Cruz-Martinez et al (Cruz-Martinez 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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Balance of Stack , 3%
GDL, 3% CVM, 2%

MEA Assembly, .
6%

Bipolar Plates,
7%

Contingency, 9%
Catalyst, 59%

Membrane, 11%

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; Xiaging
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™ (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) (Anastasijevic et al., 1987):

O2+4H*+4e > 2H0 E®=1.229V, (1)

or 2-electron pathway:

02+2H"+2e > H20: E°=0.67V, (2)

followed by further reduction of hydrogen peroxide
H202 + 2H" +2e" > 2H,0 E°=1.77V (3)

or disproportionation

2H202 = 2H20 + 02 (4).

In alkaline conditions (Figure 4 left) the ORR can also proceed via two pathways. The 4-
electron pathway (eq. 5-8):

02+ 2H,0 + 4e > 40H E°=0.401V, (5)

or 2-electron pathway:

02+ H20 +2e > HO, +OH  E°=-0.065V, (6)
followed by further reduction

HO2 + H20 + 2e” - 30H E°=0.867V, (7)

or disproportionation

2HO2 - 20H + 02 (8)

with all the standard potential (E°) 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 H202 (or HO?")
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 (HO,"). 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-N, 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-N,4
coordination, providing insights into the active sites responsible for enhanced ORR
performance. High-temperature treatment enhances the interaction between the MN,
macrocycles and the substrate, leading to improved contact and integration (Jahnke
etal., 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 (Quilez-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 (Quilez-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 (Quilez-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 Oz 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;
Quilez-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 (Quilez-
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 O, during the
oxygen reduction process (Kaur et al., 2019). The active sites responsible for the
reduction of Oz are not specifically nitrogen atoms, but rather the adjacent carbon
atoms. Oz is first attracted to these sites, chemisorbed, and ultimately reduced (Quilez-
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).
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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 O, molecules, which
exhibit a partial negative charge due to electron withdrawal from antibonding orbitals as

21



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 sp? network by replacing carbon atoms present in the network. Upon
further boron doping, sp® carbon atoms will be incorporated into the sp? 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 BCO,, BC;0, BCs, 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 BsC, B4C,
and BCs 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 Oz 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; Lefevre et al., 2009; Vikkisk et al., 2013; G. Wu et al.,, 2011).

23



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 (liang 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 methodl. 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-Ny 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, Mé&ssbauer spectroscopy,
or XAS. Nevertheless, it should be noted that the signals obtained from M-Nj 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).
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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 2x2e™ 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 H202 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) Oz in solution or surface diffusion to the active sites.
(B) O2 adsorption on the different active sites.
(C) O2 reduction in H20 (on S sites) or H202 (on S* or Si sites) followed by diffusion in
solution.
(D) Re-adsorption on S* or S; sites.
(E) H202 reduction in H20, 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 a- or B-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.Zhanget 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 m—t 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 MN, 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 MNas-
macrocycle under consideration. The temperatures used for the pyrolysis of MNs-
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 MNs- 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
MNas-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 MNs-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 MNa 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 (ll) 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
MW(CNT'’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 HNOs solution in order
to introduce oxygen-containing groups on the carbon nanotube surface, which in turn
introduces reactive sites for further modification of FWCNTSs.

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,
NazHPOs, 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 cm?.
GC disks were embedded in a Teflon holder, and the GC electrodes were meticulously
polished with 1.0 and 0.3 um 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™) containing ionomer
to prepare a uniform catalyst layer on the GC surface. lonomer 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 pl 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 ul. The ink droplet was dried in the ambient atmosphere.
Thus, for electrochemical testing, the electrocatalyst loading was 0.4 mg cm™. 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™ was applied, resulting in a Pt loading of 80 pg cm™.
The carbon material doped with BF was dispersed in isopropanol at a concentration of
4 mg ml™, 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 pL 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 (w) 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 and step size 10 mV. A graphite rod
served as the counter electrode, whereas a saturated calomel electrode Hg/HgCl (SCE),
4.2 M KClI 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 cm?.

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 1V vs RHE in different pH media. The scan
rate was 100 mV s7%. 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 0V to 1 V vs RHE. The scan rate was
10mVs™

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~ while the rotation rate was set to 1000 rpm. After
every 100 cycles the LSVs were recorded at 10 mV s™2.

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 mAcm™@.

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, jo and jk are the diffusion-limited currents
density and kinetic current density, respectively, k is the electrochemical rate constant
for Oz reduction, w is the rotation rate (rad s?), F is the Faraday constant (96,485 C mol™),
Dy, is the diffusion coefficient of oxygen (1.9 x10™° cm? s~ for alkaline and neutral media
and 1.8x10™° c¢cm? s7! for acid media, C(’)’2 is the concentration of oxygen in the bulk
(1.2 x107® mol cm™3 for alkaline and neutral media and 1.132 x 10 mol cm™ for acid
media and v is the kinematic viscosity of the solution (0.01 cm? s7!) (Gottesfeld et al.,
1987; K.K. Turk 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. Tirk 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):

Erug = Esce + 0.059pH + Esci® (10)

where Esci is the potential value recorded vs. SCE, and Esce® = 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 H202 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).
I_T
%H,0, = 2—"1-x100% (11)
Id"'ﬁ

Here, l4 represents the disk current, /- denotes the ring current, and N is the collection
efficiency of the Pt ring electrode (with N = 0.25, as determined by the hexacyanoferrate
(1) reduction reaction). The value of n was calculated from the RRDE results using Eq. (12).

Iq
Id+%

n==4% (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 (FEl),
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 Ka radiation (A = 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/Po = 0.2, the specific surface area (SSA)
was determined using either the Brunauer-Emmett-Teller (BET) theory (as Sger) or the
density functional theory (DFT). Near saturation pressure of N2 (P/Po = 0.98), the total
volume of pores (Viot) was measured. Using the t-plot technique and deBoer statistical
thickness, the microporosity (V) was determined. dp = 2Viot/Sser 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™) and applying it to a glassy carbon substrate (1.1 x 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 Ka 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 sp? 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 Ko 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™, exposure time 10s. The substrates
were cleaned Si wafer plates. The Ip/ls 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 (1) (Zarmehri, Raudsepp, Smits, 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 MWCNTSs, 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
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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.

D

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 (CelieSiute et al., 2014; Ferrari &
Robertson, 2000; Trusovas et al., 2016). The Raman spectra of the PoPc/MWCNT (3:1)
are shown in Figure 11. The D-band, which corresponds to disordered carbon structures,
has a peak at around 1350 cm™. On the other hand, the G-band, associated with graphitic
carbon, appears as peaks within the range of 1560-1600 cm™. 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™ in graphite
is attributed to the tangential vibrations of carbon atoms, but the peak at 1345 cm™ is
indicative of the presence of disordered amorphous carbon. The 2D-peak seen at
2680 cm™ in the spectra is closely connected with graphene and exhibits sensitivity to
the number of graphene layers. The analysis revealed that the Ip/lc 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 Ip/ls 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° 20. 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° 28. 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.
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Figure 12. XRD (Cu ka) 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 PoPc/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 Multipoint DFT DFT Total DFT Average
pyrolysis BET (m?/g) method method Pore method Pore
Temperature cumulative  cumulative Volume pore Size
surface pore (cm3/g) radius  (nm)
area (m*/g)  yolume (nm)
(cm®/g)
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 cm? g2, while it is 0.50 cm? g
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 cm? g™* for these small pores. The CPV for pores larger than 10 nmis
0.81 cm?® g for this catalyst. The CPV for PbPc/MWCNT (3:1) @ 1000 °C is 0.047 cm® g*
for pores smaller than 10 nm and 1.08 cm? g™ 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 PoPc/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 m-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 sp? hybridized bonding
configuration. This observation is consistent with previous studies, where the Cls 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 Cls 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 Turk et al., 2015).
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Table 2. Elemental composition of PbPc/MWCNT (3:1) @ 800 °C catalysts determined by XPS.

Catalyst Cat.% N at.% 0 at.% Pb at.%
PbPc/MWCNT (3:1) 90.6 3.6 5.2 0.5

Relative concentration Pyridinic  Pyrrolic Graphitic N-metal N-Oxide
(%) of N moieties in the

catalysts

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.
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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 MWCNTSs on the performance of ORR was investigated. The findings of
LSV experiment conducted in Oz-saturated solutions of 0.1 M KOH, 0.1 M phosphate
buffer, and 0.5 M H2SOs, 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 (js) 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 Ja.
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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 Eonset (V) Eij2 (V) ja (mA cm??) n
Temperature

Alkaline 600 °C 0.93 0.75 -5.2 3.6

KOHO.1 M 800 °C 0.93 0.78 -6.2 3.9
1000 °C 0.94 0.77 -6.1 3.7

Neutral 600 °C 0.76 0.50 -5.7 3.0

Phosphate R

buffer 0.1 M 800 °C 0.80 0.55 -6.0 3.1
1000 °C 0.79 0.50 -5.9 3.0

Acid 600 °C 0.70 0.36 -4.8 2.8

HaS0405M  ghg oc 0.77 0.58 -6.4 3.0
1000 °C 0.73 0.52 -5.3 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 (w). 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 H.0; intermediate.
This intermediate has two possible fates: it may either diffuse away or be grabbed by
another active site. In the latter case, the H20: is subsequently reduced to H20 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. Turk 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
etal., 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 Oz, 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 PoPc/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).
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Figure 16. (a, b, c) LSV curves in various rotation speed for oxygen reduction on PbPc/MWCNT (3:1)

catalyst in O-saturated (a) 0.1 M KOH, (b) 0.

1 M phosphate buffer and (c) 0.5 M H,S04, v =10 mV s,

w =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 O, molecule in (d) 0.1 M KOH, (e) 0.1 M phosphate

buffer and (f) 0.5 M H,SO,.
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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 N«-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 0.1V
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,
HP¢/MWCNT (3:1), PbPc/MWCNT (3:1) and Pt/C modified GC electrodes in O,-saturated (a) 0.1 M
KOH, (b) 0.1 M phosphate buffer and (c) 0.5 M H,SO4. v=10mV s, w = 1600 rpm; (d, e, f) Stability
of PbPc/MWCNT (3:1) coated GC electrodes in O,-saturated (d) 0.1 M KOH, (e) 0.1 M phosphate
buffer and (f) 0.5 M H,SO4, u =10 mV s, w = 1600 rpm.
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The Eonser and Ei2 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) Ei2 (V) ja (MA cm?) 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/C20 % 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, HP.c/MWCNT and Pt/C in 0.1 M phosphate buffer (1600 rpm).

Catalyst Eonset (V) Ey2(V) ja(mAecm?) 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 H2SO,4 (1600 rpm).

Catalyst Eonset (V) E2 (V) ja(mA cm??) 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 E12 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 E12 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 (Il) (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 MWCNTSs are depicted in Figure 19. The Raman
spectrum of carbon-based materials exhibits significant peaks at approximately 1350 cm™
(referred to as the D-band) and within the range of 1560-1600 cm™ (known as the
G-band). The 2D-peak detected at a wavenumber of 2680 cm™ 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
sp?-hybridized carbon atoms (D. Liu et al., 2018; Tao et al., 2019). The ratio of Io/lc 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,
1210 cm™, 1430 cm™, and 1455 cm™. 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 °C 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 V203 and V20s, was identified through XRD analysis.
The reference pattern of V203 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 V203 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 V203 at angles of 35.8° and 36.1°. The diffraction peaks observed
for V205 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 V203, it can be observed that the most prominent
peaks of V20s at 26.3° exhibit overlap with the peak corresponding to graphitic carbon.
The identification of V203 and V20s 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 CaN4 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 Cls, Ol1s, 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 Ols peaks are seen at 530.3 and 531.7 eV, which are
associated with V-0 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 Tirk 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 V>* 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.
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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
etal., 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.

DFT
Catalyst . DFT met.h od method. DFT method Average
. Multipoint  cumulative cumulative . pore
pyrolysis N pore radius .
BET (m?/g) surfacearea  pore size
temperature R (nm)
(m?/g) volume (nm)
(cm®/g)
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 Cat.% N at.% 0 at.% Vat.%
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
i) e Prrole - Gophite  nouwe
catalysts at.% ~ - at.%
VPc/MWCNT (1:3) 600 °C 57.4 213 121 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.
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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); Ox-saturated 0.1 M KOH (a, d), 0.1 M PBS (b, e) and 0.5 M H,SO, (c, f),
u=10mV s, w=1600rpm.

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 :Z::g::::ture Eonset (V) Ei/2 (V) ja (mA cm™?) n
600 °C 0.89 0.72 -4.8 3.6

Alkaline KOH

0.1M 800 °C 0.93 0.80 -5.0 3.9
1000 °C 0.91 0.76 -5.2 3.7
600 °C 0.61 0.45 -4.1 2.7

Neutral

PBS 0.1 M 800 °C 0.76 0.50 -5.2 2.9
1000 °C 0.71 0.46 -4.9 2.8
600 °C 0.56 0.35 -3.8 2.9

Acid

H,S04 0.5 M 800 °C 0.70 0.52 -4.9 3.0
1000 °C 0.64 0.46 -3.9 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 (w), 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 Oz is reduced to an intermediate of H20: through the 2e”
pathway, followed by decomposition or further reduction to H.0 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. Turk 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/MWCNTSs 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. V20s 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 02 molecule in V205 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
Oz-saturated 0.1 M KOH (a), 0.1 M PBS (c) and 0.5 M H3504 (e), u = 10 mV.s™1, w = 400— 4400 rpm;
Koutecky-Levich plots for ORR on VPc/MWCNT (1:3) modified GC electrodes in O, molecule in
0.1 M KOH (b), 0.1 M PBS (d) and 0.5 M H»50, (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 Ei/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.

j/mA.cm?
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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 Oz-saturated 0.1M KOH
(a), 0.1M PBS (b) and 0.5M H,504 (c), u = 10 mV.s™L, w = 1600 rpm.

Table 10. Comparison of the ORR results obtained for VPc/MWCNT catalysts pyrolyzed at 800 °C,
non-pyrolysis material, HP¢/MWCNT and Pt/C in 0.1 M KOH.

Catalyst Eonset (V) Ei2 (V) ja(mAecm?) 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) Ei2(V) ja(mAem?) n

MWCNT 0.54 0.31 -3.6 25
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 H,SO,.

Catalyst Eonset (V) Ei2 (V) ja(mA cm??) 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 Ei2 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 VP¢c/MWCNT (1:3) in Ox-saturated in 0.1 M KOH (a), 0.1 M PBS (b), and 0.5 M
H2504 (c), u =10mV s, w = 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 H2S04 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 H2SOa 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.
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Figure 26. Chronoamperometric responses for the ORR on VPc/MWCNT(1:3) and Pt/C catalysts in
O; saturated 0.1 M KOH, 0.1 M PBS and 0.5 M H,SO, 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 (Ill) (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.

f y ’ - Lo D™ g e 2
HV WD | mag B | det | HFW | 9/8/2015
8.00 kV | 4.1 mm |39 997 x | TLD |3.20 ym |9:31:45 AM IP Univ Tartu

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 Tirk et al., 2015). Figure 28d displays a high magnification view of
FWCNT used in the investigation. In this observation, it is evident that FWCNTSs 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™ and a G peak at 1584 cm™ 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™ and 1586 cm™, respectively. The G band is attributed to the scattering of Ezg
phonons by sp? hybridized carbon atoms, whereas the D band is associated with
resonance Raman spectra resulting from distortions in the sp? 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 (/o/ls) 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
In/ls 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
sp? 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 Bls orbital was observed at a binding energy of 192.5 eV, the Cls
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-Fs3) 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 Cls 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: B>0s, BCO2, and BC;0.
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% B203, 22% BCO:, and 18% BC20. 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 sp? 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)
Cls, (c) Bls 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 Oz-saturated
0.1 M KOH and 0.5 M H2SOa. 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 Oz-saturated (a) 0.1 M KOH and in
(b) 0.5 M HS04, u =10 mV 57, w = 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 0-O bond (L. Yang et al.,, 2011). In contrast,
the introduction of fluorine into rGO and FWCNTSs 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-Medellin 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; V. Liu et al., 2013). Therefore, it is anticipated that the electrocatalytic
activity will be enhanced when graphene oxide and FWCNTSs 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 m-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 Oz 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 O,-saturated
(a) 0.1 M KOH and (b) 0.5 M H,S0,4. u = 10 mV s™1, w = 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 Oz-saturated
(a) 0.1 M KOH and in (b) 0.5 M H,SO, at different rotation rates. u = 10 mV s,

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 O, 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 H,S0,. Inset shows the potential dependence of the number of electrons transferred per
0, molecule (n). Data derived from Figure 33.

