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2. ABBREVIATIONS AND SYMBOLS

ADT accelerated degradation test

AEM anion exchange membrane
AEMEL anion exchange membrane electrolyser
AEMFC anion exchange membrane fuel cell
BET Brunauer-Emmett-Teller

BF bright field

CCL cathode catalyst layer

CCM catalyst-coated membrane

CDC carbide-derived carbon

CoPc cobalt phthalocyanine

CNTs carbon nanotubes

Cv cyclic voltammetry

Co concentration of oxygen in the bulk solution
Dy diffusion coefficient of oxygen
DCDA dicyandiamide

E electrode potential

E° standard potential

En half-wave potential

Eonset onset potential

Ej-10 potential required to reach 10 mA cm >
EDX energy-dispersive X-ray spectroscopy
F Faraday constant

FC fuel cell

FePc iron phthalocyanine

G graphene

GC glassy carbon

GDL gas diffusion layer

HAADF high-angle annular dark field

1 current

Iy disk current

I ring current

j current density

Jd diffusion-limited current density

Jk kinetic current density

K-L Koutecky-Levich

LSV linear sweep voltammetry

MC mesoporous carbon

MEA membrane electrode assembly
M-Ny metal-coordinated to nitrogen
M-N-C metal-nitrogen-carbon

MPc metal phthalocyanine

MnPc manganese phthalocyanine



MOF
MWCNT

NiPc
NPMC
ocv
OER
ORR
PDF
PFM
Pmax
PEM
PEMFC
PGM
PSD
RDE
RHE
RRDE
RZAB
SBET
SCE
SEM
SHE
STEM
TEM
™
VC

Vineso
Vtot
XPS
XRD

ZIF

metal-organic framework

multiwalled carbon nanotube

collection efficiency of the ring electrode
number of electrons transferred per O, molecule
nickel phthalocyanine

non-precious metal catalyst

open circuit voltage

oxygen evolution reaction

oxygen reduction reaction
phloroglucinol-dicyandiamide-formaldehyde
phloroglucinol-formaldehyde-methylimidazole
peak power density

proton exchange membrane

proton exchange membrane fuel cell
platinum-group metals

pore size distribution

rotating disk electrode

reversible hydrogen electrode

rotating ring-disk electrode

rechargeable zinc-air battery

specific surface area

saturated calomel electrode

scanning electron microscopy

standard hydrogen electrode

scanning transmission electron microscopy
transmission electron microscopy
transition metal

Vulcan carbon

micropore volume

mesopore volume

total pore volume

X-ray photoelectron spectroscopy

X-ray diffraction

kinematic viscosity of the solution

rotation rate of the electrode

zeolitic imidazolate framework
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3. INTRODUCTION

In recent decades, the development of renewable energy storage and conversion
devices has gained significant importance, primarily due to environmental con-
cerns, the finite nature of fossil fuel resources and the escalating costs asso-
ciated with fossil fuels. As per the findings of the International Energy Agency,
global energy consumption continues to rise at an annual rate of approximately
1% [1,2]. A significant portion of this energy consumption is attributed to the
transportation sector, which is swiftly emerging as the largest consumer of
energy resources. Nevertheless, it is noteworthy that most energy utilised for
transportation is still generated through the combustion of fossil fuels. However,
many renewable energy sources, such as solar and wind, produce energy inter-
mittently, highlighting the need for efficient energy storage solutions [3].
Among the array of alternatives, researchers are particularly inclined towards
fuel cells (FCs) because of their impressive energy conversion capabilities and
metal-air batteries are garnering attention for their sustainability and remarkable
energy storage capacity [4,5]. One approach involves storing excess energy
from the renewable energy sources in the form of chemical bonds, such as
hydrogen (H,) gas, which can later be converted into electric power using
devices like FCs. These technologies are instrumental in meeting the growing
energy demand. An added advantage of FCs over traditional batteries is their
rapid refuelling capabilities, requiring only the replenishment of hydrogen or
other suitable fuels. Within the realm of FCs, anion-exchange membrane fuel
cells (AEMFCs) have gained attention due to their potential to use non-precious
metal catalysts (NPMCs), particularly at the cathode [4]. This shift significantly
reduces the cost of FCs in contrast to proton-exchange membrane fuel cells,
which rely on costly Pt-based catalysts [6—8]. On the other hand, rechargeable
zinc-air batteries (RZAB) offer an excellent alternative to lithium-ion batteries
because of their high theoretical energy density (1086 Wh kg™'), cost-effecti-
veness and inherent safety features [9]. In FCs, the oxygen reduction reaction
(ORR) is a crucial electrochemical process, whereas in RZABs, both the ORR
and the oxygen evolution reaction (OER) are pivotal processes [10,11]. How-
ever, the slow kinetics and substantial overpotential of the ORR and OER have
a detrimental impact on overall efficiency, posing a significant challenge to the
advancement of energy storage and conversion devices [12,13]. Platinum group
metal (PGM)-based catalysts have been recognised for their efficiency in
promoting the ORR and OER [14,15]. Nevertheless, their practical application
is constrained by their limited availability, high cost and mediocre electro-
chemical stability.

Over the years, transition metal-based catalysts have emerged as promising
nominees for oxygen electrocatalysis due to their exceptional electrocatalytic
activity and stability in AEMFC and RZAB [9,12]. In this context, the discovery
of M-Ns macrocycle-based catalysts has opened exciting possibilities for
advancing the field [16]. These macrocyclic structures with active centres,
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composed of transition metal ions coordinated to four nitrogen atoms (N4), have
demonstrated remarkable electrocatalytic properties in various oxygen-related
reactions [17,18]. They exhibit the potential to catalyse the ORR and OER with
superior activity, selectivity and long-term stability, thus offering a pathway
toward more efficient and sustainable energy conversion and storage techno-
logies [19-23]. However, there are not many reports available for materials
prepared from M-N4 macrocycles for bifunctional electrocatalysts for the ORR
and OER.

The aim of this PhD thesis was to investigate the electrocatalytic perfor-
mance of various materials, including bimetal-doped carbon nanotubes [LII],
metal phthalocyanine-doped catalysts on different carbon supports [IILIV] and
transition metal-doped carbon materials derived from polymer frameworks
[V,VI], specifically for the ORR and OER application. The principal objectives
included the development of improved catalysts based on these materials and
the establishment of structure-property relationships. This research, spanning
from the synthesis of novel catalyst materials to the comprehensive analysis of
their electrochemical behaviour, aims to contribute to the dynamic field of
electrocatalysis, with the aim of advancing sustainable energy technologies and
reducing our dependence on fossil fuels.
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4. LITERATURE OVERVIEW

4.1. Anion-exchange membrane fuel cells

A fuel cell (FC) serves as a device that directly transforms the chemical energy
contained in fuel into electrical energy. There are numerous types of fuel cells
with particular attention drawn to the H,/O,-fed FC due to its characteristics of
low-temperature operation and a high energy-to-weight ratio [24]. Within the
realm of hydrogen fuel cells, the proton exchange membrane fuel cell (PEMFC)
has been extensively explored for decades, enjoying favourability when com-
pared to the alkaline anion exchange membrane fuel cell (AEMFC) [25]. Cur-
rently, PEMFC is a mature technology, whereas AEMFC devices need further
development [26-28]. PEMFCs capitalise on the enhanced diffusivity of
protons (H") over hydroxide ions (OH"), which translates into an advantage in
achieving higher ionic conductivity [24]. However, PEMFCs face durability
concerns, primarily arising from their acidic conditions, even when employing
noble metal-based catalysts [29]. In contrast, AEMFCs operate in an alkaline
environment, which facilitates the use of cost-effective non-noble metals and
non-metal catalysts [4,10]. Studies have demonstrated that catalyst deactivation,
particularly by the produced hydrogen peroxide (H>0.), is more pronounced in
acidic media than in alkaline conditions [30]. Furthermore, unlike proton ex-
change membranes (PEM), anion exchange membranes (AEM) can be synthe-
sised without the need for costly and toxic fluorinated compounds [31]. The
oxygen reduction reaction (ORR) exhibits more favourable electrochemical
kinetics in alkaline conditions, enabling a reduction in catalyst loading when
utilising an alkaline medium [32]. Moreover, the alkaline environment is less
corrosive, opening up possibilities for the application of a broader spectrum of
non-noble metals for electrocatalysts [33,34]. These collective advantages
position AEMFCs as a promising choice for various energy-related applications,
making them a cost-effective, efficient and sustainable option in the realm of
fuel cell technology [4,12,24,31].

In hydrogen fuel cells, H> serves as the fuel, while O acts as the oxidising
agent. Unlike PEMFCs, where H" ions are generated, AEMFCs produce OH™
ions and employ an AEM for OH™ ion transport. Practically, air is utilised as the
source of O», but it necessitates purification due to potential impurities such as
CO:; and dust particles. This precaution is essential because CO, can neutralise
the electrolyte (OH"), resulting in the formation of weaker nucleophiles like
carbonates and bicarbonates, consequently reducing the electrolyte concentra-
tion, deactivating the membrane and compromising cell performance [35-37].
However, the use of a solid alkaline-electrolyte membrane offers advantages of
using NPMCs, excluding tolerance to CO; [38]. In an AEMFC, H, and O, are
supplied at the anode and cathode sides, respectively. The schematic repre-
sentation of an AEMFC is depicted in Figure 1. Electrochemical reactions occur
at the triple-phase boundaries. In the presence of water, O, at the cathode under-
goes reduction to produce OH™ ions, which then traverse the membrane to reach
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the anode and engage in a reaction with H, to produce H>O. This process leads
to water consumption at the cathode and simultanecous water production at the
anode. Therefore, maintaining proper water management is crucial to prevent
cathode drying and anode flooding [39]. During the redox reaction, electrons
generated at the anode are collected by the current collectors and conveyed to
the cathode side through external circuits. The membrane is specifically chosen
to enable the selective transport of OH™ ions.

Cathode reaction Anode reaction
07 +2H20 + 4e” =40H 2H3 +40H™ = 4H>0 + 4e”

H20in

0z in H3 in

Current Collector
Membrane
) Anode Catalyst
Current Collector

GDL + Flow Field Plat
Cathode Catalyst _ <

H20 out

H20 out

Figure 1. Schematic diagram of AEMFC [10].

4.2. Rechargeable zinc-air batteries

The origins of primary zinc-air batteries (PZAB) date back to the 1870s when
the air cathode relied on an oxygen-consuming electrode, such as a silver wire
[40]. This early electrode marked the beginning of catalytic “gas-diffusion
electrodes” for ZAB. Later innovations, like the Walker-Wilkins battery, intro-
duced a genuine gas diffusion electrode using porous carbon black [41]. In the
1930s, PZABs were commercialised and found applications in hearing aids
during the 1970s [42,43]. However, the demand for rechargeable zinc-air
batteries (RZABs) for hybrid/electric vehicles and power backups led to the
upgrade of PZABs to meet these needs. Despite the advancements, RZABs face
challenges, including low power density, limited cycling stability and poor dis-
charge voltage plateaus, primarily due to the high overpotential on the air
electrode [44]. This overpotential is influenced by the sluggish kinetics of the
ORR/OER processes [45]. Consequently, there is a pressing need for cost-
efficient, non-precious metal-based oxygen electrocatalysts to enhance ZAB
performance [9,13,45]. Furthermore, distinct reaction mechanisms lead to diffe-
ring requirements for the active sites in the ORR/OER processes. For instance,
the OER activity is constrained by the HOO* and O* formation steps, while the
ORR activity is limited by the OH* reduction step and O, reduction steps [46].
RZABs consist of various components (Figure 2): (i) the zinc (Zn) anode;
(i1) the electrolyte that facilitates ion migration during charge-discharge cycles;
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(iii) the separator, preventing physical crossover between the anode and
cathode, while allowing the migration of charge-carrier ions; and (iv) the air
electrode, functioning as the cathode for the O, electrochemistry, encompassing
both ORR and OER. These reactions dictate the kinetics for discharge and
charge processes. During discharge, the Zn anode undergoes oxidation to form
soluble Zn hydroxides (Zn(OH)4>~ or zincate ions), which subsequently decom-
pose into insoluble zinc oxide (ZnO). Conversely, at the cathode, O, from the
atmosphere infiltrates the porous air electrode to participate in ORR. Upon
charging, Zn is plated at the anode and OER occurs at the cathode. Due to the
sluggish ORR and OER kinetics, there is a critical need for bifunctional air
electrocatalysts that are both highly active and durable for O, electrochemistry.
These efficient bifunctional electrocatalysts play a pivotal role in enhancing the
performance, stability and recyclability of RZABs [9].

o ; le
_ Zn-Air Battery i
At whe 0)
0,0,
i >
2 o ]
G o Z
-~ t
= K]
~N w
. g
Zn —>Zn’' +2e & % 0,#2H,0 + de” —» 4OH"

Zn** + 40H = Zn(OH),* + 2e

Figure 2. Schematic diagram of RZAB [47].

4.3. The oxygen reduction reaction

The electroreduction of oxygen is a crucial electrochemical reaction with wide-
ranging significance. Beyond its role in generating energy through FCs and
RZABES, this reaction is fundamental to biological respiration, sustaining life. It
is worth noting that in alkaline conditions, the ORR can follow two distinct
pathways. The direct 4-electron pathway:

0, + 2H,0 + 4e~ - 40H™ Ey=0401V )
or 2-electron pathway:

0, + H,0 +2e~ - HO; + OH™ Eo=-0.065V )
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followed by further reduction of hydroperoxide ion:
HO; + H,0 + 2e™ - 30H™ Ey=0.867V 3)

With all the standard potential (£o) values given versus the standard hydrogen
electrode (SHE) at 25 °C.

The ORR stands as a fundamental electrochemical reaction in FCs, occurring
at the cathode where atmospheric O, combines with H' ions and electrons (")
to form water (H>O) [48]. It holds exceptional significance within fuel cells, as
it profoundly influences their efficiency and overall performance. Enhanced
ORR kinetics are imperative for sustaining a high FC voltage, a critical factor
affecting the electrical power produced [12]. Sluggish ORR kinetics and the
formation of HO,™ can lead to voltage losses, thus diminishing the overall fuel
cell efficiency [38]. Notably, in alkaline conditions, the chemisorption of O,
faces hindrance due to specifically adsorbed OH™ ions [49]. Consequently, the
initial ORR step may occur as an outer-sphere reaction, where O is reduced to
superoxide (O2") anion [50]. This characteristic introduces a degree of flexibility
to the surface on which this reduction reaction takes place, enabling a wider
range of NPMCs in alkaline media compared to acidic ones [46,51]. The pursuit
of enhanced ORR efficiency remains a pivotal element in the advancement of
FC technology, propelling it towards a cleaner and more sustainable option for
various applications, spanning electric vehicles to stationary power generation.

4.4. The oxygen evolution reaction

Commonly, the OER mechanisms are understood to proceed through two dis-
tinct pathways: the adsorbate evolution mechanism and the lattice-oxygen-
mediated mechanism [52], as illustrated in Figure 3a and b, respectively. The
adsorbate evolution mechanism generally involves a sequence of four co-
ordinated proton-electron transfer reactions, centred around active metal sites
[53]. As depicted in the Figure below, this process begins with the adsorption of
a water molecule onto the metal (M) site through a one-electron oxidation step,
leading to the formation of an adsorbed OH* on the M site [54]. Subsequently,
OH* engages in proton coupling and electron removal, yielding O* species. The
subsequent step involves the formation of an O-O bond, enabling O* to interact
with another water molecule, ultimately producing HOO*. Finally, HOO*
undergoes oxidation through a one-electron transfer process, liberating O, while
restoring the initial M active site [51].
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O, +H +e O-M-O jOMO&/HWe_
—/ e

S

HO-M-O
OH H*+e O-M-O
O-M-0 M-O 4 2 (
H*+ e H,O O-M-O ; H*+ e
3 e e
o-M O/R > 0O-M-O
H*+ e o)

Figure 3. Proposed (a) adsorbate evolution mechanism and (b) lattice oxygen mecha-
nism for OER [51].

The scaling relationship among the intermediates in the adsorbate evolution
mechanism places a limit on OER, capping the theoretical overpotential at
0.37 V [51]. In contrast, the concept of the lattice-oxygen-mediated mechanism,
in which lattice oxygen actively participates in the reaction, was initially
proposed by Damjanovic and Jovanovic in 1976 [55]. In 2015, Binninger and
colleagues provided a more comprehensive explanation, introducing the term
“lattice oxygen evolution reaction” [56]. In the typical lattice-oxygen-mediated
mechanism, the initial two steps mirror those of the adsorbate evolution
mechanism, involving the creation of O*. Subsequently, O* interacts with the
lattice oxygen to release O, molecules, simultaneously generating an oxygen
vacancy within the lattice. The vacancy can then be refilled by the migration of
OH ions from the solution. In the lattice-oxygen-mediated cycle, the limitation
arising from the scaling relationship between OH* and HOO* can be circum-
vented, as HOO* does not form within this cycle [56].

4.5. Transition metal-based catalysts for ORR

As it is stated in the section 3, platinum-based catalysts are recognised as the
most proficient electrocatalysts for the ORR. However, due to their prohibitive
cost, limited availability and diminished stability, there is a pressing need to
investigate more efficient and cost-effective alternatives among transition metal-
based ORR catalysts. Over recent years, transition metal oxides, sulphides and
transition metal-nitrogen-carbon (M-N-C) type catalysts have emerged as pro-
mising contenders to succeed Pt-based and other precious metal ORR electro-
catalysts [57-61].