The RRDE experimental data was utilized to calculate both the peroxide yield and the
n values.
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Figure 35. Percentage of HO; and H,O, and number of electrons transferred per O; 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.
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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).
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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 MWCNTSs
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, N,
adsorption, Raman spectroscopy, and XPS.

In the first part of the thesis (l), 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 (l).

In the second part of the thesis (ll), 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 MWCNTSs 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 (Il).

In the third part of the thesis (lll), 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 Oz reduction and have great potential
for use in polymer electrolyte membrane fuel cells and metal-air batteries (ll).

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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Lihikokkuvote

Katallisaatormaterjalide arendamine hapniku redutseerumise
tarvis: dopeerimispohine lahenemine

Kaesolevas vaitekirjas uuritakse alternatiivseid sisinikupGhiseid katallisaatormaterjale
hapniku elektrokeemiliseks redutseerimiseks, mis on (heks olulisemaks protsessiks
kiituseelementide ja metall-6hk akude katoodides. Hapniku redutseerumisreaktsiooni
aeglase kineetika tOttu on seda traditsiooniliselt katallilisitud plaatinapdhiste
materjalidega. Antud uurimistoos keskendutakse mittevdarismetall- ja heteroaatomitega
modifitiseeritud slsinikmaterjalidele, eesmargiga leida odavaid ja tGhusaid alternatiive
plaatinale. Metalli- ja lammastikuga dopeeritud stsinikmaterjalide slinteesiks kasutati
metallftalotstianiine (PbPc ja VPc).

Uuringus hinnatakse erinevate katallisaatorite mdju hapniku redutseerumisele
leeliselistes, neutraalsetes ja happelistes keskkondades. Saadud tulemused
demonstreerivad  slinteesitud materjalide potentsiaali katalGilisimaks  hapniku
redutseerimist nii kltuseelementides kui ka metall-6hk patareides. Kinnitamaks
katalGsaatormaterjalide edukat dopeerimist ja metalli nanoosakeste moodustumist,
kasutati erinevaid fuusikalisi analGiisimeetodeid, sealhulgas SEM’i, TEM’i, XRD’d, N2
adsorptsiooni anallilisi, Raman spektroskoopiat ja XPS’i. Anallilside tulemused naitasid
pirroolse, puridiinse ja grafiitse limmastikvormi olemasolu, mis kdik mdjutavad hapniku
redutseerumist. Eelkdige keskendutakse uuringus PbPc-MWCNT ja VPc-MWCNT
komposiitide elektrokatallitilisele kditumisele. Katallisaatormatejale pirolldsiti
lammastiku atmosfaaris ja saavutatud dopeerimine suurendas hapniku redutseerumise
aktiivsust erinevates keskkondades. Tulemused naitavad VPc- ja PbPc-pGhiste
sisinikmaterjalide potentsiaali katalliisimaks hapniku redutseerimist mikroobsete,
prootoni- ja anioonivahetusmembraaniga kituseelementide katoodidel. Lisaks uuriti
susiniknanomaterjalide modifitseerimist boori ja fluoriga. BF-rGO/FWCNT-katalUsaatorite
siinteesimiseks kasutati samuti plroliiisi lammastiku keskkonnas. Need katallisaatorid
nditasid markimisvaarset elektrokataltutilist aktiivsust nii leeliselises kui ka happelises
keskkonnas, demonstreerides kdige elektronegatiivsema elemendi, fluori, moju
slisinikupdhiste elektrokatallisaatorite disainil ja silinteesil. Kokkuvéttes uuritakse
kdesolevas vaitekirjas mitmeid mittevadrismetallkatallsaatoreid kui paljulubavaid
alternatiive plaatina-pGhistele materjalidele, pakkudes detailset Ulevaadet nende
materjalide slinteesist kui ka hapniku redutseerimise elektrokataltitilisest kaitumisest.
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The electrocatalysis of oxygen reduction reaction (ORR) on lead and nitrogen co-doped multi-walled carbon nanotube (Pb/N/
MWCNT) composite catalyst has been investigated in the neutral, acidic and alkaline media. The mixture of lead phthalocyanine
(PbPc) and MWCNTs was pyrolysed in nitrogen atmosphere to achieve co-doping of lead and nitrogen. The successful co-doping
as well as formation of Pb nanoparticles were confirmed with the use of various physical and surface characterisation methods such
as scanning and transmission electron microscopy, Raman spectroscopy, X-ray photoelectron spectroscopy and X-ray diffraction
analysis. This work brings forth the electrocatalytic effect of Pb and nitrogen co-doping of carbon by a detailed electrochemical
analysis using rotating disk electrode (RDE) method. The Pb and nitrogen co-doped MWCNT material demonstrate a reasonable
electrocatalytic ORR activity in acidic, neutral and alkaline media. The results indicate great potential of Pb to be employed in
electrocatalyst design as co-doping agent to achieve superior cathode catalysts for microbial, proton and anion exchange membrane

fuel cells.

© 2023 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/

ad0072]

Manuscript submitted January 2, 2023; revised manuscript received July 14, 2023. Published November 3, 2023.

Supplementary material for this article is available online

Fuel cells are among the most environmentally friendly energy
technologies, which do not need recharging and can provide energy
as long as fuel is provided on a continuous basis. Unfortunately, the
high price and scarcity of the platinum, which is used for the
hydrogen oxidation and oxygen reduction reaction (ORR) is a major
limitation in the extensive commercialization of this technology.'
Platinum is used because it is favouring the electrochemical O,
reduction in the direct 4¢~ pathway. 4e” reduction to water is highly
preferred, as the formation of peroxide via 2e” pathway is known to
cause the corrosion of different fuel cell (:omponents.2 Besides that,
the low rate of the ORR, which is the key reaction of low-
temperature fuel cells (LTFCs), causes a significant energy loss at
the cathode in the form of over-potential. The slow reaction kinetics
is one of the most problematic barriers in the development of LTFCs
technology.” The limitations related to kinetics and consequently the
usage of noble metals is the main reason why design and develop-
ment of highly active and low-cost non-noble metal catalysts
(NNMCs) have received wide attention.* Some of the NNMCs
have the potential to replace Pt under the same condition, but until
now most of them still suffer under low electrochemical activity
towards the ORR as well as poor stability. Further studies are crucial
in order to develop active and stable NNMCs that are superior or
competitive to Pt.”°

Among the NNMCs, nitrogen-doped carbon and in particular
non-noble metal-nitrogen-carbon (M-N-C) materials have demon-
strated outstanding catalytic activity that is comparable to Pt in
LTFCs.””'" Transition metal macrocyclic complexes (MN4) have
been extensively studied since the pioneering work by Jasinksi with
cobalt phthalocyanine.”'*'*  From various macrocycle-based
cathode catalysts, iron phthalocyanine (FePc) is reported as one of
the most prominent catalyst precursors to synthesise NNMCs.'>!%!
Baranton et al.'®'” revealed that FePc/C catalyst showed better ORR
activity in presence of methanol compared with Pt catalyst.

The main drawback of using transition metal macrocycle-
modified carbon materials as a catalyst is the low electrochemical
stability in acidic environment."*° In order to improve the stability,

“E-mail: ivar.kruusenberg @kbfi.ce

pyrolysis between 600 and 1000 °C in an inert gas environment is
commonly used.”’™* Phthalocyanine molecules undergo thermal
decomposition during the heat treatment, leading to the formation of
more stable and active ORR catalytic sites. MN, sites which are
formed during thermal treatment at high temperature is one of the
most active sites for the ORR.>~” Despite comprehensive studies,
the best pyrolysis temperature remains a point of contention and
seems to rather depend on respective precursors.”™

Mainly Fe and Co-based phthalocyanines have been studied as
doping agents for creating M-N-C catalysts. However, iron leaching
due to the hydroxyl radicals degrades the membrane and promotes
Fenton reactions.”*> On Co-based catalysts mostly two-electron
reactions pathway dominants.>*** Pb-based catalysts could be used
to improve ORR activity and in fuel cell systems. Morris et al.*’
showed that lead dioxide (PbO,) cathodes in microbial fuel cell
(MFC) had a greater electrocatalytic activity than Pt/C cathodes.
One of the main advantages of Pb is its relatively good long-term
stability in sulfuric acid solutions.*®*” It is known that in alkaline
media Pt is less stable than in acidic media but there are numerous
non-noble metal catalyst alternatives that work at high pH
conditions.*®?? This makes the usage of Pb as a catalyst if fuel
cells very attractive since finding a stable alternative for a Pt in
acidic media is a challenge. However, until now, Pb-based catalysts
have been rather poorly investigated for the ORR. Usage of Pb as a
potential fuel cell catalyst has also a practical value, every year a
vast number of lead-acid batteries are produced, used, and
recycled.”®* Industries shifting from traditional lead-acid batteries
to Li-ion batteries will add value to the research related to finding an
alternative usage to recycled Pb.***!

The accompanying nitrogen doping into the carbon network
taking place during the pyrolysis of the carbon supported phthalo-
cyanines, also 4plays crucial role in achievement of active ORR
catalysts.”***~** It has been extensively reported that two types of
nitrogen functional groups (pyridinic-N and graphitic-N) are mainly
responsible for a direct 4¢” ORR pathway.

In this work we used pyrolysis method to synthesise Pb and N co-
doped carbon nanomaterials. The electrochemical activity and
durability of the synthesised catalyst materials were tested in
alkaline, neutral and acidic media using RDE setup. To the best of
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our knowledge this is the first published study on Pb and N co-doped
carbon materials as a catalyst for LTFCs. Current research allows to
observe the potential of Pb-based catalyst for microbial, proton and
anion exchange membrane fuel cells.

Experimental

Materials and catalyst preparation.—Lead (II) phthalocyanine
(PbPc) (Sigma-Aldrich) was mixed with MWCNTSs (Nanocyl Co.
(Belgium)) in different PbPc-to-MWCNT ratios (1:3, 1:1, 3:1, 1:7)
and suspended in 5 ml of ethanol followed by magnetic stirring and
sonication for 2 h to achieve the adsorption of PbPc on the surface of
MWCNT’s. The catalyst suspension was poured in a quartz boat
followed by drying at 70 °C for 20 min and heat-treatment at 600,
800, and 1000 °C for 2h in a flowing nitrogen 99.999% (Linde)
atmosphere. In addition, dihydrogen phthalocyanine (H,Pc) (Sigma-
Aldrich) was mixed with MWCNT and pyrolysed at 800 °C for
comparison with PbPc/MWCNT. Commercial Pt/C 20% (HiSPEC,
JMFC, UK) was used as a benchmark. KOH and H,SO, (Sigma-
Aldrich) were used for alkaline and acidic electrolyte preparation.
NaCl (Lachner, Czech), Na,HPO,, KCl and KH,PO, (Sigma-
Aldrich, U.K.) were used to prepare 0.1 M phosphor buffer solution
at room temperature (23 + 1 °C). All the solutions were made using
MilliQ-water (Millipore, Inc).

Physical characterization.—The morphology of the PbPc/
MWCNT catalyst was examined by scanning electron microscope
(SEM) (LYRA3, Tescan) and transmission electron microscopy
(TEM) (probe corrected Tecnai G2 F20 EFI) using a resolution of
2.4 A in TEM mode and an acceleration voltage of 200 kV. X-ray
diffraction (XRD) measurements were performed using a
PANalytical apparatus, operating with Cu Ka radiation (A =
0.154 nm), 45kV 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 100s, for the analysis High Score Plus
software was used. NovaTouch 4LX Analyzer (Quantachrome) was
used to record the N, adsorption/desorption isotherms of the catalyst
samples at nitrogen’s boiling temperature (77 K). Before the
measurement, the samples were degassed for 20 h under vacuum
at 200 °C and then backfilled with N,. Up to a nitrogen relative
pressure of P/P, = 0.2, the specific surface area (Sggr) was
determined using either the Brunauer-Emmett-Teller (BET) theory
or the density functional theory (DFT). Near saturation pressure of
N, (P/Py = 0.98), the total volume of pores (V) was measured.
Using the t-plot technique and deBoer statistical thickness, the
microporosity (V) was determined. dp = 2V,,/Sger was used to
calculate the average diameter of pores (d) for a slit-type pore
shape. X-ray photoelectron spectroscopy (XPS) was used to analyse
the surface composition of the pyrolysed PbPc/MWCNT samples.
The XPS sample was prepared dissolving the PbPc/MWCNT
catalyst in ethanol (4 mg mI™") and applying it to a glassy carbon
substrate (1.1 x 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 Ka X-ray source (hv 1253.6eV, operated at 300 W source
power) were used for the XPS measurements. 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 15 spectral fit, where the proper sp? carbon Doniach-Sunjic
asymmetric peak was fitted using the SPANCF****® macro package
for IgorPro software. The Raman spectra were recorded in a
Renishaw via Raman spectrometer using a green laser (max
20 mW) beam; objective x100, 514nm, 100% laser power, 1
accumulation (extended), 150—4000 em™ !, exposure time 10s.
The substrates were a cleaned Si wafer plate. The I/l ratios
were extracted by fitting the spectra with two Lorentzian.

Electrode preparation and electrochemical characterisation of
catalysts.—A glassy carbon (GC) disk with a geometric surface area
(A) of 0.2 cm? was used as the substrate material for the rotating disk
electrode (RDE) tests. GC disks (Sigma-Aldrich) were embedded in a
Teflon holder, and the GC electrodes were meticulously polished with
1.0 and 0.3 m alumina powder to a mirror-like finish (Buehler). After
the polishing process the GC disk electrodes were sonicated in
isopropanol for 5 min and then in water for 5 min. The electrodes
were modified with PbPc/MWCNT electrocatalysts utilizing aqueous
suspensions (4 mg ml™") containing ionomer to prepare an uniform
catalyst layer on the GC surface. Ionomer was 0.25% Nafion
perfluorinated resin solution (Aldrich, USA) for tests in 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 <40 °C) and on a
vortex mixer for 2 min. 5 pl aliquot of the well-dispersed ink was
loaded onto the polished, clean GC electrode, completely covering the
GC. This was repeated 4 times to reach 20 pl. The ink droplet was
dried in the ambient atmosphere. Thus, for electrochemical testing, the
electrocatalyst loading was 0.4 mg cm™>. For contrast, an industrial Pt/
C catalyst with a 20 wt% Pt/C loading of 0.4 mgcm™ was used,
resulting in a Pt loading of 80 ugcm™. The RDE setup of an
OrigaTrod rotator with speed control device (OrigaLys, France) was
used for electrochemical measurements, with the electrode rotation
rate (w) 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 and step size 10 mV. A graphite rod
served as the counter electrode, whereas a saturated calomel electrode
(SCE) Hg/HgCl in 3 M KCl reference electrode (SI-Analytics B 3410
+, Germany) served as the reference electrode. All the potentials in
this paper are expressed in terms of the reversible hydrogen electrode
(RHE) except of stability curves. Three electrolytes 0.5 M H,SO, (pH
0.3), 0.1 M phosphoric buffer solution (pH 7.5) and 0.1 M KOH (pH
13) were used in the electrochemical experiments. The electrolyte
solution was saturated with O, (99.999%, AGA) for current density
and N; (99.999%) for background measurements. During the electro-
chemical testing, a steady flow of these gases was maintained over the
solution. For comparison, H,Pc/MWCNT and 20% Pt/C catalysts
were also tested in alkaline, neutral and acidic media, with the same
catalyst ink preparation procedure as used for the PboPc/MWCNT.