Transition metal oxides exhibit a notable trait in maintaining robust stability
when exposed to acidic, alkaline and oxidising conditions. Moreover, they do
possess some level of ORR activity in alkaline solutions. Nevertheless, there is
an ongoing challenge associated with enhancing their ORR activity [62]. This
lower ORR activity is primarily attributed to the inherent wide energy band of
transition metal oxides, which results in reduced electrical conductivity and

17



limited capacity for adsorbing oxygen at their surfaces [63]. One effective stra-
tegy for enhancing the electrocatalytic ORR activity of transition metal oxides
involve the introduction of defective structures into these materials. This
approach entails modifying the coordination environment and electronic struc-
ture to induce a surface strain effect. This, in turn, optimises the adsorption
energy of ORR intermediates on the catalyst's surface. As a result, Zhang and
colleagues undertook the creation of manganese-deficient Mn3;O4 by subjecting
manganese glycolate to a calcination process [57]. The introduction of man-
ganese defects in Mn3Oj instigated changes in its electronic structure, leading to
improvements in electrical conductivity and electron delocalisation. The pre-
sence of these manganese defects significantly lowered the desorption energy of
OH* and effectively reduced the change in Gibbs free energy and the theoretical
overpotential during the rate-limiting step of the ORR [57]. Recently, in addi-
tion to single-component transition metal oxides, there has been a growing
interest in cost-effective, NPMCs with structures such as perovskite (ABO3) and
spinel (AB»0O4) mixed metal oxides [64,65]. Sun and collaborators employed a
polyol-assisted solvothermal method to synthesise a range of LaMn,Coi—O3
(where x = 0, 0.25, 0.3, 0.35, 0.5, 1) electrocatalysts [58]. The LaMng3Co0 703
electrocatalyst, optimised through this process, exhibited a significant enhance-
ment in the half-wave potential (£12) for ORR, surpassing the original LaCoOs3
catalyst by 0.72 V, representing a 52 mV improvement (from 0.67 V to 0.72 V)
[58].

Transition metal sulphides represent a novel class of cluster crystals that
originate from the interaction between metal and sulphur elements. These com-
pounds offer a conducive environment for oxygen adsorption and electron trans-
fer. The sulfidation of metals alters the surface chemistry of transition metal
sulphides, preventing the oxidation of metal centres during electrocatalyst pre-
paration, thereby enhancing their stability in comparison to metal oxides [59].
Furthermore, bimetallic sulphides exhibit elevated electrical conductivity and
possess diverse valence states, endowing them with exceptional electrocatalytic
capabilities [66].

Among the most promising catalysts are M-N-C materials, which have
already demonstrated the ORR performance comparable to Pt/C catalysts. These
electrocatalysts have emerged as viable alternatives due to their distinctive
electronic characteristics and remarkable electrochemical stability [23,67-70].
To be more precise, the impressive electrocatalytic activity of M-N-C materials
for ORR is believed to arise from the synergy of distinct active sites. This
synergy encompasses (i) transition metal coordination with nitrogen [16,34,68,
69,71,72] and (ii) nitrogen functional groups, such as pyridinic-N and pyrrolic-
N [73,74]. This enhanced activity is a consequence of the unique electronic
structure of the metal centres, which facilitates the breaking of the O-O bond.
Moreover, it involves the filled dy,, and d,, orbitals, as well as the empty d,2
orbitals, which form bonds with z*-electrons from O, molecules [75].

Various approaches exist for the synthesis of M-N-C type catalysts, with a
particular focus on two methods: (i) one approach involves the combination of
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transition metal and nitrogen-containing precursors through high-temperature
pyrolysis, along with a carbon support and (ii) another method utilises transition
metal macrocycles, such as metal porphyrins and phthalocyanines, as starting
materials. First synthesis route can utilise various transition metal salts and
nitrogen-rich sources, such as dicyandiamide, urea, melamine and others, as
precursor materials [76—79]. For instance, in their work, Shang and colleagues
employed manganese acetate as the precursor for Mn and utilised chitosan, a
hydrophilic material rich in uncoordinated amino groups, as sources of nitrogen
and carbon to create a Mn-N,Cs-based electrocatalyst [61]. This carbon-based
catalyst demonstrated excellent ORR properties in an alkaline environment,
with onset potential (Eonset) and E12 0of 1.04 V and 0.915 V, respectively.

On the other hand, the coordination structure that arises from the central
metal atom within metal phthalocyanine (MPc) molecules and the surrounding
four nitrogen-containing groups is conventionally regarded as the active centre.
The choice of the central coordination ion has a discernible impact on the
catalytic performance of the phthalocyanine-based catalysts [80]. When com-
paring the half-wave potentials for ORR, it becomes apparent that the activity is
influenced by the type of central ion, following the trend Fe** > Co*" > Mn?*" >
Cu*" [81]. This observation underscores the crucial role of transition metals in
establishing the active sites responsible for facilitating the ORR. Notably,
despite its effectiveness in forming active sites, Cu-N-C exhibits significantly
lower ORR activity than Co-N-C and Fe-N-C catalysts [81]. In the research, the
Dodelet group employed a direct heat-treatment process using precursor macro-
cycles containing M-Njy sites, wherein they used carbon black impregnated with
varying amounts of iron acetate as precursor materials [82]. This led to the
creation of diverse nitrogen-coordinated iron species referred to as Fe-Nx moie-
ties, which made a substantial contribution to enhancing the ORR electrocata-
lytic activity.

Moreover, bimetallic M-N-C catalysts for the ORR have emerged as a pro-
mising avenue of research in the field of electrocatalysis [83,84]. These cata-
lysts combine the benefits of two different transition metals, enhancing their
catalytic performance and stability. Bimetallic M-N-C catalysts typically consist
of a combination of transition metals, such as Fe, Co or Mn, along with nitrogen
atoms coordinated on a carbon support (Table 1). The synergy between these
metals and the nitrogen-doped carbon matrix allows for a highly efficient
electrochemical reduction of oxygen [85-87].

4.6. Transition metal-based catalysts for OER

Transition metal-based OER electrocatalysts can be mainly classified into tran-
sition metal (TM) oxides, sulphides and phosphides. Further, this selection can
be divided into mono-metal and bimetal catalysts.

The OER activity of TM oxides significantly depends on factors like the type
of metal, oxidation states and the support material. For instance, CoOx catalysts
have garnered substantial attention for OER, thanks to the mixed valence states
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of Co cations, including +2, +3 and +4 [88]. Similarly, the investigation of iron-
based oxides has shown promise as efficient OER electrocatalysts, as iron is one
of the most abundant metallic elements on Earth [89]. Smith and colleagues
adopted a photochemical metal-organic deposition technique to synthesise
amorphous iron oxide (a-Fe>O3) and demonstrated its noteworthy OER electro-
catalytic activity [90]. Moreover, manganese-based oxides can also be prepared
and serve as excellent OER catalysts. Huynh et al. demonstrated that by
employing a combination of treatments, manganese oxides with pedal- or plate-
like morphology can undergo a transformation into an amorphous state, show-
casing exceptional OER activity [91]. In the realm of NPMCs for OER, nickel
oxide (NiOy) stands out due to its favourable electronic configuration. It has
been established that optimal OER activity can be achieved when the 3d
electron e, occupancy is close to unity [92]. For instance, Ni-based species with
a valence state of +3 can serve as an ideal material for OER because of the
favourable e, configuration of Ni** (ta’e,'). However, it is worth noting that
Ni*" exhibits limited stability. To enhance the catalytic activity of transition
metal oxides, the utilisation of bimetallic oxides is particularly appealing due to
their synergistic effects [93]. For example, Geng and co-workers introduced
amorphous FeegNijgOx through an aerosol-spray-assisted method for the OER
[94]. In a similar vein, Zhang et al. successfully synthesised amorphous
FesNizOx [95]. The optimised FesNi;Oy material demonstrated exceptional OER
performance, surpassing that of pure NiOx or FeO,. Furthermore, Guo et al.
employed a straightforward hydrothermal approach to synthesise amorphous
CoMoOx with a core-shell structure [96]. The inclusion of Co resulted in the
catalyst displaying a reduced overpotential (340 mV at 10 mA cm?) for OER.