Results and Discussion

Physical characterisation of PbPc/CNT catalysts.—SEM and
TEM were used to study the surface morphology of PboPc/MWCNT
catalysis. The SEM images are shown in Figs. la—Ic, and, despite
the presence of certain agglomerates, large-scale agglomeration of
the MWCNTSs has been avoided. The catalyst is well dispersed on
the electrode, allowing oxygen and solution diffuse through the
annealed catalyst layer. During the pyrolysis, carbon structure is
preserved in a good condition. The distribution of Pb nanoparticles
on the catalyst pyrolysed at 1000 °C is better than on the materials
which were pyrolysed at 800 °C and 600 °C. One can see more
intense agglomeration of Pb particles in some parts of CNT clusters
for the material heat treated at 800 °C (Fig. 1b), whereas less
agglomerated particles and a low ratio of Pb to carbon is observed in
sample annealed at 600 °C (Fig. 1a).

The TEM images of the PbPc/MWCNT (3:1) sample are
presented in Figs. 1d—1f. As can be seen, the surface modification
was accomplished without introducing major defects into the PbPc/
MWCNT catalyst material. This is important to ensure that the Pb-
N-doped carbon catalysts retain their expected properties. Also, no
large amorphous carbon particles or other impurities can be observed
from the TEM images. The catalyst synthesised at 600 °C shows
some agglomeration of Pb particle that is visible in Fig. 1d. Energy-
dispersive X-ray spectroscopy (EDX) images presented on Fig. 2
show that both nitrogen and Pb are well distributed on the surface of
the carbon nanomaterial.
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Figure 1. 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 2. Distribution mapping via EDX of PbPc/MWCNT (3:1) 800 °C pyrolysed, Nitrogen (B), Lead (C), (D) and Carbon (D).

Raman spectra of PbPc/MWCNT (3:1) is presented in Fig. 3a.
The D-band (Disordered) peaks around 1350 cm~ ! and the G-band
(Graphitic) peaks in the range of 1560-1600 cm™' are the most
prominent characteristics in the Raman spectrum of carbon mate-
rials. Considerable emphasis has been paid to the role of surface
defects which play an important role in carbon catalyst performance.
Through DFT calculations and physical characterisation, Tao et al.
and Liu et al. showed that carbon atoms on the edge defect had a
higher electron cloud density than ordinary carbon atoms.*”*® The

D-band is a disorder induced characteristic that results from double
resonance. The tangential vibrations of carbon atoms in graphite
correspond to the G-peak at 1580 cm ™', while the peak at 1345 cm ™'
is associated with disordered amorphous carbon content. 2D-peak at
2680 cm™! is related to graphene and is sensitive to number of
graphene layers, thus in this work associated to the average number
of carbon layers in the MWCNT’s.*’ The Ip/Ig ratio was found to be
1.26 for PboPc/MWCNT (3:1) @ 800 °C sample and it indicates that
the amount of disordered carbon material is higher than ordered



Journal of The Electrochemical Society, 2023 170 114505

8000
a PbPc/MWCNT 1000 °C
| —— PbPc/MWCNT 800 °C
PbPc/MWCNT 600 °C

7000 -

6000 | ;

5000 -

4000 -

Intensity

3000

2000 -

1000 | Vi

1
500 1000 1500 2000 2500 3000 3500
Raman Shift / cm”

4000

o
G (002)

PbPc/MWCNT 3:1 @ 800 C
3500

3000

2500

intensity
»n
38
o
T

G (002)
c — PbPC/MWCNT 13:1

I-&Pb (101)

1 N | N 1 " 1 PR | 1

—— PbPc/MWCNT 7:1

%

—— PbPc/MWCNT 3:1

Intensity (a.u.)

—— PbPc/MWCNT 1:1

-

—— PbPc/MWCNT 1:3

1500 L 1 1 1 1 1
1000 & = —— PbPc/MWCNT 1:7
0 '.""'Mﬁ? lvjw;?/ \“‘*:’\"-‘-:-'?\-**:“wj:”:””“"“l i ) 1 ! 1 1 1 i
10 e 40 50 60 70 80 80 10 20 30 40 5 60 70 8 90

20 (Cu k)

26 (Cu ka)

Figure 3. (a) Raman spectra of POPc/MWCNT (3:1) catalyst, (b) XRD (Cu ka) patterns for PboPc/MWCNT (3:1) catalyst, (c) XRD (Cu ko) patterns for PbPc/

MWCNT catalyst in several ratios of PbPc to MWCNT.

graphite in the compound. The Ip/Ig ratio for PboPc/MWCNT @
1000 °C and PbPc/MWCNT @ 600 °C was found to be 1.14 and
1.23 respectively.

A XRD study was performed to explore the phase composition
and crystallography of the catalyst materials (Fig. 3b). The XRD
analysis revealed that the PbPc/MWCNT samples contain metallic
phases. The diffraction patterns showed multiple peaks, which can
be attributed to graphitic carbon and Pb (Fig. 3b). Pb characteristic
reflections were set at 19.9°, 24.7°, 27.1°, 40.4°, 53.9°, 62.5° and
77.5° 26. The Miller indices were assigned to the closest matching
peak locations of the lead phase (PDF card 98—-005—4312 from the
ICDD PDF-2 database). Graphitic carbon characteristic reflections
were seen at 25.8°, 29.6°, 43.9°, 44.3°, 52.6° and 53.9° 20. The
Miller indices were assigned to the closest matching peak locations
of the lead phase (PDF card 98-018-5973 from the ICDD PDF-2
database). It can be concluded that Pb and nitrogen were ejected to
the carbon material from the lead-phthalocyanine compound. In
PbPc/MWCNT (7:1) and PbPc/MWCNT (13:1), excess Pb had no
effect on increasing catalytic activity. XRD patterns also show some
peaks of pure Pb that are evidence of unbonded Pb atoms in the
compound (Fig. 3c).

Calculated BET specific surface areas, pore volumes, micropore
volumes and average pore sizes are given in Table I. The PbPc/

MWCNT (3:1) 1000 °C has the highest surface area, the smallest
average pore size and the largest pore volume of all of the catalysts,
while PbPc/MWCNT (3:1) 600 °C has a lower surface area and pore
volume than the other two catalysts. Pyrolysis of materials at
different temperatures changes the final structure of the catalyst
layer and also leads to a different pore structures.”’? The BET
surface area of a catalyst pyrolysed at 800 °C is twice that of a
catalyst prepared at 600 °C, and the surface area of a catalyst
pyrolysed at 1000 °C is three times more than that of 600 °C.

The surface composition of catalyst material PbPc/MWCNT
(3:1), pyrolysed at 800 °C, was investigated using XPS. The XPS
survey spectra on Fig. 4a shows the presence of O, N, C and Pb
elements. The elemental composition (at%) and the relative con-
centration (%) of nitrogen moieties were calculated from XPS peak
intensities and are displayed in Table II and in Fig. 4 insets. The
peaks in the high-resolution N1s spectrum in Fig. 4b can be assigned
to: oxidized N (403.8eV), graphitic N (401.1eV), pyrrolic N
(400.4 eV), metal-N (399.5eV) and pyridinic N (398.1¢eV)
species.” A N atom that replaces the C atom in the hexagonal
ring releases one p-electron to the aromatic 7-system and thereby
changing the electronic band structure and overall conductivity of
the catalyst material. Pyrrolic N is found in a five-member ring,
while pyridinic N is found in a six-member ring.”* Under moderate
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Figure 4. XPS spectra of PbPc/MWCNT (3:1) catalyst materials and high-resolution N1s (b), Pb4f (c), Cls (d) and Ols (e) spectra.
Table II. Elemental composition of PbP¢/MWCNT (3:1) @ 800 °C catalysts determined by XPS.
Catalyst Cls at% Nls at% Ols at% Pb4f at%
PbPc/MWCNT (3:1) 90.64 3.66 5.22 0.47
Relative concentration (%) of N moieties in the catalysts Pyridinic Pyrrolic Graphitic N-metal N-Oxide
PbPc/MWCNT (3:1) 30.88 30.27 12.37 15.57 10.90

pyrolysis conditions, nitrogen functional groups including pyri-
dones, protonated pyridinic N, and pyridinic N oxides are converted
to pyridinic N, whereas pyrrolic N is transformed to pyridinic N
during the carbon matrix structural development.”>~* Using higher
pyrolysis temperatures nitrogen functional groups in a form of
graphitic N are created in the graphene layer interior or in a form of
pyridinic N at the edge of graphene layer.”® The order of thermal
stability of nitrogen functional groups is as follows:>

—C(N — graphitic) > —C(N — pyridinic) >
—C(NH pyrrolic) > —C(NO)

We note that the presence of metal-Ny species is probable, with
the component binding energy placing between the two relatively
clearly distinguished peaks of pyridinic and pyrrolic N species.

Although the majority of oxygen groups on a carbon nanoma-
terial surface will be removed at hi%her pyrolysis temperatures, a
clear Ols peak is still detected.”*” The Ols peak at 529.8 eV
corresponds to binding energy between oxygen and Pb atom.®' Ols
peak at 531.5eV belongs to doubly bonded oxygen in carbonyl
group and 533.0 eV indicates the existence of carbon-oxygen single
bond and is also assigned to adsorbed moisture and oxygen.®>** The
Ols peak at the hi(ghest binging energy (535.1eV) is attributed to
hydroxyl group.®®®* The Cls XPS spectrum demonstrates a rela-
tively intact sp hybridized bonding pattern, as based on literature,
Cls peak at 284.7 = 0.2 eV corresponds to C=C bonds.*> Cls peak
at 286 eV is associated to various carbon—oxygen moieties, e.g.
carboxyl and quinone groups, which have been found on the surface
of carbon nanotubes in numerous experiments.®*®%

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 4f;,, and 4f5, levels (Fig. 4c). The relatively narrow linewidth of
1.7eV FWHM suggests the lead is included in the sample quite
homogeneously.”” The binding energy of the Pb 4f;, peak at
138.9eV is at least 2eV too high for either PbO or PbO,.”
However, some of the previous studies have shown the presence
of Pb-N bond at binding energy at 139 eV.”"”" XPS studies were
also carried out with a catalyst material PbPc/MWCNT (3:1)
synthesised at 600 °C and 1000 °C (Fig. S1). Raising the pyrolysis
temperature decreases the relative percentage of metal-nitrogen
species. In addition, ICP-MS studies were carried out with catalysts
prepared at different temperature and the amount of impurities was
negligible. ICP-MS results (Table S.I) showed that increasing the
temperature decreases the amount of Pb content. Based on XPS and
ICP-MS result we conclude that the metal in metal-nitrogen species
is Pb.

Rotating disc electrode studies of oxygen reduction reaction.—
The electrochemical reduction of oxygen on PbPc/MWCNT catalyst
was investigated using the RDE method. At first, the effect of three
different PbPc to MWCNTSs ratios to ORR performance was studied.
The linear sweep voltammetry (LSV) comparative results in
O,-saturated 0.1 M KOH, 0.1 M phosphoric buffer, and 0.5 M
H,SO, solution at a 1600 rpm rotating speed are shown in
Fig. S2. All the electrocatalysts displayed a strong reduction current,
which is most likely attributed to the Pb and N co-doping of the
MWCNTSs and the formation of electrocatalytically active sites. It is
clear from Figs. S2a—S2c that the catalyst material with a ratio of
75% PbPc to 25% MWCNTs (PbPc/MWCNT (3:1)) has the highest
diffusion limited current density values (jq) in alkaline, neutral and
acidic media. Highest onset potential was observed for the same
catalyst in acidic media whereas in neutral and alkaline media the
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onset potential was independent from the PbPc to MWCNT
concentration. This can be associated to the agglomeration of the
metal atoms into bigger particles, which was observed by TEM and
SEM imaging, during high-temperature pyrolysis. This means that
increasing the metal (PbPc) content in the initial catalyst precursor
mixture will not contribute to a higher concentration of active sites.
Agglomerated metal- and nitrogen-doped carbon catalysts show
lower ORR performance compared with that of well dispersed M-N-
C material.”*"?

The effect of pyrolysis temperature on the lead and nitrogen co-
doped material’s electrocatalytic activity was also studied. While
catalyst with the ratio of 75% PbPc/25% MWCNT heat treated at
800 °C showed the highest ORR activity, the pyrolysis at tempera-
tures 600 °C and 1000 °C were also performed with the same ratio
of lead phthalocyanine to carbon support. In Figs. S2d-S2f one can
see that the catalyst material prepared by pyrolysis at 800 °C
exhibits the best electrocatalytic activity for O, reduction in
alkaline, neutral and acidic media. In addition, non-pyrolysed
catalyst has been studied as well and as can be seen in
Figs. S2d-S2f it shows the lowest ORR activity which clearly
indicates a need for heat-treatment. Similar results have also been
published by other research groups, e.g., Gupta et al. demonstrated
that without annealing MN, macrocycles had only a minor impact
on ORR activity in acidic media.”* As can be seen in Table S.II,
pyrolysis at 800 °C leads to the most positive Egnser, Erp and
highest limiting current density.