Similar to TM oxides, transition metal sulphides and phosphides also exhibit
outstanding electrocatalytic activity for the OER. Notably, unlike metal oxide-
based nanomaterials, metal sulphide materials often possess excellent electrical
conductivity [97]. Currently, numerous researchers have highlighted that the
structure of sulphide catalysts can be prone to instability and are susceptible to
oxidation during the OER process in alkaline solutions, leading to their trans-
formation into the corresponding oxide or (oxy)hydroxide [98—100]. Some
scientists contend that the remaining sulphur can be incorporated into the metal
(oxygen) hydroxide and theoretical calculations have supported this by
demonstrating that sulphur doping reduces the energy barrier for each reaction
step, thus facilitating the OER process [101]. In contrast, TM phosphides offer
superior OER activity owing to the presence of lone pair electrons and
vacancies in the 3p orbital. This unique configuration enables phosphorus atoms
to form moderate bonds with reaction intermediates, making it easier for them
to serve as proton or hydride acceptors on phosphide-based electrocatalysts
[102]. As a result, TM phosphides exhibit exceptional activity when utilised as
catalysts for water splitting, particularly in the context of the OER. Pyrolysis of
macrocycles can also provide good OER active site due to some oxidation of
metal site and degradation of macrocycles at high temperatures to form TM-
oxides and metal nanoparticles.
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4.7. Role of carbon supports

Carbon supports play a crucial role in the electrocatalysis of ORR and OER.
Carbon supports serve as a platform for anchoring and supporting electrocata-
lytic materials, enhancing their performance in several ways:

(i) Catalyst immobilisation: carbon support provides a stable and conductive
substrate for anchoring ORR- and OER-active sites. The carbon support
prevents the aggregation and leaching of these active sites, ensuring long-
term stability and activity [103].

(i1) Improved electron transport: carbon materials, especially highly conductive
ones like carbon black, graphene or carbon nanotubes, facilitate the rapid
transport of electrons between the catalyst and the electrode. This ensures
efficient charge transfer during the ORR and OER processes, enhancing the
overall electrocatalytic activity.

(ii1) Enhanced mass transport: carbon supports often have porous structures that
can improve the mass transport of reactants and products to and from the
catalyst sites. This helps to maintain a high concentration of reactants at the
catalyst's active sites, promoting more effective ORR and OER reactions
[104].

(iv) Tuning of surface properties: carbon supports can be modified to control
their textural properties. Functionalisation or doping of carbon materials
with heteroatoms can influence the interaction between the catalyst and the
reactants, improving electrocatalytic performance [105].

(v) Cost-effectiveness: carbon supports are relatively inexpensive, making
them attractive for commercial electrocatalysis applications. They offer a
cost-effective way to enhance the performance of catalyst materials.

4.8. AEMFCs using transition metal-based cathode catalysts

Firstly, anion exchange membranes (AEMs) play a vital role in AEMFCs as
they facilitate the transfer of OH™ ions from the cathode to the anode. One of the
primary advantages of using AEMs is the prevention of carbonate precipitates
due to the absence of free cations and reduced gas crossover. Ionic conductivity
within AEMs occurs through aqueous domains that surround the fixed cationic
group. It was observed that while the ion exchange capacity and water uptake of
AEMs and proton-exchange membranes (PEMs) were similar, AEMs exhibited
lower conductivity compared to PEMs, possibly due to a higher activation
energy [106]. AEMs typically incorporate various cationic groups, including
quaternary ammonium, imidazolium, phosphonium, sulfonium and organic
metal cation-based groups, with quaternary ammonium and imidazolium groups
being prominent subjects of research [107—111]. Danks et al. employed a radia-
tion grafting method to functionalise poly(vinylidene fluoride) and poly(tetra-
fluoroethylene-co-hexafluoropropylene) polymers with benzyl trimethyl ammo-
nium groups, resulting in membranes for direct methanol fuel cells with a room
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temperature conductivity of 20 mS cm ™' [112]. High stability in alkaline condi-
tions has been achieved with side-chain-type poly(terphenylene)-based memb-
ranes and polyfluorene membranes [113]. Nucleophilic substitution was used to
create side-chain-type 6-azaspiro[5.5Jundecanium-poly(phenylene oxide), which
exhibited remarkable stability (>1500 h) in an alkaline environment and a con-
ductivity of 92 mS cm™' [114]. Bauer et al. reported that quaternary ammonium
groups displayed superior stability compared to phosphonium- and sulfonium-
based groups [115]. A polysulfone AEM based on tris(2,4,6-trimethoxyphenyl)
quaternary phosphonium exhibited a conductivity of 27 mScm™! at 20 °C.
Methyl tris(2,4,6-triethylphenyl) phosphonium demonstrated over 5000 h of
stability at 80 °C [116]. Kwasny and Tew conducted a study on AEMs con-
taining metal cations, revealing that the metal ions did not significantly affect
mechanical properties and water uptake while exhibiting excellent stability in
alkaline environments [117]. Aemion+® developed by Holdcroft’s group has
shown promising results in AEMFC due to its improved chemical stability,
water permeability and lower dimensional swelling [118]. Thinner membranes
have lower ohmic resistance but may exhibit higher fuel and reactant crossover.
Improving the molecular weight of the polymer can enhance the mechanical
stability of polymeric membranes, reducing interfacial contact resistance due to
the formation of thinner membranes [28].

While the AEMFC field has experienced significant growth in recent years,
there is relatively less published data on NPMC materials employed as cathodes
or anodes in AEMFCs than in PEMFCs. The ORR in alkaline conditions
presents a more intricate picture than in acidic conditions due to the presence of
both inner- and outer-sphere reactions [50]. This complexity, however, allows
for a broader range of NPMCs to efficiently catalyse the ORR. Notably, the Pt
group metal-free transition metal-nitrogen-carbon (M—N-C) catalysts (M = Fe,
Co, Cu) have shown better ORR performance in alkaline media compared to
acidic media [I-VI] [10,16,24]. The peak power density (Pmax) of AEMFCs
utilising Fe—N—C as cathode catalysts has seen substantial improvements, rising
from 0.107 W cm 2 in 2015 to 1.44 W c¢cm 2 in 2020 [4,119]. Studies by Ren et
al. revealed that varying the thickness of the Fe—-N-C cathode layer can impact
Poax, With values ranging from 0.287 to 0.450 W cm ? when the cathode catalyst
loading increased from 1 to 2 mg cm 2 [120]. Additionally, Khan et al. syn-
thesised Cr and Mn-based catalysts, achieving a Puax of 309 mW cm ™ and a
current density of 610 mA cm 2 in AEMFC testing [121]. Lilloja et al. reported
the preparation of CoFe-N-CDC/CNT catalyst, which displayed exceptional
AEMFC performance at 1120 mW cm 2 [122]. Woo et al. synthesised iron and
nitrogen co-doped carbon catalysts using a silica coating-mediated synthetic
strategy, with the Prax of 635 mW cm ™ for the Fe-S-Phen-CNT catalyst [71].
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Table 1. Comparison of TM-based cathode catalysts for AEMFC.

RDE Test Data H2/02 AEMFC Ref
Fuel Cell Test Data
Catalyst Eonset En OCVvV Prax
(VvsRHE) | (VvsRHE) | (V) | (mWcm?)

FeCoN-MWCNT 0.93 0.86 0.98 692 [11]
FeMnN-MWCNT 0.93 0.85 0.95 582 [11]
FeNiN-MWCNT 0.94 0.87 0.96 406 [1I1]
FeNiN-MC 0.94 0.88 1.00 386 [111]
FeCoNC-at 0.96 0.83 1.04 415 [123]
Fe-Co-N-C 0.90 0.76 0.90 420 [124]
CoFe-N-CDC/CNT 0.96 0.83 0.90 1120 [122]
0.14Co00.01FeCB 0.96 0.86 0.99 304 [125]
FeMn-N-MPC 0.98 0.89 0.99 474 [126]
FeCul.ONC 1.00 0.92 1.01 294 [127]
NiCo/NCNT 0.98 0.88 0.96 65.0 [128]
Zn-Co/N/C-I1L20 0.93 0.84 0.94 300 [129]
Fe-N-C 0.99 0.89 1.02 220 [130]
SiCDC/CNT(1:3)/CoPc 0.91 0.81 0.94 473 [131]
Co-N-CDC/CNT mel 0.95 0.82 0.96 577 [132]
Fe-NMG 0.96 0.83 1.05 218 [72]
TiCDC/CNT(1:3)/FePc 0.93 0.77 1.00 182 [133]
CNT/PC (Fe—N/C) 0.96 0.88 0.95 350 [70]
Fe-N-C 1.00 0.88 0.97 1800 [134]
FeNx-CNTs 1.08 0.94 0.85 1150 [135]
FeCu-NC - 0.882 - 910 [136]
Fe-N-C Act - 0.90 - 786 [137]
Co;/CNH 700 - 0.833 - 472 [138]
FeCo-NCH - 0.889 - 569 [139]
Fe-Mn-N-C 1.0 0.79 - 1321 [140]
Fe-S-phen/CNT - 0.90 - 635 [71]
FeFPc@BP2000 1.01 0.93 0.98 165 [141]
CosN/C 0.94 0.86 0.91 700 [142]
CoCu/PNC-900 0.91 0.81 0.74 62 [143]
CF-VC 0.78 0.71 0.85 1350 [144]
Feo-CNT@NHC 0.89 0.80 1.46 106 [145]
Fe-EDTA-Graphene 1.03 0.86 0.97 330 [146]

Additionally, as depicted in Table 1, a diverse array of cathode catalysts has
been employed in AEMFCs, encompassing different dopants and carbon sup-
ports. Regarding transition metals, there does not appear to be a single superior
transition metal; nevertheless, numerous bimetallic catalysts have exhibited
noteworthy AEMFC performance. It is worth noting that alongside the selection
of the AEM, the preparation of the membrane-electrode assembly and the
various test parameters, including gas flow rates, backpressure, gas humidity
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and fuel cell temperature, exert significant influences on the AEMFC per-
formance [147].