In previous works, it has been demonstrated that raising the
pyrolysis temperature increases the amount of electrocatalytically
active surface species and therefore the material g)repared at 800 °C
is more active than that prepared at 600 °C.”>’® The reason for a
lower concentration of active sites on the catalyst prepared at 600 °C
may be due to the fact that the macrocyclic compound is only
partially decomposed at lower pyrolysis temperature.”””’® High
pyrolysis temperature, 1000 °C and above, causes the carbon
network to shrink partially and therefore the active surface area
will be decreased.””*’

Figure 5 illustrates a set of ORR polarisation curves measured in
alkaline, neutral and acidic media, respectively, at various electrode
rotation rates (w) with the most active being the PbPc/MWCNT (3:1)
catalyst modified GC electrodes. The onset potentials for ORR are

approximately 0.93 V, 0.80 V and 0.76 V vs RHE in alkaline, neutral
and acidic media respectively. For the PbPc/MWCNT (3:1) in
neutral media (results presented in Fig. 5b) at higher negative
potentials (around 0.0 V) and higher rotation rates a second reduc-
tion wave begins. This wave belongs to the 2e~ pathway creating the
H,0, intermediate which can either diffuse away or be captured by
another active site and reduced to H,O in a subsequent 2e” step.
This behaviour is common to the metal and heteroatom co-doped
carbon materials in the neutral media and in agreement with previous
reports.®"*” The two-step reduction current plateau is also native to
the carbon materials.** Multiple ORR pathways may occur on the
Pb/N/C catalyst surfaces due to the simultaneous presence of various
active sites with different structural patterns. However, at lower
rotation rates no pre-wave is observed. This kind of electrocatalytic
behaviour could be caused by new active sites resulting from the Pb
and N co-doping. According to the research of Ge et al. doping of
nitrogen into carbon structure induces more positive charge on
neighbouring carbons by charge delocalization which in turn
increases the activity of p-electrons and promotes the adsorption of
0, molecule.** As already mentioned before, out of four nitrogen
moieties, pyridinic and graphitic N show the highest catalytic
activity towards the ORR. According to the XPS results PbPc/
MWCNT (3:1) catalyst contains 3.66 at% nitrogen in which 30.88%
is pyridinic N and 12.4% is graphitic N. 30.27% of the nitrogen
species is pyrrolic, which is less stable than pyridinic and graphitic N
and more tendentious to oxidation during the ORR process.®> In
addition, 15.57% of nitrogen is connected with metal (Pb) which is
considered as an active site for ORR.*® Pb atoms can act as an axial
ligand and Pb-N doped carbon will catalyse the ORR via dual-site
mechanism where oxygen will coordinate to the metal and to the N-
atom of the Pb-N active center.®’” Since there is no published work
regarding Pb and N co-doped carbon material for ORR purpose, we
can suggest the contribution of Pb to enhanced ORR performance
based on a work done by Luo et al.*® They studied other p-block
metal, tin (Sn), and nitrogen co-doped carbon nanomaterials to
reduce the O, and found based on the DFT calculations that Sn
centers stron%ly adsorb the O, even almost splitting it
spontaneously.*®

The Koutecky-Levich (K-L) equation was used to calculate the
number of electrons transferred per O, molecule (n):*!
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Figure 5. (a), (b), (c) LSV curves in various rotation sPeed for oxygen reduction on PbPc/MWCNT (3:1) catalyst in O,-saturated (a) 0.1 M KOH, (b) 0.1 M

phosphoric buffer and (¢) 0.5 M H,SO4, v = 10 mV.s™

, w = 400—4400 rpm; (d), (e), (f) Koutecky-Levich plots for ORR on PbPc/MWCNT (3:1) at various

potentials per O, molecule in (d) 0.1 M KOH, (e) 0.1 M phosphoric buffer and (f) 0.5 M H,SO,.
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where j is the measured current density, j,; and j; are the diffusion-
limited currents density and kinetic current density, respectively, A
is the geometric electrode area, k is the electrochemical rate
constant for O, reduction, w is the rotation rate (rad s~ '), F is the
Faraday constant (96,485 C mol '), D, is the diffusion coefficient
of oxygen (1.9 x 10~ cm?s ™' for alkaline and neutral media and
1.8 x 102 cm?s ™! for acid media), C(Ijz is the concentration of
oxygen in the bulk (1.2 x10°mol cm > for alkaline and neutral
media and 1.132 x 10°mol cm™ for acid media) and v is the
kinematic viscosity of the solution (0.01 cm? s'l).xl’gq Figures 5d-5f
presents the K-L plots obtained from the RDE data on oxygen
reduction for the PbPc/MWCNT (3:1) catalyst in 0.1 M KOH,
0.1 M phosphoric buffer and 0.5 M H,SO, respectively. In alkaline
media, the intercepts of the extrapolated K-L lines were close to
zero, this illustrates that the mechanism of O, reduction is almost
completely controlled by diffusion.®' In acidic and neutral media,
the non-zero intercepts of the extrapolated K-L lines indicating that
the process of ORR is controlled by the mixed kinetic-diffusion.
The insets of Figs. 5d-5f compare the n values calculated from the
K-L equation at various potentials. The direct 4e~ pathway is
favoured for the fuel cells and thereby mainly platinum group
metals are used for this purpose as they are well known to catalyse
the 4~ ORR.? In alkaline media, for the N and Pb co-doped catalyst
the n value was close to 4 over the entire potential range studied.
This indicates the superiority of the PbPc/MWCNT catalysts and
their great potential as cathode catalysts for the anion exchange
membrane fuel cells. In neutral and acid media, the n was around 3
that shows the mixed 2e” + 2e” and 4e” electron transfer pathway.
This is in agreement with previous studies, where the reduction of
oxygen on phthalocyanine modified MWCNTs mostly follows a
mixture of two and four electron pathway where the HO,™ at is
formed at low gotentials and is further reduced at more negative
potentials.®370=>

Figures 6a—6c shows a comparison of the ORR polarisation
curves on various catalyst materials. The LSV curve of N and Pb co-
doped catalysts is compared with the commercial carbon-supported
Pt catalyst (20 wt% Pt/C 0.4 mg cm™2). Pt/C has almost 0.1 V more
positive onset potential in alkaline media, 0.05 V in neutral media
and 0.15 V more positive onset potential in acid media compared to
the PbPc/MWCNT (3:1) catalyst. The LSV curves of MWCNT and
H,Pc/MWCNT (3:1) have been added for comparison. Egyse; and
E,; for H,Pc/MWCNT are more negative in comparison to the
PbPc/MWCNT (3:1) material, this clearly indicates that Pb atoms
improve the catalyst performance. Table S.III, S.IV and S.V show a
comparison of the RDE results obtained for PbPc/MWCNT catalysts
in various ratios of PbPc to carbon (pyrolysed at 800 °C) and HPc/
MWCNT and Pt/C in different media.

The best PbPc/MWCNT catalyst materials underwent stability
testing during which LSV curves were cycled 5000 times, the results
are presented in Figs. 6d—6f. PbPc/MWCNT (3:1) 800 °C revealed
good stability in the ORR performance with a slight deviation in £,
values and no shift in the onset potential in neutral and acidic media.
The stability in alkaline media was lower as can be seen from the
loss in Ey/, values and diffusion current at E < —0.5 V. These results
demonstrate well the superb stability of lead in sulfuric acid making
it a promising non-noble metal dopant for fuel cell electrocatalyst
preparation and utilization.

Conclusions

In this work Pb and N co-doped carbon materials were synthesized
using lead (II) phthalocyanine (PbPc) and MWCNTS as precursors.
The structure of PbPc was decomposed during the pyrolysis and Pb
and N atoms were doped into the carbon network which was proved
by various physico-chemical characterisation methods. The electro-
chemical activity of the catalyst materials with different PbPc to
MWCNTSs ratio were studied in alkaline, neutral and acidic media
using RDE setup. The ratio with the highest electrocatalytical activity
was synthesized again using different pyrolysis temperature. Finally,
the performance of the most promising catalyst was compared with
commercial Pt/C 20% and with only N-doped MWCNTSs. Although
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the onset potential in all different media was more positive for Pt/C
catalyst, the limiting current densities of the Pb and N co-doped
catalyst were comparable with Pt/C. A catalyst synthesised without
the Pb had a much lower electrocatalytic activity, proving the
importance of Pb inclusion in the catalyst material. Koutecky-
Levich analysis of the ORR results revealed that the value of n in
alkaline media was near four in the major range of studied potentials
showing that the catalyst favours the splitting of the O-O bond via 4¢”
reduction pathway. In neutral and acid media, the n was around 3 that
shows the mixed 2e” + 2¢” and 4e~ electron transfer pathway. The
PbPc/MWCNT catalyst materials showed outstanding stability during
the LSV cycling in neutral and acid media, in alkaline media the
stability was lower. Based on these results, it can be concluded that
PbPc/MWCNT materials have a great potential to be used as cathode
catalysts in the LTFCs. Battery technology is shifting away from old
lead-acid batteries and lead from the recycled batteries can be used as
a raw material to synthesise Pb-doped carbon materials to catalyse the
electrochemical reactions in fuel cells.
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HIGHLIGHTS

e One-step synthesis method was used to prepare V and N co-doped ORR catalysts.

e Vanadium incorporation significantly improved the ORR activity.

o V/N co-doped catalyst had outstanding stability in neutral and acidic media.

e V/N co-doped material showed remarkedly better durability compared to 20% Pt/C.

ARTICLE INFO ABSTRACT

Keywords: Non-noble metal catalysts (NNMCs) are a promising alternative to platinum-based catalysts towards the large-
Fuel cell scale commercial of hydrogen fuel cells and metal-air batteries. Improving the kinetics of oxygen reduction
ORR reaction (ORR) and reducing the price of catalysts for fuel cells and batteries has long time been of interest to
\C/::;:;um researchers. NNMCs are a good choice for this purpose and have been studied extensively. The present study
Phthalocyanine offers a low cost and straightforward method to fabricate inexpensive and durable ORR catalysts. By using

vanadyl phthalocyanine, a promising carbon nanotube supported catalyst was synthesized, which shows
competitive characteristics to platinum catalyst. Vanadium and nitrogen were co-doped on multiwall carbon
nanotubes (MWCNTSs) during a high temperature pyrolysis in argon atmosphere. Scanning and transmission
electron microscopy, Raman spectroscopy, X-ray photoelectron spectroscopy and X-ray diffraction analysis were
employed for physical characterization. V-N co-doped catalysts were electrochemically tested using the rotating
disk electrode (RDE) setup in alkaline, neutral and acidic media.

1. Introduction

Fuel cell systems are regarded as one of the most environmentally
friendly and efficient technologies for electric energy generation.
However, such systems suffer from the scarcity and high cost of plat-
inum that is generally applied for oxygen reduction reaction (ORR) and
hydrogen oxidation reactions (HOR) [1]. It is estimated that approxi-
mately 50% of the whole fuel cell stack cost comes from noble-metal
catalyst [2]. One of the reasons for the use of platinum is that it favors
the O, reduction in the 4e™ pathway. This O, reduction to H,O is greatly
favorable since the production of peroxide using 2e” pathway can lead
to the corrosion of various fuel cell components [3].

* Corresponding author.
E-mail address: ivar.kruusenberg@kbfi.ce (I. Kruusenberg).
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Thus, the sluggish kinetics of ORR and finding a replacement to
expensive platinum catalyst are some of the main challenges to reduce
the price and make the fuel cell technology more competitive. The low
reaction rate contributes to a substantial loss of energy in the form of
over potential at the cathode. Regarding the challenges mentioned
above, many scientists have directed their attention to the development
of suitable alternatives for platinum including non-noble metal catalysts
(NNMCs) [4].

Among the NNMCs, single-atom catalysts (SACs) which includes well
dispersed transition metal atoms in nitrogen-doped carbon [5-7], and
transition metal macrocyclic complex (MNy) catalysts (e.g., phthalocy-
anines and porphyrins) are considered as one of the best alternatives to
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commercial Pt/C catalyst [8-10]. Using phthalocyanines and porphyrins
leads to a metal and nitrogen co-doping and creation of metal-nitrogen
(M — N) moieties which are considered as an active centre for ORR
[11-19]. Iron phthalocyanine (FePc) is one of the most extensively used
precursors for the synthesis of NNMCs [20].

Pyrolysis is one of the most effective and at the same time facile
method for heteroatom doping. It is suggested that during the pyrolysis
at high-temperatures, oxygen-containing groups are removed from the
carbon nanomaterial surface and defects left in the framework act as
active sites for doping [21,22]. For example, carboxylic groups start to
decompose at temperatures of 350-750 °C and quinone as well as
phenolic groups at 500-950 °C [23]. Although many studies have been
carried out in this regard, finding the optimum pyrolysis temperature is
still a challenge and fairly relies on the used precursors [24-27]. Tylus
[28] and Zagal [29] perceived that using pyrolysis the structure of
ligand across the active site improves, and thereby enhancing the
electron-withdrawing properties. This improves the catalytic activity
through shifting M(III)/(II) redox transition to much higher positive
potentials relative to raw materials [30].

Mainly Co- and Fe-based phthalocyanines have been employed as
dopants in order to synthesize M-N-C catalyst materials [31]. However,
Fe-N-C catalyst is vulnerable against hydroxyl radicals which corrodes
the catalyst and iron will be leached out [32]. Leached out iron degrades
membrane and ionomer and is prone to Fenton reaction which further
accelerates the degradation processes in fuel cells [33]. On Co-N-C
catalyst two-electron reactions pathway is dominant and the catalyst is
susceptible to oxidation and corrosion under certain operating condi-
tions which leads to degradation of the catalyst structure and a loss of
catalytic activity over time [34,35]. There are alternative phthalocya-
nines with central atoms other than Co and Fe, such as V, that may
enhance the activity of the ORR catalyst and at the same time is not so
prone to degradation.

Vanadium, which has been extensively investigated in battery
research [36-38] and has proven its superb redox properties in redox
flow batteries (VRFB), has in recent years also gained attention as a
promising electrocatalyst candidate to facilitate ORR in fuel cells and
metal-air batteries [39-42]. Elmouwahidi et al. [39] showed that a
vanadium-based catalyst could have a comparable electrocatalytic ac-
tivity to commercial Pt/C and Pd/C catalysts and that these composites
provide a potential pathway for improving the activity of NNMCs.
Another reason that makes the usage of vanadium attractive is that it is
one of the most abundant element in earth crust and the second most
abundant transition metal in sea water [43]. However, the synthesis of
vanadium/carbon electrocatalyst contains several steps and is time
consuming [40-42]. In this study we used simple and straightforward
one-step synthesis method to prepare vanadium and carbon composite
electrocatalysts for ORR. This makes the catalyst synthesis process more
cost effective and the material attractive for practical use. The perfor-
mance of vanadium-based catalyst was investigated in terms of elec-
trocatalytic activity in acidic, alkaline and neutral media for
proton-exchange membrane, anion-exchange membrane, and microbi-
al fuel cell application.

2. Experimental
2.1. Materials and catalyst preparation

Vanadyl phthalocyanine (VPc) (Sigma-Aldrich) and MWCNTs
(Nanocyl Co. Belgium) were mixed in different ratios (1:3, 1:1, 3:1) to
synthesize vanadium and nitrogen co-doped carbon catalyst. The mix-
tures of VPc and MWCNTs were suspended in 5 ml of ethanol, followed
by magnetic stirring and sonication for 2 h. Catalyst suspension was
dried and pyrolyzed in a flowing argon atmosphere (99.999%) for 2 h at
600 °C, 800 °C, and 1000 °C. For comparison with VPc/MWCNT,
dihydrogen phthalocyanine (HzPc) (Sigma-Aldrich) was combined with
MWCNT and pyrolyzed at 800 °C. Commercial Pt/C (20% Pt on carbon
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black, from Alfa-Aesar, Germany) was utilized as a reference catalyst. To
prepare a 0.1 M phosphor buffer solution (PBS), we utilized NaCl
(Lachner, Czech Republic), NapHPOy4, KCl, and KH,PO4 (Sigma-Aldrich,
UK) (PBS). MilliQ-water (Millipore, Inc, 18.2 M cm) was used for all the
solutions. KOH and H2SO4 (Sigma-Aldrich) were used for alkaline and
acidic electrolyte preparation.

2.2. Electrode preparation and electrochemical characterization of
catalysts

For the rotating disk electrode (RDE) experiments, a glassy carbon
(GC) disk with a geometric surfacee area (A) of 0.2 cm? was utilized as
the substrate material. GC electrodes were carefully polished with 1.0
and 0.3 m aluminum oxide powder (Buehler) to a mirror-like finish. The
GC disk electrodes were sonicated in isopropanol and Milli-Q water for
5 min. To create a homogeneous catalyst layer on the GC surface, the
electrodes were treated with VPc/MWCNT electrocatalysts using
aqueous suspension (4 mg ml™) containing ionomer. For acid and
neutral media, 0.25% Nafion perfluorinated resin solution (Aldrich,
USA) was used, while for alkaline media, 0.15% FAA-3 OH™ ionomer
(FumaTech Germany) was used. The catalyst suspensions were soni-
cated for 1 h in an ultrasonication bath (at < 30 °C) and then mixed for 2
min in a vortex mixer. The well-dispersed ink was then placed in a 5 pl
aliquot onto the polished, clean GC electrode, fully covering the GC. This
was repeated four times until the electrocatalyst loading of 0.4 mg cm ™2
was achieved. The RDE setup of a conventional five-neck three-electrode
test cell, OrigaTrod rotator with speed control device (OrigaLys, France)
and a potentiostat/galvanostat (Gamry Instruments1010E, USA) were
used for electrochemical measurements. The electrode rotation rate (o)
was varied between 400 and 4400 rpm, scan rate was 10 mV s ! and step
size 10 mV. A graphite rod was employed as the counter electrode,
whereas a saturated calomel electrode (SCE) Hg/HgCl, 3 M KCl (SI-
Analytics B 3410+, Germany) served as the reference electrode. All
potentials in this article are given in terms of the reversible hydrogen
electrode (RHE) and iR compensation value was applied. 0.5 M HySO4
(pH 0.3), 0.1 M PBS (pH 7.5) and 0.1 M KOH (pH 13) were used as
electrolytes in the electrochemical experiments. The electrolyte solution
was saturated with oxygen (99.999%, AGA) for current density and ni-
trogen (99.999%, AGA) for background measurements. During the
electrochemical testing, a steady flow of these gases was maintained
over the solution. Pt/C 20% and HoPc/MWCNT catalysts were employed
for the comparative purposes.