4.9. RZABs using transition metal-based
air-electrode catalysts

Precious metal-based catalysts, such as Pt, RuO, and IrO,, exhibit high electro-
catalytic activity for oxygen-involved reactions, their lack of bifunctional
electrocatalytic properties limits their application in RZABs [148]. Transition
metal-based catalysts can be divided into four categories: metal-organic frame-
work/covalent organic framework (MOF/COF)-based catalysts [149], transition
metal oxide catalysts [150], transition metal alloy catalysts [151]and transition
metal sulphide/nitride/phosphide catalysts [152].

The bifunctional electrocatalysts can be primarily divided into two groups:
(1) catalysts featuring a single type of active metal site for both the ORR and
OER and (ii) catalysts with distinct active sites for ORR and OER. For instance,
Liu et al. developed a highly active and stable electrocatalyst incorporating
cobalt phosphide (Co,P) embedded in Co, N, P-doped carbon (CoNPC) using
zeolitic imidazolate frameworks (ZIF). In RZABs, Co,P/CoNPC achieved a
Prax of 116 mW cm > and an open-circuit voltage (OCV) of 1.425 V [153].
Similarly, Zhou et al. synthesised Co@hNCTs derived from ZIF-67 through a
tube-directed templating strategy, resulting in a Py, of 149 mW cm > and long-
term stability over 500 hours in RZABs operating at 5 mA cm > [154]. More-
over, a 1D carbon nanotube derived from MOF during pyrolysis was connected
with 2D graphene oxide to create a 3D free-standing film (Ni@N-HCGHF)
[155]. This Ni@N-HCGHF-based liquid-state RZAB exhibited a Py, of 117.1
mW cm % high specific capacity of 706 mAh gz, ' at 10 mA cm* and im-
pressive stability for 100 cycles at 10 mA cm > [155].

Several other electrocatalysts have shown remarkable performance in
RZABs, including NP-Co;0,/CC-based RZAB with an ultrahigh power density
of 200 mW cm? and 400 h of runtime at 5 mA cm > [156]. CoNi/N-FLG cata-
lysts demonstrated remarkable stability with a negligible increase in voltage gap
after 2000 cycles at 10 mA cm > [151]. Additionally, the use of cobalt oxide
(CoOy) and cobalt nitride (CoNy) nanoparticles to create CoO,/CoNy@CN,
catalysts resulted in excellent RZAB performance, with a P, of 204.8 mW
cm 2 [157]. FeNi/TNCF-2-based RZABs displayed stable charge—discharge pro-
cesses and achieved P, and OCV values of 150 mW c¢m 2 and 1.47 V, respec-
tively [158]. Furthermore, FeCo alloy NPs embedded in N,P-co-doped carbon-
coated NCNTs (NPC/FeCo@NCNT) exhibited a Py of 151.3 mW cm > and an
OCV of 1.429 V [159]. In a study by Lyu et al., cobalt sulphide (CoySsg)
nanoparticles encapsulated in an N,S-co-doped carbon matrix (CosSg@N,S—C)
yielded promising results with a Py, of 259 mW cm * and stable charge—
discharge cycling for over 110 h [160]. Many other works utilising transition
metal-based materials as RZAB air electrode catalyst have been done (Table 2).

24



Table 2. The ORR, OER and RZABs performance of TM-based catalysts.

Catalyst E]/z Ej=10 ocv Pmax Stability Ref.
) (\%) (V) | mW | /Duration @j
cm?) (mA cm™)

NiCoN-CNT 0.89 1.61 | 1.338 - 13h@ 1 1]
FeNiN-MWCNT 0.87 1.59 1.45 84.5 48h@1 [111]
FeNiN-MC 0.88 1.58 1.47 71.9 48h @1 [11I1]
CoN-PC-2 0.81 1.70 1.47 158 45h@>5 [V]
FeCoN-PDF-T,-2 0.85 1.6 1.53 258 25h@ 10 [VI]
CoSA/N,S-HCS 0.85 | 1.536 1.5 173.1 | 1000 cycle@10 | [161]
FeCoMoS@NG 0.83 | 1468 | 1.44 118 70h @2 [162]
CuSA@HNCNx 0.91 1.55 1.51 212 300h @ 10 [163]
NFO@PNC-700 0.85 | 1447 | 145 130 180h @ 5 [164]
LDH-POF 0.8 1.48 - 185 400 cycle @ 5 [165]
VO-CMON@NCN 0.857 | 1.47 | 1.404 | 143.7 500h @5 [166]
S-CFZ 0.82 1.52 - 178 500 h @ 25 [167]
CMO-U@CC 0.81 1.482 | 1.42 135 45h@ 10 [168]
Vo-CoFe/CoFe,O,@NC | 0.858 | 1.59 1.53 | 139.5 45h @ 10 [169]
Co/ZnCo0,0,4@NC-CNT 0.9 1.6 1.47 305 103h @ 5 [170]
NiFe/bNCNT 0.8 1.56 1.52 224 330h @ 10 [171]
Co/CoS/Fe-HSNC 0.9 1.48 - 213 50h@?2 [172]
CoDNGY00 0.864 | 1.613 | 145 205 667h @ 10 [173]
FeNi-SAs@NC 0.907 | 1.528 | 1.54 260 100 h @ 20 [174]
Co0304/Co@NCs 0.92 1.55 1.5 123.4 600 h @ 10 [175]
CoFe-Co@PNC 0.887 | 1.55 1.46 | 152.8 200 h @ 10 [176]
Co/N@CNTs@CNMF 0.86 1.54 1.52 133 190h @ 10 [177]
Fe,Mn/N-C 0.928 | 1.62 1.4 160.8 8lh@5 [178]
FeNi/N-CPCF-950 0.89 | 1.585 | 1.478 | 160.6 640 h @ 10 [179]
BFC-FC-0.2 0.9 1.6 1.49 160 100h @ 2 [180]
CoNi/Co-N@HNC 0.86 1.58 1.43 | 179.1 350 h @ 20 [181]
CoFe/Co@NCNT/NG 0.876 | 1.611 1.4 161 300 cycle @2 | [182]
Fe-N-C/N-OMC 0.93 | 1.761 - 113 4000 min@10 | [183]
H-Co@FeCo/N/C 0.91 1.608 | 1.45 | 125.2 200 h @ 10 [184]

Despite the significant progress, several challenges must be addressed to
develop highly efficient RZAB systems in the near future. Firstly, the primary
challenge with transition metal-based carbon catalysts is their limited stability
during long-term use, particularly in the OER. To overcome this, techniques like
increasing the degree of graphitisation in the carbon matrix, heteroatom doping
and active site encapsulation can enhance the stability of these catalysts [185—
187]. Secondly, many electrocatalysts have been produced using MOFs, which
are costly, complex to synthesise and have low yields, limiting their scalability.
Therefore, research should focus on discovering low-cost precursor-based cata-
lyst synthesis methods to create highly active bifunctional catalysts suitable for
mass production. Thirdly, it is crucial to conduct systematic post-mortem ana-
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lysis of the catalysts after RZAB test to understand their transformation during
the charging and discharging processes. Furthermore, additional developments
are required for other components, such as the zinc electrode and electrolyte.
Corrosion and passivation issues observed in the zinc electrode, partly due to
the highly concentrated alkaline electrolyte, can be addressed by finding zinc
alloys to prevent corrosion and passivation or by employing neutral electrolytes
or solid polymer electrolytes. Finally, a universal RZAB setup and criteria need
to be established. Currently, homemade RZABs with diverse configurations are
commonly used in experiments, leading to varying performance results that are
difficult to compare.
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5. AIM OF THE STUDY

The objective of this PhD thesis was to develop innovative electrocatalysts,
investigate the performance of transition metal-based catalysts using advanced
nanocarbon supports or polymer-derived carbon for the bifunctional oxygen
electrocatalysts and assess their suitability as electrode materials in AEMFCs
and RZABs. The primary goal was to establish correlations between synthesis
methods, material structures and electrocatalytic activities. The thesis was
structured into three main components, each with specific objectives:

1. To develop the bimetallic, nitrogen-doped MWCNT, characterise their
physico-chemical properties and electrocatalytic activity towards the ORR
and OER and as AEMFC and RZAB electrode [LII].