2.3. Physical characterization

The morphology of the VPc/MWCNT catalyst was examined by
scanning electron microscopy (SEM) (Helios 5UX from ThermoFisher)
and transmission electron microscopy (TEM) (JEOL 2200 FS, Japan)
using a resolution of 2.4 A in TEM mode and 200 kV acceleration
voltage. X-ray Diffraction (XRD) measurements were performed using a
PANalytical apparatus, operating with Cu Ko radiation (4 = 0.154 nm)
with 45 kV beam voltage and 40 mA beam current. Patterns were ob-
tained in the range from 10° to 90° with 0.02° increments and the
exposure time of 100 s. NovaTouch 4LX Analyzer (Quantachrome) was
used to record the Ny adsorption/desorption isotherms of the catalyst
samples at nitrogen’s boiling temperature (77 K). Before the measure-
ments, the samples were degassed for 20 h under vacuum at 200 °C and
then backfilled with N». Up to a nitrogen relative pressure of P/Py = 0.2,
the specific surface area (Spgr) was determined using either the
Brunauer-Emmett-Teller (BET) theory or the density functional theory
(DFT). Near saturation pressure of Ny (P/Py = 0.98), the total volume of
pores (Vi) was measured. Using the t-plot technique and deBoer sta-
tistical thickness, the microporosity was determined. dp = 2Vio/Spgr
was used to calculate the average diameter of pores (d;) for a slit-type
pore shape. X-ray photoelectron spectroscopy (XPS) (Axis Ultra DLD,
Kratos Analytical) was used to analyze the surface chemistry of the
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pyrolyzed VPc/MWCNT samples. Monochromatic Al Ka 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 spectra of the as prepared catalyst
material was collected with Raman spectrometer (Renishaw inVia)
using a green laser beam (max 20 mW), x100 objective, 514 nm exci-
tation wavelength, 100% laser power, 1 accumulation (extended), 150 -
4000 cm ™! and exposure time of 30 s. The Ip/I ratios were extracted by
fitting the spectra with two Lorentzian.

3. Results and discussion
3.1. Physical characterization of VPc/CNT catalysts

The morphology and structure of the VPc/MWCNT (1:3) 800 °C
catalyst was investigated with SEM and TEM (Fig. 1). From the SEM
image (Fig. 1a) it can be observed that the catalyst material is evenly
distributed all over the electrode surface and no larger agglomeration
can be seen. In addition, SEM results evidence that the structure of
carbon nanotube is remained in a good condition after the pyrolysis. HR-
TEM analysis (Fig. 1b and c¢) demonstrates vanadium placement in a
carbon nanotubes structure. Bright areas in a dark-field HR-TEM image
(Fig. 1c) belong to a metallic element, in this case vanadium as no other
metals were detected with XPS and XRD measurements which will be
covered in the following sections of this manuscript.

Raman spectra of VPc/MWCNT is represented in Fig. 2. For the
carbon-based materials, the most important peaks of Raman spectrum
are observed around 1350 cm™! (D-band) and 1560-1600 cm ™! (G-
band). The D-band is a disorder induced characteristic that results from
double resonance. The tangential vibrations of carbon atoms in graphite
correspond to the G-band. The 2D-peak observed at 2680 cm™* corre-
sponds to graphene-alike carbon structure, which intensity is related to
the average numbers of carbon layers in MWCNTs [44]. Many scientists
have associated the effect of surface defects with the catalytic perfor-
mance of carbon materials. Liu et al. and Tao et al. used the physical
characterization and density functional theory (DFT) and indicated that
the density of electron cloud for carbon atoms on the edge of defect is
greater than that of the sp>-hybridized carbon atoms [45,46]. The ratio
of Ip/I; is obtained to be 1.14 for the VPc/MWCNT (1:3) pyrolyzed at
800 °C, indicating that the quantity of disordered carbon is the highest
in comparison to the other catalysts. There are four extra peaks in
VPc/MWCNT @ 600 °C at 1105 cmfl, 1210 cmfl, 1430 cm ™! and 1455
cm ™! that are related to the H-C bend and isoindole stretch [47] that is
related to VPc. It shows that VPc structure has not been completely
destroyed and there is still some non-decomposed VPc left after
pyrolysis.

XRD analysis is conducted to investigate the phase composition
together with the crystallography of the catalyst sample Fig. 3. The
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peaks at 26.5° and 44.5° are related to graphitic carbon (ICDD 96-901-
1578). V203 and V205 vanadium species were detected with XRD. The
reference pattern of V503 shows the characteristic peaks at 24.7°, 26.2°,
35.8°, 36.1°, 41.0°, 42.3°, 54.0° and 62.7° (JCPDS 41-1426) and (ICDD
98-000-6286) [48-51]. The highest intensity peak of V.03 at 26.2°
overlaps with a broad graphite carbon. The peak at 42.3° overlaps with
graphitic C, C-N and metallic V peaks. Peak at 36.0° corresponds to two
V203 reference peaks at 35.8° and 36.1°. Characteristic diffraction peaks
for V,0s are at 20.4°, 26.3°, 32.5°, 34.4°, 41.5°, 42.3° and 51.5° (ICDD
98-009-4904). Similarly with V503, the highest intensity peaks of V205
at 26.3° overlaps with graphitic carbon peak. The presence of V503 and
V1205 species were also confirmed with XPS which will be covered in the
next section. In addition, with XRD and XPS, the only elements that were
detected are G, N, V, O and since C and N do not have any characteristic
peaks around 36° and 54° then it is another evidence that these peaks
belong to 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 and two peaks (at 42.6° and 78.0°) for catalyst with 25% of VPc.
Three characteristic peaks of C3Ny4 are located at 27.4°, 44.0° and 46.2°
(PDF 98-24-8326) and (JCPDS 87-1526) but are difficult to identify due
to an overlay of strong graphitic peaks. Based on XRD results it is rather
ambitious to confirm or refute the presence of V and N. In order to
validate the presence of vanadium and nitrogen after the doping we
performed XPS measurements which will be covered in the following
section.

The chemical composition of catalyst surface was evaluated through
XPS. In Fig. 4 the XPS analysis of VPc/MWCNT (1:3) sample prepared at
800 °C is shown. Four peaks attributed to the Cls, Ols, N1s and V2p can
be observed in the survey spectrum, revealing that nitrogen and vana-
dium doping occurred during the pyrolysis of VPc with MWCNT. Ac-
cording to the N1s XPS spectrum Fig. 4, four different kinds of nitrogen
species are clearly observed over the surface of carbon nanomaterial.
The observed peaks are deconvoluted to pyrrolic-N (400.0 eV), N-oxide
(401.9 eV), pyridinic-N (398.6 eV), and graphitic-N (401.1 eV). The
distribution of elemental components along with the relative amount of
various nitrogen species is listed in Table 1. It is known that pyridinic-N
and graphitic-N act as active centers for ORR in MNy4 doped carbon
materials [52].

Graphitic-N atoms are linked to three adjacent C atoms in the hex-
agonal ring of graphene basal plane. Pyridinic-N found in six member
carbon ring and pyrrolic-N in five member carbon ring, correspondingly
transfer one and two p electrons to the aromatic n-system [44,52]. When
the pyrolysis temperature is moderate (800 °C), the N functional groups
involving pyridinic-N oxides, pyridones, and protonated pyridinic-N can
be converted to pyridinic-N [53]. At higher temperatures, the
graphitic-N and pyridinic-N are created at interior graphene layers and
edges of graphene layer, respectively. The thermal stability of nitrogen
functional groups is in the following order [53]:

-C(graphitic-N) >-C(pyridinic-N) > —C(pyrrolic-N) > —C(oxidized N).

Fig. 1. SEM (a) and HR-TEM (b, c) images of VPc/MWCNT (1:3) catalyst materials heat treated at 800 °C.
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Fig. 3. XRD spectra of VPc/MWCNT @ 800 °C for different VPc to MWCNT
ratios with corresponding reference patterns.

Since the binding energies between different oxygen groups are very
close to each other, it is rather challenging to determine the exact type of
oxygen groups remained on the surface. Based on the literature, the Ols
peaks at 530.3 and 531.7 eV and correspond to V-O and C=0 respec-
tively [54-56]. The peaks at 533.3 (O1s) and 286.0 eV (C1s) are related
to different C-O functional groups over the surface of MWCNT,
involving quinine and carboxyl groups that are observed on the carbon
nanotube’ surfaces in several earlier studies [57-59]. The V2p peaks at
517.2 and 524.4 eV corresponds to V°* component in V-0 bond [60,
61]. There are no visible peaks for the presence of V-C and V-N bonding
and therefore we can conclude that V exists only in oxidized form.
Transition metal oxides can be bonded to carbon network via oxygen
ligands as suggested by Liang et al. [62].

BET surface area measurement, micropore volumes, pore volumes
and average pore sizes for samples synthesized at different tempera-
tures, are listed in Table 2. BET analysis revealed that VPc/MWCNT

catalyst heat treated at 1000 °C has the lowest average pore size,
greatest surface area, and highest pore volume, whereas for the VPc/
MWCNT 600 °C, the lowest pore volume and surface area is obtained.
The pyrolysis of samples at various temperatures results in different
catalyst structure and consequently various structures of pores [63-65].
Based on these results, the BET surface area of sample is decreasing in
the following order: VPc/MWCNT 1000 °C > 800 °C > 600 °C.

This can be explained by the vanadium content at different tem-
peratures (Table S1). The sample pyrolyzed at 600 °C has the highest at
% of vanadium and the sample heat treated at 1000 °C has the lowest
vanadium content. It has been shown that transition metals promote
graphitization [66,67] which in turn decreases the surface area by
decreasing the number of defects, therefore the material with highest V
content (VP¢/MWCNT (1:3) 600 °C) hast the lowest surface area and the
sample with lowest V content (VPc/MWCNT (1:3) 1000 °C) has the
highest surface area.

3.2. Rotating disc electrode studies of oxygen reduction reaction

Electrochemical reduction of oxygen on VPc/MWCNT was studied
with the RDE technique. Firstly, the effect of different VPc/MWCNTs
ratios were studied. The linear sweep voltammetry (LSV) results
measured in Op-saturated 0.5 M HySO4, 0.1 M PBS, and 0.1 M KOH
solution at the rotating rate of 1600 rpm are presented in Figs. S2a-c. A
strong reduction current can be seen for all synthesized electrocatalysts,
which is most likely due do the creation of electrocatalytic active sites by
nitrogen and vanadium co-doping. The material with the lowest VPc to
MWCNT ratio (1:3) has the most positive onset potential in alkaline and
acid media. In the neutral electrolyte, the onset is similar for the VPc/
MWCNT (1:3) and (1:1).

The impact of pyrolysis temperature over the electrocatalytic activity
of nitrogen and vanadium co-doped catalyst was also investigated. Re-
sults are presented in Figs. S2d-f, in all three media the highest activity
is obtained at the pyrolysis temperature of 800 °C. The non-pyrolyzed
catalyst showed the lowest activity in all three pH levels, proving that
heat treatment of VPc is necessary. It was showed by Gupta et al. [68]
that MN4 can exert only a negligible impact over the ORR activity in
acidic medium without annealing, which is confirmed by the results
represented in Figs. S2d-f. According to Table 3, the most positive Egpset
and Ej /; along with the largest limiting current density is related to the
pyrolysis temperature of 800 °C.

In earlier studies it has been revealed that higher doping temperature
can increase the electrocatalytic active species over the surface, and thus
the catalyst prepared at 800 °C gives a higher activity than 600 °C [69,
70]. This is because the macrocyclic compound cannot be decomposed
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Fig. 4. 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 1 Table 3

Elemental composition of VPc/MWCNT (atomic concentration percent) cata-
lysts determined by XPS.

ORR results obtained for catalysts of VPc/MWCNT (1:3) in various pyrolysis
temperatures and various electrolytes.

Catalyst Cls at.% N1s at.% O1ls at.% V2p at.%
VPc/MWCNT (1:3) 800 °C 95.89 1.65 1.43 1.03
VPc/MWCNT (1:1) 800 °C 93.45 1.89 3.01 1.65
VPc/MWCNT (3:1) 800 °C 92.57 1.83 2.65 2.95
Relative concentration (%) Pyridinic Pyrrolic Graphitic N-Oxide
of N moieties in the at.% at.% at.% at.%
catalysts

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

Electrolyte Pyrolysis Eonset Ey)n Jja (mA n
Temperature w) w) em™?)
Alkaline KOH 600 °C 0.89 0.72 —4.8 3.6
0.1 M 800 °C 0.93 0.80 -5.0 3.9
1000 °C 0.91 0.76 —5.2 3.7
Neutral PBS 0.1 600 °C 0.61 0.45 —4.1 2.7
M 800 °C 0.76 0.50 -5.2 2.9
1000 °C 0.71 0.46 -4.9 2.8
Acid H,804 0.5 600 °C 0.56 0.35 -3.8 2.9
M 800 °C 0.70 0.52 —4.9 3.0
1000 °C 0.64 0.46 -39 3.0

Table 2
Volume and surface properties of catalysts in various pyrolysis temperature.
Catalyst Multipoint DFT DFT DFT Average
pyrolysis BET (m?/ method method method pore size
temperature g) cumulative cumulative pore (nm)
surface area  pore radius
(m?/g) volume (nm)
(cc/g)
600 °C 136.81 112.87 0.2074 2.042 6.918
800 °C 153.76 143.01 0.2331 2.038 5.812
1000 °C 180.40 194.45 0.2812 2.038 5.344

completely at low temperatures (e.g., 600 °C), and thus the active sites
are not formed over the catalyst surface [71]. It should be noted that the
pyrolysis conditions should not exceed a certain temperature as it can
lead to elimination of active sites, and thereby lowering the onset po-
tential and current densities. Zhi et al. showed that pyrolysis of cobalt
phthalocyanine at 1000 °C decreased the N/C ratio almost double
compared with pyrolysis at 800 °C [72].

The ORR polarization curves are depicted Fig. 5a—c for alkaline,
neutral and acidic media at different electrode rotation rates (®) using

the catalyst material with highest activity, i.e., VPc/MWCNT (1:3) @
800 °C. For the alkaline, neutral and acidic media, the onset potential is
respectively 0.93 V, 0.80 V and 0.76 V vs RHE. In the neutral and acidic
media, at lower rotation rate and more negative potentials, a 2nd
reduction wave is observable, which indicates that subsequently O is
reduced to HyOy intermediate through the 2e” pathway followed by
decomposition or further reduction to HyO by another subsequent 2e~
pathway, which is expected to happen for heteroatom and metal co-
doped carbon materials in a neutral medium according to previous
similar studies [73,74]. In addition, it has been noted that the two-step
reduction is inherent to carbon-based materials [75].