2. To study the effect of different carbon supports on the ORR and OER [III]
and develop the transition metal-doped CDC/G composite for the ORR in
acidic media [IV], characterise their physico-chemical properties and
electrocatalytic activity towards the ORR and OER.

3. To develop carbon supports for the ORR and OER from polymer framework
and study their electrocatalytic activity and physico-chemical properties and
test in RZAB [V, VI].
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6. EXPERIMENTAL

6.1. Synthesis of bimetallic phthalocyanine-doped
carbon catalysts

The synthesise of bimetallic-doped carbon nanotubes, NiCoN-CNT [I] and
FeMnN-MWCNT [II], the following procedure was followed: For the NiCoN-
CNT, 20 mg of multiwalled carbon nanotubes (CNT [I] or MWCNT [II], Nano-
cyl S.A., Belgium), 10 mg of nickel phthalocyanine (FePc, Alfa Aesar) and 10 mg
of cobalt phthalocyanine (CoPc, Alfa Aesar) was mixed in 5 mL of ethanol. The
mixture was sonicated for 1 h to obtain a homogeneous suspension. Ethanol was
evaporated in an oven at 60 °C. Then, the mixture was pyrolysed at 800 °C for
1 h in N, atmosphere. Other catalysts, namely, NiMnN-CNT, MnCoN-CNT in
work [I] and FeMnN-MWCNT, FeCoN-MWCNT and FeNiN-MWCNT in work
[III] were also prepared by the same method, using respective metal phthalo-
cyanine were employed (Table 3).

Table 3. Preparation of bimetallic and nitrogen-containing CNT-based electrocatalysts
[LII]

Catalyst FePc MnPc CoPc NiPc CNT/MWCNT
(mg) (mg) (mg) (mg) (mg)
NiCoN-CNT - - 10 10 20
MnCoN-CNT - 10 10 - 20
MnNiN-CNT - 10 - 10 20
FeMnN-MWCNT 10 10 - - 20
FeCoN-MWCNT 10 - 10 - 20
FeNiN-MWCNT 10 - - 10 20

For comparing the effect of different carbon supports on bimetal-doped electro-
catalysts [III], the prescribed protocol was followed: 5 mg of both metal phtha-
locyanines (FePc and NiPc) and 30 mg of corresponding carbon supports, in-
cluding, MWCNT, graphene (G, Strem Chemicals), carbide-derived carbon
(CDC, Skeleton Technologies), Vulcan carbon (VC, Cabot Corp.), graphene
nanoflakes (Gr, Graphene Supermarket) and mesoporous carbon (MC, Pajarito
Powder) were added to 5 mL of ethanol in a beaker. Prior to utilisation, the
acquired CDC was pulverised by wet ball milling at 400 rpm for a period of 2 h,
(4%30 min intervals, 5 min halt each). Then, the mixture was sonicated for 1 h
to achieve a uniform suspension. The suspension was transferred to a Petri-dish
and kept in an oven at 60 °C for drying. The mixture was pyrolysed for 1 h at
800 °C in N; atmosphere to prepare the desired catalysts, namely, FeNiN-
MWCNT, FeNiN-G, FeNiN-CDC, FeNiN-VC, FeNiN-Gr and FeNiN-MC [II1].
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6.2. Synthesis of Fe-doped carbide-derived carbon and
graphene composite

For the synthesis of FeN-CDC/G/DCDA [IV], the CDC was subjected to wet
ball milling at 400 rpm for a duration of 2 h, with intermittent 30 min intervals
of milling using ZrO, balls (diameter = 0.5 mm). Subsequently, a composite
consisting of 40 mg of CDC (Skeleton Technologies) and graphene (G,
Graphene Supermarket) in a weight ratio of 3:1 was prepared and subjected to
30 min of sonication in 40 mL of ethanol. Following this, 5 mg of FePc (Alfa
Aesar) was introduced into the mixture and subjected to an additional hour of
sonication. To this composite, 400 mg of dicyandiamide (DCDA, Sigma
Aldrich) was added, followed by an additional 30 min of sonication. The
resulting reaction mixture was then subjected to drying under constant stirring.
Ultimately, the reaction mixture underwent pyrolysis at 800 °C for a duration of
1 h in an inert atmosphere, yielding the final product denoted as FeN-
CDC/G/DCDA. FeN-CDC/G and N-CDC/G/ DCDA were also synthesised for
comparative purposes, with FeN-CDC/G excluding DCDA and N-
CDC/G/DCDA excluding FePc, respectively.

6.3. Synthesis of Co-doped phloroglucinol polymer-derived
carbon catalysts

For a standard synthesis procedure for phloroglucinol polymer [V], 2.2 g of
phloroglucinol (Alfa Aesar) was dissolved in 20 mL of Milli-Q water in a bea-
ker at 45 °C. Then, 10 g of formaldehyde solution (37%, Thermo Fisher
Chemical) was mixed with phloroglucinol solution under continuous stirring for
30 min. The reaction between phloroglucinol and formaldehyde took place,
forming a yellowish-orange precipitate. Next, 4.4 g of 2-methylimidazole was
dissolved in another beaker containing 40 mL water at 45 °C. Then, both
solutions were mixed and stirred for 12 h at 60 °C. Subsequently, the product
underwent filtration, followed by multiple water rinses and drying at 60 °C,
resulting in the production of the phloroglucinol-formaldehyde-methylimidazole
(PFM) framework. For the synthesis of CoN-PC-1, 100 mg of PFM powder and
5 mg of CoPc (Alfa Aesar) were suspended in 25 mL of ethanol by sonication
for 1 h. Then, the mixture was dried out at 60 °C followed by pyrolysis at
800 °C under an inert atmosphere to get the CoN-PC-1. The CoN-PC-2 was also
prepared via a similar route by changing the amount of CoPc to 10 mg and PC-
800 was prepared by pyrolysing the PFM polymer at 800 °C without adding
CoPec.
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6.4. Synthesis of Zn-assisted Fe and Co-doped PDF polymer
derived carbon catalysts

In a typical synthesis of FeCoN-PDF-T,-2 [VI], the following procedure was
employed: 1 g of phloroglucinol and 2 g of DCDA were mixed in 20 mL of
formaldehyde solution (37%, Thermo Fisher Chemical) by mortar and pestle for
about 30 min. Then, a certain amount of solutions of iron and cobalt nitrate salts
(ratio 1:1 wt.%, Sigma Aldrich) were added to the mixture and grinded about 30
min. Further, the obtained solid was exposed to 150 °C for 8 h in a muffle
furnace for curing to get the Fe- and Co-containing phloroglucinol-dicyandi-
amide-formaldehyde (PDF) polymer (FeCo-PDF-2). To achieve the high surface
area porous materials, as-prepared PDF materials were mixed with zinc nitrate
salt (Sigma Aldrich) at 1:2 wt.% ratio while 1 mL ethanol was also added for
homogeneous mixing. The resultant dried mixture was then pyrolysed at 950 °C
for 1 h in N, atmosphere to obtain the final product, FeCoN-PDF-T,-2 [VI].

6.5. Electrode preparation and electrochemical
measurements

The electrochemical ORR and OER measurements were performed at room
temperature with a potentiostat/galvanostat PGSTAT30 (Metrohm Autolab, The
Netherlands) in a conventional three-electrode system using a platinum wire,
saturated calomel electrode (SCE) and catalyst-coated glassy carbon (GC)
rotating disk electrode (geometric area = 0.196 cm®) as a counter electrode, refe-
rence electrode and the working electrode, respectively. The electrochemical
cell was filled with 0.1 M KOH (Merck) or 0.5 M H,SO, solution (Merck),
which was saturated with oxygen (99.99%, Linde Gas) or argon (99.99%, Linde
Gas) was used to carry out the experiments at room temperature. A polished GC
disk was drop-cast with 10 pL of a uniform suspension of 4 mg of prepared
catalyst in 1000 pL of 2-propanol: water: Nafion solution (1:1:0.03) and dried at
60 °C to achieve the 0.2 mg cm > [LILIILV,VI] or 0.8 mg cm > [IV] catalyst
loading.

All potentials were converted against the reversible hydrogen electrode
(RHE) using the equation Erug = Esce + 0.242 + 0.059 x pH and the electro-
chemical data given in this work were iR-corrected using the positive feedback
method. To measure the background current, cyclic voltammograms (CV) were
recorded in an Ar-saturated electrolyte at a potential scan rate (v) of 10 mV s\
Furthermore, the rotating disk electrode (RDE) technique was used to investi-
gate the ORR and OER activity of the catalysts. To change the electrode rotation
rate (between 360 and 3100 rpm), a speed control unit (CTV101) was attached
to a rotator (EDI101, Radiometer). The ORR onset potential (Eonse) is defined as
the potential at which the current density reaches —0.1 mA cm > Measurements
of the OER polarisation curves were carried out in an Ar-saturated 0.1 M KOH
[LILILV] or 1 M KOH [VI] at a rotation rate of 1600 rpm and a scan rate of
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10 mV s'. Ej-jo is denoted as the potential at which the OER current density
reaches 10 mA cm 2. Accelerated degradation test (ADT) was used for ORR
stability of the catalysts, the working electrode was cycled 10,000 times
between 1.0 and 0.6 V vs. RHE at 100 mV s™' in O-saturated 0.1 M KOH
solution. Before and during the stability test, the RDE polarisation curves were
measured at either 1900 or 1600 rpm at 10 mV s™".