The Koutecky-Levich (K-L) equation is applied to measure the
number of electrons (n) which is transferred per oxygen molecule [73]:

1 1 1

. T - ) /
o nFkep,  0.62nFDy u-1/ock, w!/?

In which, j, jq and jx denote for the measured current density, diffusion-
limited current density and kinetic current density, correspondingly. A,
K, and o are the geometric electrode area, electrochemical rate constant
for O reduction, and rotation rate respectively, F is Faraday constant

(96,485C mol 1), Do, is oxygen diffusion coefficient (1.9 x 10 % cm?s!
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Fig. 5. RDE polarization curves for the ORR on VPc/MWCNT (1:3) @ 800 °C catalyst in O-saturated 0.1 M KOH (a), 0.1 M PBS (c) and 0.5 M H5SO4 (e), v = 10 mV
s, ® = 400-4400 rpm; Koutecky-Levich plots for ORR on VPc/MWCNT (1:3) modified GC electrodes in O, molecule in 0.1 M KOH (b), 0.1 M PBS (d) and 0.5 M

H,S04 (). Inset shows the potential dependence of n.

for alkaline and neutral media and 1.8 x 10> cm?s ™! for acid medium),
Cf)z is the oxygen concentration in the bulk (1.132 x 107® mol cm 3 for
alkaline and neutral media and 1.2 x 10~® mol cm ™2 in acidic media)
and v is the kinematic viscosity of the solution (0.01 em? s [73,76].
Fig. 5d-f shows the K-L plots derived from the RDE analysis on ORR for
the samples of VPc/MWCNT (1:3) @ 800 °C in alkaline, neutral and
acidic media. For the alkaline medium, it is observed that the extrapo-
lated K-L lines intercept near zero, indicating that the ORR mechanism is
fairly controlled by the diffusion [73]. However, for the neutral and
acidic media, the non-zero intercepts reveal that the ORR is dominantly
controlled by the mixed kinetic diffusion. It is observed that in alkaline
environment, the achieved n value is around four within the whole
potential range studied. This demonstrates the great potential of

VPc/MWCNTSs as cathode catalysts, specifically for the anion-exchange
membrane fuel cells. In acidic and neutral environments, however, the
n value is obtained to be about 3, which is an indicator of simultaneous
4e” and 2e” + 2e” transfer pathways [75,77].

Multiple ORR pathways can happen on the surface of V/N/C catalyst
because of simultaneous existence of different active sites with various
structures. Ge et al. [78] stated that doping of nitrogen to carbon
structure generates more positive charge on neighboring carbons to
counteract the strong electronic affinity of the nitrogen atom. At the
Fermi level, the conjugation effect of nitrogen lone-pair electrons in-
creases bulk electrical conductivity and density of states [74]. The
charge delocalization is thought to modify the adsorption behavior of
carbon material towards Oy molecules, effectively weakening the O-O
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bond and facilitating oxygen electroreduction [79,80]. Lower separation
energy of the O-O bond can be explained by electron transfer from ni-
trogen to the conjugated orbital of carbon, which increases the chance of
electron donation to the oxygen orbital [81]. The nature and quantity of
nitrogen on the catalyst, and thus the forming of catalytically active
centers, has been found to be influenced by the metal center chosen [82,
83]. XPS results in this work revealed that the vanadium is in oxidation
state of +5. V205 possesses spaces between its connections which pro-
motes oxygen adsorption on its surface [84,85]. The conduction elec-
trons of the V05 are adsorbed by the exposed Oz molecule leading to
enhanced ORR [86,87]. Based on the RDE analysis, it can be concluded
that the enhancement of catalytic activity with respect to limiting cur-
rent values and onset potential is mainly owing to the presence of ORR
active vanadium oxide and nitrogen surface groups.

To the best of our knowledge, there is no published work about V-N
co-doped carbon materials for ORR. Our hypothesis about possible ORR
mechanism on this catalyst material is based on other transition metal
and nitrogen co-doped carbon materials, as well as vanadium oxide
modified catalyst materials.

Fig. 6a-c represents the comparative LSV curves of five different
types of catalyst. Commercial Pt/C, pure MWCNTSs, N-doped MWCNT
(HoPc/MWCNT) and N/V co-doped MWCNT (VPc/MWCNT) with and
without pyrolysis are compared. The novel catalyst (VPc/MWCNT 1:3)
gives 0.04, 0.07, and 0.20 V more negative onset potential (Egpset) in
alkaline, neutral and acidic environments, in comparison to commercial
Pt/C catalyst. Since the difference in Egpser between Pt/C and N/V co-
doped catalyst is lower in alkaline media, compared to other two me-
diums, it can be concluded that V-doped catalyst performs better in
alkaline medium. This result was also confirmed by comparison of n
values. Compared with VPc/MWCNT (1:3), Eopset of HoPc/MWCNT is
20, 50 and 20 mV more negative in alkaline, neutral and acidic media
respectively. Also, Ey /2 is 60, 40 and 30 mV more negative when using
HyPc/MWCNT in alkaline, neutral and acidic media respectively, which
addresses the role of V atoms in performance improvement of the
catalyst. It should be noted that since the material doped with vanadium
and nitrogen is more active than the catalyst doped with only nitrogen, it
proves that vanadium oxide is not only mixed within carbon nanotubes
but is also bonded to carbon material and thereby enhancing the elec-
trocatalytic activity. Table S2.1, S2.2 and S2.3 show a comparison of the
RDE results obtained for VPc/MWCNT catalysts in various ratios of VPc
to carbon that was pyrolyzed at 800 °C and HPc/MWCNT and Pt/C in
different media.

In order to measure the stability of prepared catalysts, the best
sample of VPc/MWCNT was cycled 1000 times in alkaline, neutral and
acid media. The LSV curves (Fig. 7) prove that the V/N/MWCNT catalyst
gives superior stability with a little deviation in E;,, for the acidic
environment, and minor decrease in both E;/y and limiting current
density values for the alkaline environment. The fact that ORR polari-
zation curves show very small losses in current density values, with no
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shift in the onset potential, demonstrates that these materials have su-
perior stability in both neutral and acidic environments.

Since the durability of the catalyst material is one of the major
concerns in fuel cell technology, long-term chronoamperometric tests
were performed with the VPc/MWCNT composite materials. The test
was performed at a constant potential of 0.4 V vs SCE in 0.1 M KOH
solution saturated with oxygen. As shown in Fig. 8, a high relative
current of 87% for VPc/MWCNT is preserved after 20 h test. Chro-
noamperometry was repeated for 0.1 M PBS and 0.5 M H,SO4 solutions.
Relative current in these media is decreased to 92% from the initial
current value, whereas the relative current of Pt/C catalyst decreases to
77% at a constant potential of 0.4 V vs RHE in the 0.5 M H2SO4 solutions
and reach to 82% in the alkaline medium and 79% in the neutral me-
dium. These results strongly suggest that the VPc/MWCNT catalyst has
much better electrochemical stability than the Pt/C catalyst.

4. Conclusion

For the first time, nitrogen and vanadium co-doped carbon nano-
materials were prepared using a facile and cost effective one-step syn-
thesis method. Vanadyl phthalocyanine (VPc) was used as a vanadium
and nitrogen precursor and MWCNTs as a carbon support. The electro-
catalytic activity of the prepared catalysts was studied in alkaline, basic
and acidic media using the RDE setup. The catalyst, which was syn-
thesized using VPc to MWCNT ratio of 1:3 had the most positive Egpget in
alkaline and acidic media and highest diffusion-limited current values in
neutral and acidic electrolytes. This catalyst was heat treated using three
different temperatures from 600 to 1000 °C and the best ORR perfor-
mance was obtained with the material synthesized at 800 °C. Compared
to only N-doped MWCNT (HyPc/MWCNT), V-N co-doped catalyst had
higher diffusion-limited current values in all three electrolyte solutions,
more positive Eqpget in basic and alkaline media and the same Egpger in
alkaline media. These results indicate clearly that vanadium doping
increases the performance of ORR catalyst. Compared with the com-
mercial Pt/C 20%, the Eqpget of the VPc/MWCNT (1:3) @ 800 °C was 20,
50 and 20 mV more negative in alkaline, basic and acidic media
accordingly, however, V-N co-doped catalyst material showed superior
stability. In acidic electrolyte, after 20 h, relative current decreased to
92% from the initial current value, whereas the commercial Pt/C 20%
performed with 77% of the initial current value. By taking into account
the electrocatalytic activity, stability and economical synthesis method
used in this work, it can be concluded that V-N co-doped materials have
a great potential for being used as a cathode catalyst in the LTFCs.
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Functionalization of nanocarbon materials with heteroatoms is
of paramount interest as doping of carbon with electron
withdrawing groups results in change of electrochemical
properties of the potential catalyst. Adding fluorine, as the most
electronegative element into the doping process next to boron
is expected to have significant effect on the design of novel
nanocarbon-based electrocatalysts. In this paper boron and
fluorine co-doped reduced graphene oxide/few-walled carbon
nanotube (BF-rGO/FWCNT) catalysts are synthesized via simple
and low-cost direct pyrolysis method using boron trifluoride
diethyl etherate (BTDE). Composition analysis confirmed that

Introduction

The advancement of catalysts with high performance, stability,
and efficiency for oxygen reduction reaction (ORR), hydrogen
evolution reaction (HER), and oxygen evolution reaction (OER) is
the fundamental basis for renewable energy technologies, such
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[a]

boron and fluorine have been grafted onto the carbon support.
Rotating disk electrode (RDE) measurements revealed that BF-
rGO/FWCNT has remarkable electrocatalytic activity toward the
oxygen reduction reaction (ORR) both in alkaline and acid
media. The onset potential of the best BF-rGO/FWCNT catalyst
was 50 mV more positive in alkaline and 600 mV more positive
in acidic media compared with un-doped rGO/FWCNT. The half-
wave potential was 100 mV more positive in alkaline media and
700 mV more positive in acidic media in comparison with un-
doped rGO/FWCNT.

as fuel cells and water electrolysis. In fuel cells the ORR plays an
extremely important role in the development and commercial-
ization of fuel cell technologies as well as next generation
metal-air batteries."* Although fuel cells and metal-air batteries
have been investigated intensively there are still obstacles that
need to be overcome in order to envisage commercialization of
these technologies.” The main drawback is related to the
electrochemical reduction of oxygen attributed to the slow
kinetics of breaking the strong O=0 bond. An active electro-
catalyst is needed in order to speed up the ORR process by
lowering the activation energy of the reaction.” Up to now
mainly Pt-based catalysts have been preferred but considering
many disadvantages of platinum i.e. high cost, poor durability
and sensitivity towards fuel impurities, much effort has now
been devoted to the exploration of materials which have a
similar electrocatalytic activity to that of platinum along with
the potential to overcome the above-mentioned drawbacks.®®
Non-precious metal catalysts containing transition metal atoms
have attracted interest as promising ORR electrocatalysts, in
particular for anion exchange membrane fuel cells.*'? Metal
macrocyclic complexes like phthalocyanines, porphyrins and
chalcogenides containing Co and Fe atoms have been consid-
ered as one of the best non-noble metal ORR catalysts.*""!
Among the other non-platinum catalysts heteroatom doping of
nanocarbons has been found to be an easy and effective way
to improve the ORR and OER kinetics.”>* 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.*>* Mostly N, P, S and B doping have
been investigated owing to their reasonable atomic size in
order to enter the carbon network.”*=*? Fluorine-doped carbon

© 2024 Wiley-VCH GmbH
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materials have lately attracted much attention mostly because
of the high electronegativity of this element.®*~*® High electro-
negativity is also one of the main reasons why fluorine has
been widely used as co-dopant along with N, B and S.7-*"
Previous works have shown that introducing other atoms with
different electronegativities than the host atomic network
breaks the electroneutrality of the material and creates
favorable adsorption sites for 0,.2%* The latter, which is
slightly negatively charged while approaching the carbon
network, favors adsorption on the positively charged sites of
carbon connected to electronegative heteroatoms.*** The
most examined heteroatom-doped materials are nitrogen-
doped nanocarbons like mesoporous carbons, single- and
multi-walled carbon nanotubes and graphene.?*~*" While the
doping of carbon materials with nitrogen has been well
explored, materials doped with boron and fluorine on the other
hand are still rather poorly studied.

There are three main methods to introduce boron atoms
into the carbon network: (1) chemical vapor deposition using
carbon and boron sources and a catalyst, (2) thermal annealing
of carbon material in the presence of a boron precursor and (3)
a two-step thermal treatment method.®*** Another alternative
method is single-step pyrolysis, which is a facile approach for
doping boron into the carbon network.*** Similarly to boron
atoms, fluorine can be introduced into the carbon structure.
Among the aforementioned methods, plasma treatment and
direct chemical synthesis have also been used for fluorine
doping.[”‘”'m

It is suggested that during the pyrolysis at high-temper-
atures, oxygen-containing groups are removed from the carbon
nanomaterial surface and defects left in the framework act as
active sites for boron or fluorine doping.®****® For example
carboxylic groups start to decompose at temperatures of 350-
750°C and quinone as well as phenolic groups at 500-
950°C.** Schniepp et al. examined the C/O ratio after heat-
treatment of graphene oxide (GO) and found that at temper-
atures below 500°C the C/O ratio was 7 and at temperatures
above 750°C the C/O ratio was higher than 13.©"

Lazar et al. showed that depending on the chemical nature
of doping, boron can be added substitutionally or additionally
into the carbon network.®? After substitutional doping boron
will be bonded to carbon the sp? network by replacement of
carbon atoms within the network.®? On additional boron
doping, sp? carbon atoms will be introduced into the sp” carbon
network while BH, spices are added on the surface and at the
edges of the carbon material.®” Most common bonding
configurations of boron incorporated into carbon network are
BCO,, BC,0, BC; and B,C.***! According to earlier study by Jo
and Shanmugam, the amount of B—C bonding plays a key role
in the ORR process. They demonstrated that the catalysts which
contained higher amounts of B,C, B,C and BC; species were
more active towards the ORR.”? This indicates that higher B/C
ratio could be favorable to enhance the ORR kinetics, which
was also reinforced by Cheng and co-workers.®"

Fundamental studies have shown that positively charged
boron induces chemisorption of O,. In fact, the electrons that
are transferred to O, weaken the O—-O bond leading to ORR.
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These electrons come from adjacent carbon atoms with boron
acting as a bridge.* Fazio et al. demonstrated that associative
ORR is preferred to dissociative ORR on B-doped carbon
materials.*” Meaning that after the adsorption of O, end-on
dioxygen species are formed, which will be directly reduced to
hydroperoxo species without going through an energetically
expensive side-on intermediates as it is in the dissociative
mechanism.?”

Compared to the B-doping of carbon materials, F-doping is
rather poorly studied. This implies that the mechanism of the
ORR on doped material and the exact role of fluorine in such
materials is not yet clear. Up to now fluorine has been mainly
associated with the increase of electrical conductivity of the
catalyst material.”” As F is a highly electronegative element and
has excessive valence electrons in contrast with nitrogen and
boron, doping fluorine into carbon materials should consis-
tently lead to a semiconducting behavior on F-doping in low
amounts and to formation of conductor behavior at high
content.®® |t has also been reported that fluorine could
effectively remove and replace oxygen functional groups of GO
along with simultaneous F-doping on the basal plane and
edges of graphene.*®°’" Therefore F-doping can be also
considered as simultaneous method for GO reduction.*”*”?