The RDE experimental data were analysed by the Koutecky-Levich (K-L)
equation. The number of electrons (n) were calculated by the following equa-
tions:

J=ic (4)
Ja=0.62nFD**v " Cow? ®)]

where j, ji and jq represent the measured, kinetic-limited and diffusion-limited
current densities, respectively. n is the number of electrons transferred per O»
molecule, F is the Faraday constant (96,485 C mol™), Dy is the O, diffusion
coefficient in 0.1 M KOH (1.9x107° cm* s™'), v is the kinematic viscosity of the
electrolyte solution (0.01 cm? s™'), Cy is the concentration of O, in bulk solution
(1.2x107° mol cm™) and o is the rotation rate of the electrode (rad s™').

To detect the presence of a peroxide intermediate (H,O>) in acidic electrolyte
during the rotating ring-disk electrode (RRDE) measurements in the study [IV],
the Pt ring electrode was held at a constant potential of 1.2 V. Before recording
the ORR polarisation curve, the Pt ring was electrochemically cleaned by
applying three potential cycles ranging from 0.05 to 1.65 V at a scan rate of 100
mV s'. The collection efficiency (V) of the Pt ring electrode was determined to
be 0.22, based on the hexacyanoferrate(Ill) reduction reaction. The RRDE data
were then utilised to calculate the yield of peroxide and the number of electrons
transferred (n). The percentage yield of H,O, formation at the disk electrode
was determined using equation (6). The number of electrons transferred per O
molecule (n) was calculated from the RRDE results using equation (7), where /4
represents the disk current, /; is the ring current and N is the collection effi-
ciency of the ring electrode.

(2001,)
(IgN+Iy)

%H,0, = (6)

414
n=-——m—r-
(Ia+I/N)

(7

6.6. Preparation of RZAB

The activity and stability of catalysts prepared in this study was investigated in
solid-state RZAB [I] and liquid-state RZAB [IIL,V,VI].
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Solid-state RZAB: The anode was composed of a clean Zn foil and the
electrolyte used was a KOH-polyvinyl alcohol (KOH-PVA) polymer gel. The
KOH-PVA polymer electrolyte gel was prepared as follows: 5 g of PVA and 183
mg of zinc acetate (0.2 M, Sigma Aldrich) were dissolved in 48 mL of Milli-Q
water at 95 °C for 1 h. Subsequently, 6 g of KOH solution (1 g/mL) was added
dropwise. The mixture was stirred at 95 °C for 30 min and then cooled down to
room temperature. The resulting mixture was poured into a petri dish to create a
5 mm thick membrane, which was then frozen for 16 h. Afterward, the gel was
left at room temperature for 6 h to thaw before use. To prepare the air-cathode, a
catalyst suspension was created using 10 mg of the catalyst in 1 mL of 2-
propanol and 10 pL of a 5 wt.% Nafion solution was added as a binder. This
catalyst suspension was then drop-casted onto a carbon cloth.

Liquid-state RZAB: A home-made rechargeable zinc-air battery device was
employed to assess the electrocatalyst’s performance and stability in battery
applications. The battery's electrolyte consisted of a solution containing 6 M
KOH and 0.2 M Zn(CH3COQ),. To prepare the catalyst ink, 7 mg of catalyst
was dispersed in a solution consisting of 20 uL. of Nafion solution and 800 pL of
a water-ethanol mixture with a volume ratio of 1:3. This mixture was sonicated
for a minimum of 60 min to ensure the formation of a uniform ink. The catalyst
ink was then drop-cast onto a gas diffusion layer (GDL) with an area of 3.5 cm?
(Sigracet 39 BB) to achieve a catalyst loading of 2 mgcm 2. For the anode, a
polished zinc foil with a thickness of 0.2 mm was utilised. Both the Zn foil and
the GDL coated with catalyst had an exposed area to the electrolyte solution of
0.79 cm? [IIL,V] or 1 cm?® [VI]. As a point of reference, a Pt—Ru/C catalyst was
also prepared with a catalyst loading of 1 mgcm ™ and tested using the same
procedure.

6.7. MEA preparation for AEMFCs and AEMEL

The activity of the catalysts prepared in this study was investigated in AEMFCs
[ILIM]. For testing the activity of FeCoN-MWCNT and FeMnN-MWCNT [II],
the gas diffusion electrode (GDE) method was employed to create both the
anode (ACL) and cathode catalyst layers (CCL) for testing in AEMFCs. Before
applying the catalyst layers to the gas diffusion layers, a thin 17 pum micro-
porous carbon layer was deposited to help elucidate flooding in the mass
transport region of the fuel cells, particularly at higher current densities [188].
The PtRu (Alfa Aesar) loading for all anodes was maintained at 0.7 £+ 0.03 mgpru
cm?, resulting in an ACL with a thickness of 69 um. In contrast, the M-N-C
cathodes were loaded to 0.745 mg cm™, yielding CCLs with a thickness of 38
um. To prepare the electrodes, as well as two pieces of 9 cm* FAA-3-05-rf
anion-exchange membrane (based on FAA-3 polymer reinforced with porous
ePTFE-film, provided by Fumatech, Germany), they were each immersed
separately in Petri dishes containing 1 M KOH aqueous solution for 1 h. The
solution in each Petri dish was refreshed every 20 min to ensure complete
conversion of the AEM into its hydroxide form. Two AEMFCs were assembled
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using pairs of 5 cm? single-serpentine graphite bipolar flow fields with PTFE
gaskets, resulting in a compression level of 25% and they were torqued to 4.5
Nm. The cells were evaluated using an 850E Scribner Associates Fuel Cell test
station under different gas compositions: H,—O, and subsequently H,-air (CO»-
free) were directed to the anode and cathode, respectively. All tests were
conducted at a cell temperature of 60 °C with similar operating conditions to
enable a fair and unbiased comparison of the catalysts. These AEMFC tests were
performed by J.C. Douglin at Technion, Israel Institute of Technology (Israel).
For the AEMFCs activity of FeNiN-C [III], the membrane-electrode assembly
(MEA) was prepared using the catalyst coated GDL (Sigracet 39 BB) and AF2-
HLES8-10-X (AEMION+ 10 pm, Ionomr Innovations) AEM. The 3 wt.% ionomer
solution was prepared by dissolving hexamethyl-p-terphenyl poly(benzimidazo-
lium) (HMT-PMBI) in methanol [189]. The cathode GDL was coated with the
catalyst ink prepared by dispersing 12.5 mg of catalyst material in 1422 pL of
methanol, 430 pL of Milli-Q water and 195 pL of 3 wt.% ionomer solution. For
the anode GDL, the catalyst ink was prepared from 6.7 mg of Pt—Ru/C
(50:25:25, Alfa Aesar), 689 pL of methanol, 196 puL of Milli-Q water and 49 uL
of 3 wt.% ionomer solution. After the sonication for 1.5h to get the homo-
geneous suspension, the catalyst ink was dropcast onto the corresponding GDL
and dried in an oven at 52 °C. After evaporation of the solvents, the catalyst
loadings of 2 mgcem > and 0.8 mgpr, cm 2 were obtained on the cathode and
anode, respectively. The prepared GDL and the AEM were soaked in 3 M KOH
for one and four days before use in AEMFC, respectively. The 3 M KOH for
AEM was replaced every 24 h to make sure the complete conversion of AEM to
the hydroxide form. The AEM and electrodes with silicone gaskets (250 um)
were sandwiched together using a torque of 9 Nm into a 5 cm?® cell (Fuel Cell
Technologies Inc., USA). A Greenlight Fuel Cell Test Station (G40 Fuel Cell
System, Hydrogenics, Canada) was used for the single-cell AEMFC experi-
ments. The cell was fed using 1 NLPM gas flow rate and humidified (65 % RH)
H; and O, gases at 65 °C with the backpressure set for 200 kPa.