Boron and fluorine dual-doped carbon nanomaterials pre-
pared by single-step solution plasma process has been studied
by Chokradjaroen, et al.*" They found that the BF dual doped
catalyst had the highest ORR activity compared with non-doped
and only boron-doped carbon materials. However, the dual-
doped catalyst material also drove ORR via two-electron path-
way.

In this work, a simple and low-cost method was developed
to produce boron and fluorine co-doped carbon nanomaterials.
Graphene oxide was mixed with acid-treated few-walled carbon
nanotubes (FWCNT) and boron trifluoride diethyl etherate was
used as a boron and fluorine source. The GO/FWCNT composite
and boron trifluoride diethyl etherate were mixed in four
different ratios and the mixtures were pyrolyzed at different
temperatures. The electrocatalytic activity towards the ORR was
studied both in alkaline and acid media using the rotating disk
electrode method. Electrochemical characterizations indicate
that the synthesized boron- and fluorine co-doped nanocarbon
catalyst possesses excellent electrocatalytic activity for ORR as
compared to un-doped carbon nanomaterial. The surface
morphology, composition and chemical nature of the co-doped
catalysts were investigated with different physical methods and
the results of surface characterization were correlated with the
electrochemical results.

Results and Discussion

Surface Characterization

Scanning electron microscopy was used to examine the GC
electrode surface modified with boron and fluorine co-doped

carbon nanomaterial. Figure 1 presents a SEM image of a BF-
doped reduced graphene oxide/few-walled carbon nanotube
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Figure 1. SEM image of boron and fluorine co-doped rGO/FWCNT composite
material.

(rGO/FWCNT) catalyst material. In the figure BF-doped rGO/
FWCNT material is evenly distributed all over the electrode
surface.

TEM investigations of the B and F co-doped catalyst
provided morphological information on the material. The co-
doped reduced graphene oxide in Figure 2a appears to be in
the form of nano-platelets ranging from 50-200 nm in diame-
ter. These nano-platelets are homogeneously distributed over
the FWCNT. The TEM image of the catalyst in Figure 2b gives an
overview of the catalyst material and further demonstrates that
not all the nanotubes interact with the graphene platelets and
are graphene free. In the same image we start observing larger
platelets of graphene along with few-layered graphene. One

Figure 2. 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.
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such larger platelet is observed in Figure 2c. This platelet is
made up of a few layers of graphene and has many nanotubes
in its vicinity, which act as spacers and tend to suppress
possible graphitization of the layers.” In Figure 2d a high
magnification image of the FWCNT used in the study is shown.
Here we observe that the FWCNTs have between 5-10 walls
that are well defined and devoid of any amorphous carbon.
Smaller spherical graphene platelets are visible with sizes as
small as 10 nm. These graphene platelets are known to harbor
large quantities of surface defects which could be a result of
doping.

The degree of graphitization and defect sites in the catalyst
material were investigated with Raman spectroscopy. Figure 3
illustrates that before B and F co-doping the composite material
exhibits an intense D and G peak at 1310 cm™' and 1584 cm™',
respectively. After the boron and fluorine-doping D and G peak
appear at 1303 cm ' and 1586 cm ', respectively. It is known
that G band is caused because of scattering of E,; phonons by
sp? hybridized carbon atoms and D band arises because of
resonance Raman spectra caused by distortions in sp? carbon
system. An intense D band indicates that many defects have
been created into the carbon network during the acid treat-
ment and doping.

By calculating the D/G ratio it is possible to obtain
information about the extent of defects in studied material. The
ratio between D and G band intensities (lp/lg) is 1.69 for
undoped carbon material and 1.76 for BF-doped carbon
material. Since the higher ratio indicates higher amount of
surface defects it can be said that boron and fluorine doping
leads to an increase of surface imperfections. This is confirmed
by Kakaei and Balavandi who found that Iy/lg ratio is
significantly increasing after incorporation of fluorine into
graphene structure, suggesting that disordered and defective
carbon surface is largely caused by the fluorine doping.”¥
Similar effect is reported for the N and F co-doping of carbon,
which induces defect sites and destroys the graphene carbon
skeleton and thereby increases the degree of distortion.””
Another visible change in the Raman spectra is that the D peak
gradually widens which indicated that the sp* hybridization is

1. rGO/IFWCNT
2. BF-doped rGO/FWCNT

L G §

Intensity/ arb.u.
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Figure 3. Raman spectra of rGO/FWCNT and BF co-doped rGO/FWCNT.
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disrupted after B and F doping. These Raman spectroscopy
results are also in good agreement with previous results
reported by Gong et al..”®

The surface chemical composition of the B and F co-doped
composite material was studied by XPS. The XPS data shows
the presence of boron, carbon, oxygen and fluorine with atomic
percentages of 1.7%, 92%, 6% and 0.6 %, respectively. As seen
from Figure 4a, a distinguishable B1s peak appeared at
192.5eV, Cls peak at 284 eV, Ols peak at 534.5eV and Fis
peak at 685.5 eV. The C1s peak in Figure 4b, was deconvoluted
into five separate peaks, C=C peak at 284 eV, B—C peak at
285 eV, C—C peak at 285.5 eV, C—O at 286.5 eV and O—C=0 at
288.2 eV. The XPS peak for C-F; should appear at around
291.8 eV, but because of the low amount of fluorine in the
sample, which is close to the detection limit of the instrument,
it is rather difficult to separate current peak from the C1s peak.
Gong etal. have found that the fluorine doping level is
extremely sensitive to high temperature treatment. The per-
centage of carbon-incorporated fluorine increases slowly during
the heat-treatment until 700°C and then starts decreasing with
a dramatic drop at 800°C.”® This could occur because of the
decomposition of fluorine-containing species at higher
temperatures.”®””

High resolution B1s XPS spectrum presented in Figure 4c,
showed three distinguishable peaks for different boron species,
B,0;, BCO, and BC,0 at 193, 192.2 and 190.8 eV, respectively.
The proportion of different boron species is 60% of B,0;, 22%
of BCO, and 18% of BC,0. The current Bls XPS peak with
binding energy of 192.5 eV is positively shifted compared with
that of pure boron (187.0 eV).”*’* This indicates that some of
the boron was incorporated into the carbon material by
replacing C atoms in the sp? carbon network. From the
inspection of the high resolution F1s XPS peak (Figure 4d), it
appears that F1s peak can be deconvoluted into three peaks
whereas it is rather hard to identify the exact nature and

(a) cis

Intensity / (a.u.)

Intensity / (a.u.)

Fis

FKLL Ofs
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Figure 4. (a) XPS wide-scan spectrum of BF-doped carbon material. Core-
level XPS spectra in (b) C1s, (c) B1s and (d) F1s regions.
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localization of the different forms of fluorine bonding. We could
expect that BF co-doping can introduce a weaker peak of
covalent C—F bonding at higher binding energy values and a
more intense peak of semi-ionic and ionic C—F bonds which
play the main role in improvement of charge transfer properties
of the catalyst material.?*”7® [t is also clear that fluorine is well
doped into the carbon structure as it has been demonstrated in
the previous scientific works that the F in the ionic and semi-
jonic CF bonds is different from free F ions in the solution.”” Fu
et al. have proposed that the higher ratio of ionic C—F bond can
also contribute to the higher ORR activity of the heteroatom-
doped carbon catalysts.®" Reportedly, the ionic and semi-ionic
fluorine bonds tightly with carbon and makes the catalyst also
less vulnerable to corrosion effects.®” Parthiban etal. found
that excellent ORR activity is primary governed by the formation
on semi-ionic C—F bonds.*”

Figure 5 shows the electron energy loss spectroscopy (EELS)
analysis of the randomly selected two areas of the BF-doped
carbon sample. EELS is a powerful technique to study the
chemical composition and bonding configuration of the catalyst
materials, especially as the electrocatalytic activity of these
dopants strongly depends on their position and atomic
configuration.®? Typical EELS spectra of B-doped carbon has
two distinct absorption features at around 188 and 292 eV,
corresponding to the expected B and C absorption K-edges
respectively.® A K-edge is an excitation of a 1s core electron,
and the excitations to the 2p unoccupied states causes the fine
structure within the edge.®® At the same time the n bonding of
2p electrons or their existence in the sp? hybridization will
express in the feature known as a n* peak, which appears close
to the onset of K-edge peak in the EELS spectrum.®*#" Intensive
n* peak would mean that vast number of B atoms are located
within flat graphene structure.*® The spectra a and b in Figure 5
do not exhibit a strong n* feature and has thereby most
probably also some amorphous B in presence.®” However, the
features of the 1s—z* and 1s—c* transitions, which are
characteristic of the graphite sp? bonding configuration of the
two elements, are still well-defined on the spectra and is
thereby confirming the substitutional incorporation of B into
the carbon matrix.®¥

As the spectra for the boron are so wide, then we can
expect not only K-edge and n* and c* transition related carbon
incorporated B to be in presence, but a wide range of different
types of boron. It is most likely that the BF-doped carbon

(o) Jl 5
Graphitic C

l

Graphitic C

Intensity (arb. units)
Intensity (arb. units)

150 180 210 240 270 300 330
Energy loss (eV)

150 180 210 240 270 300 330
Energy loss (eV)

Figure 5. EELS spectra of BF-rGO/FWCNT obtained from a two randomly
selected sample areas (a) and (b).
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catalyst contains also boron oxide and the slight decrease in
energy of the n* peak compared with the boron oxide reference
suggests that the bonding environment differs from the typical
B,Os. Part of the boron is most probably oxidized on exposure
to air after synthesis.®”

Another phenomenon that can be seen from Figure 5a and
b is that B K-edge peak is shifted to the negative direction and
has much lower intensity peaks at higher energetic values
suggesting that boron is in sp’hybridised electron system,
rather than a physical mixture of different forms of B. All of that
confirms that the boron K-edge and boron overall is coordina-
tion sensitive meaning that there are different local coordina-
tion of the probed boron atoms in both areas.”® Unfortunately,
it was not possible to detect any fluorine with EELS as the
percentage of fluorine in the sample was under the detection
limit. Thereby the energy-dispersive X-ray spectroscopy (EDS)
was used for the fluorine detection. It is clear from the EDS
images in Figure 6 that the fluorine is well doped to the surface
of rGO/FWCNT. From the EDS and EELS results we conclude
that the bright particles are the amorphous carbon particles
with high number of oxygen, fluorine and boron particles
attached to it. Due to high number of defects including
abundant edge defects which are known as anchor sites for
doping, amorphous carbon is more heavily doped compared
with long-range ordered carbon. No impurities were detected
in the samples.

Oxygen Reduction in Alkaline and Acidic Media

Rotating disk electrode method (RDE) was used to study the
electrocatalytic activity of BF-doped rGO/FWCNT material
towards the ORR. GC electrodes modified with BF co-doped
carbon composite catalysts were used as working electrode and
measurements were carried out in O,-saturated 0.1 M KOH and
0.5M H,SO, electrolyte solutions. In the first part, the ORR
activity as a function of mass ratio of carbon composite to BF
source was investigated. Figures 7a and 7b show the RDE
results in alkaline and acid media, respectively, for all four
different mass ratios of BF source to rGO/FWCNT pyrolyzed at
800°C. These ORR polarization curves were compared with
those of unmodified rGO/FWCNT material bare GC and
commercial 40% Pt/C catalyst.

One can see from Figure 7a that 1BFC, 2BFC and 3BFC show
the same onset potential for ORR in alkaline media, which is
approximately 0.87 V vs. RHE and is slightly more positive than
that of 4BFC indicating that at some point increasing the boron

FK —25mm OK

c—25nmm IMGL —25nm CK 25 nmm

Figure 6. (a) Higher magnification STEM of the area used for elemental EDS
mapping. (b—d) EDS elemental distribution of C, F, and O, respectively.
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Figure 7. RDE voltammetry curves for oxygen reduction on GC electrodes
modified with undoped rGO/FWCNT and BF-doped carbon composite

materials in O,-saturated (a) 0.1 M KOH and in (b) 0.5 M H,SO,, v=10mVs ',
@=1900 rpm. Curve GC corresponds to unmodified glassy carbon.

and fluorine doping level will start to decrease the electro-
catalytic activity towards the ORR. Similar behavior is also
observed in Figure 7b for acidic media, however, the effect of
dopant concentration is even more pronounced and the
superiority of the 2BFC catalyst over the others is clearly
evident. Although some of the previous works show that the
ORR electrocatalytic activity of the catalyst material increases
with increasing boron content, it should be mentioned that
there is no literature about the application of boron trifluoride
diethyl etherate (BTDE) as a boron or fluorine source for
heteroatom doping of carbon nanomaterials.*"*? It has been
shown previously that at some point it will be rather difficult to
increase the boron content in the carbon network just by
increasing the amount of the boron source.”" Moreover, defects
and oxygen-containing functional groups on carbon surface
play an important role in the electrocatalytic activity. Another
reason for enhanced ORR kinetics on BF-doped carbon is that
by introducing boron into the material, the oxygen content also
increases as boron atoms enhance oxygen adsorption.”" It has
been proposed that positively charged boron atoms on the
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carbon surface facilitate oxygen chemisorption which then act
as a bridge transferring electrons from the adjacent carbon
atoms to oxygen and thereby weakening the 0O—O bond.*® On
the other hand, the fluorine-doping of rGO and FWCNTs will
lead to the formation of effective doped p-type semiconductor
at low fluorine concentration and behave as a conductor at
higher coverage of fluorine in carbon composite material.”®*”)
The electrical conductivity of catalyst material will be improved
as fluorine is a highly electronegative element and has excess
valence electrons compared to boron or some other
heteroatoms.”®#” Another reason for the improved ORR activity
of BF-doped rGO/FWCNT could be that the incorporation of
fluorine atoms into the carbon structure will cause the
formation of some specific structural defects where the electro-
catalytically active sites could be positioned.”® This supposition
is also in good agreement with Raman spectroscopy results
presented above.

Various studies have revealed that co-doping of graphene
sheets with two or more different heteroatoms is more effective
to modify the chemical surface composition of graphene and
coordinate the interaction between the different atoms.t’*®
Hence, the improved electrocatalytic activity is also expected
when graphene oxide and FWCNTs are doped with hydro-
phobic fluorine and boron, which facilitates the hydrophilic
properties of carbon by chemisorption of oxygen. With co-
doping the electronic hybrid structure of the carbon material
will be manipulated via covalent bonds with the local s-orbital
system of graphitic carbon, along with the generation of new
bond interaction.”®

It can also be seen that in alkaline media the ORR
polarization curves of the heat-treated mixture of rGO and acid-
treated FWCNTs have approximately 100 mV more positive
onset potential compared with unmodified GC. After the boron
and fluorine co-doping the onset potential for ORR is shifted to
the positive direction. The half-wave potential value is shifted
approximately 200 mV more positive compared to bare GC and
also the reduction current values show a noticeable increase.
The electrocatalytic effect is even more visible in acid media,
where the onset potential of the 2BFC electrocatalyst is shifted
positive for 600 mV as compared to the heat-treated rGO/
FWCNTs and close to 700 mV compared to bare GC (see
Figure 7b). On the basis of these RDE results it can be stated
that the incorporation of boron and fluorine atoms into the
carbon matrix of rGO and FWCNTs remarkably changes the
electrocatalytic properties of the catalyst material. Nevertheless,
compared with commercia 40% Pt/C catalyst, the E,.. of 2BFC
is 130 mV less positive in alkaline and 140 mV less positive in
acidic environment. E,, of Pt/C 40% is 160 mV more positive in
both alkaline and acidic media compared with 2BFC.

The influence of pyrolysis temperature on the electro-
catalytic activity of the boron and fluorine co-doped material
was also investigated. While at 800 °C 2BFC showed the highest
ORR activity, the pyrolysis at temperatures 600°C and 1000 °C
were performed with the same ratio of boron and fluorine
source to carbon material. In Figures 8a and 8b one can see
that the catalyst material prepared by pyrolysis at 800 °C shows
the best electrocatalytic activity for O, reduction both in
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Figure 8. RDE voltammetry curves for oxygen reduction on a 2BFC/GC
electrode in O,-saturated (a) 0.1 M KOH and (b) 0.5 M H,SO,. v=10 mVs™",
®= 1900 rpm. 2BFC material was prepared by pyrolysis at temperatures of
600, 800 and 1000 °C.

alkaline and acid media respectively, while having most positive
onset potential and also largest reduction current values. In
previous works, it has been demonstrated that raising the
temperature of the doping process increases the amount of
electrocatalytically active surface species and therefore the
material prepared at 800 °C is more active than that prepared at
600°C.**” Some of the previous reports have demonstrated
that increasing the temperature of pyrolysis higher than 800°C
is more effective for heteroatom doping.”*? Nevertheless, in
our case, raising temperature from 800 to 1000°C for BF co-
doping using BTDE, did not enhance the material’s electro-
catalytic activity for ORR. Therefore using BTDE for B and F co-
doping may be considered as more cost-effective than using
boron sources which show close by electrocatalytic ORR activity
after doping at higher temperatures

Durability and methanol tolerance tests with the most
active catalyst (2BFC) synthesized at 800°C were performed in
both alkaline and acidic media and the results were compared
with commercial 40% Pt/C catalyst. During the durability tests
(see Figure S1) 2BFC material has lost around 30% of the initial
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current value after 60 000 seconds in both media it seems to
have reached a plateau whereas the 40% Pt/C has lost around
35% of the initial current value after 60 000 seconds and the
decrease in the current seems to continue. Compared with the
commercial Pt/C the 2BFC material has significantly better
methanol tolerance in both alkaline and acidic media (see
Figure S2). In alkaline media the 2BFC lost around 12% of the
initial current value and 40% Pt/C around 27 %. In acid media
the 2BFC lost 15% of the initial current value after 900 seconds
from the methanol insertion whereas the commercial catalyst
lost almost 40 % of the current value.

Figures 9a and 9b illustrate a set of ORR polarization curves
measured at different electrode rotation rates with the most
active 2BFC catalyst modified GC electrode both in alkaline and
acid media, respectively. The onset potential for ORR is
approximately 0.86 V vs RHE in alkaline medium and 0.73V vs
RHE in acidic medium and at lower rotation rates the reduction
current plateaus are formed indicating that the ORR process is
almost entirely under the diffusion control.

All the same, this kind of electrocatalytic behavior could
also be caused by new active sites resulting from boron and

T
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Figure 9. RDE voltammetry curves for oxygen reduction on a 2BFC/GC
electrode in O,-saturated (a) 0.1 M KOH and in (b) 0.5 M H,SO, at different

rotation rates. v=10 mVs".
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fluorine co-doping where fluorine tends to cause the surface
defects, while boron contributes to attracting oxygen
species.*** |t has been found in many previous studies that
doping of fluorine into carbon structure induces more positive
charge on neighboring carbon atoms and thereby increases the
activity of p-electrons. This in turn enhances the interaction
between the catalyst sites and O, molecules and increases the
electrocatalytic activity for ORR.*?'®¥ According to the RDE
results we can conclude that the simultaneous incorporation of
boron and fluorine atoms into the graphitic structures of
graphene and FWCNTs can lead to the improvement of
electrocatalytic ORR activity in terms of the onset potential and
limiting current values.

In order to predict the number of electrons transferred per
0O, molecule (n) Koutecky-Levich (K-L) equation was used for
calculations:*¥

T 1 1 1 1

10 T T nFAkE 0.62nFADYv-1/6¢5 w'/2

where [ is the measured ORR current, Iy and I, are the kinetic
and diffusion-limited currents, respectively, k is the rate
constant for oxygen reduction, A is the geometric electrode
area, F is the Faraday constant (96,485 Cmol™"), Do is the
diffusion coefficient of oxygen (1.9x10°° cm?s™ "), ng is the
concentration of the oxygen in the bulk (1.2x107° molcm ),
v is the kinematic viscosity of the electrolyte (0.01 cm?s™")
and o is the rotation rate (rads'). These O, solubility and
diffusion coefficient values are given for 0.1 M KOH. For 0.5 M
H,S0, solution the respective values are:Dy, =1.8x107° cm?s™"
and €} =1.13x10"° molcm " From the K-L plots shown in
Figures 10a and 10b it can be seen that the intercepts of the
extrapolated K—L lines are close to zero, which indicates that
the ORR process is mostly under the diffusion control. The
insets of Figures 10a and 10b compare the n values calculated
from the K—L equation at various potentials. It should be noted
that since higher rotation speeds (3100 and 4600 rpm) do not
show a proper plateau, they were excluded from the K—L
analysis. Based on K—L equation, n value in alkaline media is
close to four, however, based on RRDE measurements the n
value in alkaline was around three and the production of
peroxide species increased from 40% to 60% when moving
towards more negative potentials (see Figure S3a). RRDE
measurements show that contradictory to K—L analysis results,
the reaction takes place not via four electron but two-step two
electron pathway on 2BFC nanocarbon catalyst. In the previous
work done by Chokradjaroen, et al., they found that mostly two
electron pathway takes place on a boron and fluorine co-doped
material in alkaline media.*" This can be explained by the ratio
of different fluorine species in the catalyst material. In this work
fluorine is mostly in ionic form as in study conducted by
Chokradjaroen, et al. fluorine is mostly in semi-ionic from.""
Although both forms are shown to enhance ORR activity, the
ionic F results in higher electrical conductivity and therefore has
a higher impact on the electronic structure of carbon
network.*® In acidic media at lower overpotentials (E>0.36 V)
the n value is close to two and the reduction of O, produces
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Figure 10. Koutecky-Levich plots for oxygen reduction on a 2BFC/GC
electrode in (a) 0.1 M KOH and (b) 0.5 M H,SO,. Inset shows the potential
dependence of the number of electrons transferred per O, molecule (n).
Data derived from Figure 9.

peroxide, which is the final product in this case. At more
negative potentials the value of n gradually increased up to
three, which indicates that some of the peroxide formed
reduces further in this potential range. Based on RRDE measure-
ments, n is three in all potential range and 40% of peroxide is
produced (See Figure S3b). It should be mentioned that the K—L
analysis of the undoped rGO/FWCNT material showed the n
value of 2-2.5 in both alkaline and acid media. This demon-
strates that although both doped and undoped catalysts form
peroxide during ORR the B and F co-doped material is better
catalyst in further reduction of peroxide.

Based on the XPS, EELS, EDS and RDE results presented
above, it is clear that boron and fluorine are playing key roles in
the electrocatalytic activity of these B and F co-doped reduced
rGO/FWCNT catalysts and the electrochemical oxygen reduction
reaction behavior is greatly enhanced due to a synergetic effect
between doped B and F atoms. The RDE results clearly
demonstrate that B and F co-doping can effectively improve
the electrocatalytic ORR activity in both alkaline and acidic
media.
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Conclusions

In summary, electrocatalytically active boron and fluorine co-
doped nanocarbon catalyst materials were successfully synthe-
sized and tested for oxygen reduction reaction (ORR). BF-
doping was achieved by using few-walled carbon nanotubes
(FWCNTs) and graphene oxide (GO) mixture as a carbon support
and boron trifluoride diethyl etherate (BTDE) as a boron and
fluorine source. Morphological analysis reveals that graphene
also exists as nanoplatelets with sizes as small as 10 nm.
Combining the XPS, EELS, EDS and RDE results reveal that the
incorporation of boron and fluorine leads to the formation of
electrocatalytically active boron and fluorine containing sites.
The highest ORR activity was shown by the catalyst material
prepared by heat-treatment of GO/FWCNT and BTDE with the
mass ratio of 1:5 at 800°C. It is important to note that boron
and fluorine co-doping of GO/CNT composites have not been
reported as ORR electrocatalysts before and BTDE has not been
used as source for boron and fluorine co-doping in previous
research. The synthesized boron and fluorine co-doped catalyst
were electrochemically characterized with RDE in both alkaline
and acidic media. The most active co-doped catalyst demon-
strated a notable 50 mV increase in onset potential in alkaline
conditions and a remarkable 600 mV increase in acidic con-
ditions compared to the undoped catalyst. Additionally, the
half-wave potential was 100 mV more positive in alkaline media
and 700 mV more positive in acidic media when compared to
the undoped carbon material. The results revealed that these
materials possess a promising electrocatalytic activity towards
O, reduction, and therefore have great potential in ion
exchange membrane fuel cells and metal-air batteries.

Experimental

Preparation of BF-doped Carbon Nanomaterials

Over 99.6 wt%-pure few-walled carbon nanotubes (FWCNT), syn-
thesized by fluidized-bed chemical vapor deposition, purchased
from Noda Lab (Japan) were used®* and graphene oxide (GO)
was synthesized from graphite powder (Graphite Trading Company)
by a modified Hummers method."®'®" 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 H,50, and HNO; solution in
order to introduce oxygen-containing groups on the carbon nano-
tube surface, which in turn introduces reactive sites for further
modification of FWCNTSs.

B and F co-doped carbon nanomaterials were synthesized by a
single-step pyrolysis method. FWCNTs and GO with a ratio of 1:1
were mixed with a BTDE. Four different mass ratios were used
(FWCNT, GO/boron, fluorine source=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 hour and
then dried in a vacuum oven. The materials were pyrolyzed in
nitrogen atmosphere at 800°C for 2 hours and then cooled down
to room temperature. For comparison purposes also pyrolysis at
temperatures of 600 °C and 1000 °C was carried out.
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Physical Characterization of BF-Doped Catalyst Materials

X-ray photoelectron spectroscopy (XPS) was used to analyze the
surface composition of BF-doped carbon materials. The catalyst
material was suspended in ethanol and deposited on a glassy
carbon (GC) plate (1.1x1.1 cm) after which the plate was dried in a
vacuum oven at 70°C. An electron energy analyzer (SCIENTA
SES100) and a non-monochromatic twin anode X-ray tube (XR3E2)
with characteristic energies of 1253.6 eV (Mg K, ,, FWHM 0.68 eV)
and 1486.6 eV (Al K,;,, FWHM 0.83 eV) were used for XPS studies.
Pressure in the analysis chamber was below 107° Torr. To collect
the survey spectra the energy range from 800 to 0 eV, pass energy
200 eV and step size 0.5eV was applied. For obtaining high
resolution XPS spectra at certain regions a pass energy of 200 eV
with step of 0.1 eV was applied.

To investigate the surface morphology of catalysts a scanning
electron microscope (SEM) Helios NanolLab 600 (FEl) was used
operating at 8 kV. The catalyst materials were suspended in ethanol
and pipetted onto the GC plate. Many different areas of the sample
were examined to gain the most representative characteristics of
the same. For studying material morphology at the nanometer
scale, transmission electron microscope (TEM) probe corrected FEI
Titan G2 80-200 was used. At 200 keV the point-to-point resolution
in TEM and STEM modes are around 2.4 A and 0.9 A. Samples for
TEM imaging were prepared by mixing the catalyst powders in
ethanol followed by sonication for uniform dispersion. A drop of
the solution was then placed on a lacey carbon grid and was
allowed to dry in air. F and B-doped GO-FWCNT samples were
analyzed also with electron energy loss spectroscopy (EELS) and
energy-dispersive X-ray spectroscopy (EDS) using JEM-ARM200F
(atomic resolution microscope) (JEOL, Japan).

Raman spectrometer (Renishaw inVia) was also used to characterize
the catalyst materials. For these measurements, an excitation Ar*
laser with wavelength of 514 nm was employed.

Electrode Preparation and Electrochemical Measurements

The electrochemical measurements were performed with a
standard three-electrode system using the rotating disk electrode
(RDE) method. Pt foil was used as a counter electrode and a
saturated calomel electrode (SCE) as reference electrode. All the
potentials are represented against RHE. In order to avoid any
migration of Pt nanoparticles into the electrolyte solution the Pt foil
was placed in a separate quartz cuvette with a filter. This counter
electrode has been validated and the results have been compared
with a graphite rod electrode. A modified glassy carbon (GC) disk
(GC-20SS, Tokai Carbon) with a geometric area of 0.2 cm? was used
as a working electrode. A GC disk was pressed into a Teflon holder
and polished to a mirror finish using alumina slurry (Buehler) with a
grain size of 1 um. After polishing the electrodes were sonicated in
Milli-Q water (Millipore, Inc.) and isopropanol both for 5 min. The
BF-doped carbon material was suspended in isopropanol
(4 mgml™) containing 0.25% Tokuyama ionomer AS-4 (Tokuyama
Corporation, Japan) or 0.5% Nafion solution (Sigma-Aldrich) for the
alkaline and acidic media respectively. 20 pL of the prepared
catalyst suspension was dropped onto the GC surface and then
dried at 70°C for 30 min. RDE measurements were carried out in
0.1 M KOH (Merck) and in 0.5M H,SO, (Sigma-Aldrich) solution
using electrode rotation rates (o) from 360 to 4600 rpm which were
varied employing an EDI101 rotator (Radiometer) and speed control
unit CTV101. The potential was applied with an Autolab potentio-
stat PGSTAT30 (Eco Chemie B.V., The Netherlands) and the experi-
ments were controlled using the General Purpose Electrochemical
System (GPES) software. The activity of the prepared catalysts was
evaluated by cyclic voltammetry (CV) and linear sweep voltammetry
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(LSV) with a scan rate of 100 mVs~' and 10 mVs ™', respectively. The
chronoamperometry method was employed for long time stability
(60000 s) and methanol tolerance tests (1200s). The counter
electrode was graphite rod and reference electrode SCE. For acidic
electrolyte the applied potential was 0.0 V vs RHE and for alkaline
electrolyte was 0.5 V vs RHE. For methanol tolerance measurement,
methanol was added at 300s, so that the overall methanol
concentration in the cell was 3.0 M.

For the rotating ring-disk electrode (RRDE) measurements an
AFMT28T fixed-disk tip of GC disc/Pt ring (Pine Research) was used.
The geometric area of the GC disc was 0.164 cm2. The electro-
chemical experiments were conducted on PGSTAT30 Autolab
potentiostat/galvanostat (Eco Chemie B.V. The Netherlands) con-
trolled with General Purpose Electrochemical System (GPES)
software. For the RRDE measurements, an AFMSRX rotator together
with a MSRX speed controller (Pine Research, USA) were employed.
For the detection of hydroperoxide anion (HO,") formation during
the RRDE measurements in 0.1 M KOH solution, the Pt ring
electrode was kept at a constant potential of 0.55V vs SCE. The
ring electrode was electrochemically cleaned before each measure-
ment by applying at least five potential cycles from —0.95 to 0.65 V
vs SCE at 100 mVs ™. For the detection of hydrogen peroxide (H,0,)
formation during the RRDE measurements in 0.5 M H2SO4 solution,
the Pt ring electrode was kept at a constant potential of 1.2V vs
SCE. The ring electrode was electrochemically cleaned before each
measurement by applying at least five potential cycles from —0.2 to
1.4V vs SCE at 100 mVs ™.
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Pyrolysis

BTDE

Boron and fluorine co-doped carbon
catalyst was synthesized via simple
and low-cost direct pyrolysis method.
Various physical characterization
methods revealed the incorporation
of boron and fluorine into the carbon

BFC Catalyst

o, i H,0

- :
@ Carbon
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matrix. Rotating disc electrode
method showed the enhanced elec-
trocatalytic activity of the co-doped
catalyst compared with the undoped
material.
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