For anion exchange membrane electrolyser (AEMEL) in work [I[], MEA
were prepared by spray-depositing catalyst inks onto a Fumasep VM-FAA-3-10-
rf 10 um thick AEM. Two catalysts, FeNiN-MWCNT and RuQO,, were used. The
inks were prepared with catalyst powder mixed with ionomer solution (activated
FAA-3) and spray-deposited onto the membrane. After determining catalyst
loading (between 1.8 and 1.9 mg cm for both catalysts), the membranes were
hot-pressed, and for the cathodic reaction, a platinum on carbon GDL (Baltic
FuelCells) was used. The assemblies were encased, pressurised, and activated
with 0.1 M KOH. FeNiN-MWCNT and RuO; performance was evaluated in
AEM celectrolysis at 60 °C. The series resistance was ~0.6 Q cm?, and LSV was
conducted up to 2 V. Stability testing of FENIN-MWCNT was performed
through chronoamperometry at 1.8 V for 2 h.
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6.8. Physical characterisation methods

For N physisorption experiments, the catalyst materials were dried in vacuum
overnight at 300 °C prior to analysis. The NovaTouch LX2 instrument (Quanta-
chrome) was used for the analysis and TouchWin 1.11 software was used for all
calculations. The specific surface area (Sger) was calculated utilising the
Brunauer—-Emmett—Teller method in the P/Py range of 0.02—0.2. The quenched
solid density functional theory (QSDFT) equilibria model for slit-type pores
was utilised for the calculation of the volume of micropores (V) and pore size
distribution (PSD). The total pore volume (Vi) was evaluated at the N, satu-
ration pressure (P/Py = 0.97). The catalysts’ crystallinity was determined by X-
ray diffraction (XRD) analysis. The XRD measurements were conducted on a
Bruker D8 Advance diffractometer with Ni-filtered Cu Ko radiation (A =
1.54184 A). Scanning steps of 0.0126° were used to obtain the diffraction pat-
terns in 20 range of 5-90°. X-ray photoelectron spectroscopy (XPS) was used to
determine the surface elemental composition using the electron energy analyser
SCIENTA SES-100 and Mg Ka X-rays (1.2536 keV) from Thermo XR3E2, a
twin-anode X-ray tube. The survey scan was measured in the range from 1000
to 0 eV with a 0.5 eV step size, 0.2 s step duration and an average of five scans.
The core-level spectra were averaged with a 0.2 eV step size and 0.2 s step
duration over the course of thirty scans. The Gauss—Lorentz hybrid function
(GL 70, Gauss 30%, Lorentz 70%) was utilised for the data analysis on
CasaXPS software (version 2.3.17). Micro-Raman spectra were recorded in the
back-scattering geometry on an inVia Renishaw spectrometer together with an
Olympus confocal microscope (50% objective) and an argon-ion laser operated
at 514.5 nm. To avoid thermal decomposition of the sample, the laser power
density was minimised by decreasing the laser power and defocusing laser spot
to about 15 um. The surface morphology of the prepared catalysts was assessed
using a Helios Nanolab 600, FEI scanning electron microscope (SEM). The
bulk elemental composition of the catalyst materials was determined using the
energy dispersive X-ray (EDX) spectrometer from Oxford Instruments, coupled
to the same scanning electron microscope. Catalyst suspension was drop-casted
onto polished glassy carbon (GC) discs to prepare SEM samples. Transmission
electron microscopy analysis was performed in the scanning mode (STEM) at
200 kV using a Cs-probe-corrected transmission electron microscope (FEI Titan
Themis 200). The distribution of the elements in the material was visualised
using STEM-EDX mapping conducted in Titan Themis 200 microscope using
the SuperX EDX system (Bruker/FEI). For STEM measurements, the catalyst
materials were suspended in 2-propanol and drop-casted onto lacey carbon-
coated copper TEM grids.
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7. RESULTS AND DISCUSSION

7.1. Electrocatalysis on bimetallic, nitrogen-doped
CNT-based catalysts

The first part of the PhD thesis deals with the electrocatalytic activity of bi-
metallic, nitrogen-doped carbon nanotubes towards ORR/OER. This first
chapter deals with the bifunctional activity of the bimetal-doped (except Fe)
CNT materials in alkaline media and applied as solid-state RZABs electrode
material [I], while the second chapter is dedicated to Fe-containing bimetal-
doped MWCNTs and utilised as AEMFCs cathode materials [II].

7.1.1. Bimetal phthalocyanine-modified
CNT-based bifunctional catalysts

Transition metal phthalocyanines are highly regarded as exceptional dopants for
creating active sites in electrocatalytic reactions, as elaborated in chapter 4.5
and 4.6. Multiwalled carbon nanotubes were chosen as the carbon support due
to their superior electrical conductivity and high graphitisation levels [190]. Bi-
metallic dopants play a crucial role in furnishing active sites that facilitate both
the ORR and OER processes.

The crystallographic structure of the prepared catalysts was investigated by
XRD. The XRD patterns of the different catalysts unveiled a prominent peak at
ca. 25.6°, which could be attributed to the (002) plane of graphitic carbon
(Figure 4a). Additionally, there were smaller diffraction peaks at around 43° and
53°, which were associated with graphitic 2H(100) planes, transition metal
nanoparticles (Mn, Co, Ni) and metal alloy nanoparticles (NiCo and MnNi)
[191].

N2 physisorption analysis was carried out to determine the specific surface
area (Sger) and porosity of the synthesised catalysts. The N, adsorption-de-
sorption isotherms for all three catalysts, exhibited a similar shape, as illustrated
in Figure 4b, which corresponds to a combination of types I and III with H3
hysteresis according to IUPAC classification [192]. This indicates that the mate-
rials possess a micro-mesoporous nature with a smaller proportion of micro-
pores. The specific surface area for all the catalyst materials was approximately
200 m’g ' (shown in Table 4). Furthermore, all three catalyst materials ex-
hibited similar porous structures, with a total pore volume (Vi) ranging from 0.30
to 0.45 cm® g ' and a micropore volume (¥, of around 0.03 to 0.05 cm®* g ™"
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Figure 4. (a) XRD patterns (np stands for nanoparticles); (b) N, adsorption-desorption
isotherms and pore size distribution (the inset) of MnCoN-CNT, NiCoN-CNT and
MnNiN-CNT materials.

Table 4. Specific surface area and total pore volume of the as-synthesised catalysts.

Catalyst Seer (m?2 g Satt (m? g ) Viot (cm® g7)
MnCoN-CNT 224 158 0.45
MnNiN-CNT 200 187 0.40
NiCoN-CNT 159 151 0.29

Furthermore, we conducted a surface morphology analysis of the prepared
catalysts using SEM. As depicted in Figure 5, all the prepared catalysts exhibit a
similar structure resembling CNTs. High-magnification SEM images reveal that
these CNTs are oriented in random directions, forming a three-dimensional (3D)
network. Some CNTs cluster together, likely due to the presence of metal
nanoparticles (visible as lighter spots in Figure 5c) on the catalyst surfaces. In
Figures 5d, e, f, the EDX mapping images of the prepared catalysts demonstrate
that the elements, including the corresponding metals and nitrogen, are distri-
buted relatively uniformly across the carbon matrix. The elemental composition
was determined and is provided in Table 5. According to the EDX analysis, the
total metal content of the bimetallic catalysts was approximately 6 wt.%. It is
worth noting that all the prepared catalysts exhibited a similar structure, sug-
gesting that the specific transition metal phthalocyanine used did not signifi-
cantly impact the observable structure of the catalyst materials.
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Figure 5. SEM images of (a) NiCoN-CNT, (b) MnNiN-CNT and (c) MnCoN-CNT
materials. SEM-EDX images (SEM image and the corresponding elemental maps of
Mn, Co and N in the shown area) of (d) NiCoN-CNT, (¢) MnNiN-CNT and (f) MnCoN-
CNT materials.

Table 5. Elemental composition of prepared catalysts estimated by SEM-EDX (wt.%).

Catalyst C N o Mn/Co/Ni
MnCoN-CNT 78.4 7.3 7.2 3.5 (Mn)
2.7 (Co)
MnNiN-CNT 81.8 7.7 5.1 2.8 (Mn)
2.0 (Ni)
NiCoN-CNT 82.9 8.0 2.9 2.7 (Ni)
2.8 (Co)




Figure 6. TEM images (a,b) and HAADF-STEM images (c) along with EDX elemental
mapping images from the area shown in (c) of (i) MnCoN-CNT; (ii) MnNiN-CNT and
(ii1) NiCoN-CNT materials.
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In addition, we employed STEM for a more comprehensive characterisation of
the catalysts (Figure 6). As anticipated from the SEM micrographs, the STEM
images reveal CNTs adorned with nanoparticles (Figure 6 (i)-a, (ii)-a, (iii)-a).
The nanoparticles that are clearly discernible exhibit sizes ranging from several
to a few tens of nanometres. Through EDX mapping of the MnCoN-CNT and
MnNiN-CNT catalysts, we observed that cobalt and nickel existed in the form
of nanoparticles, ranging in size from several to a few tens of nanometres, while
manganese was distributed more uniformly. Notably, in the MnCoN-CNT
catalyst, the cobalt nanoparticles took on the form of hollow spheres (Figure 6
(1)-b). In contrast, in the NiCoN-CNT catalyst, instead of distinct cobalt or
nickel nanoparticles, Co-Ni alloy nanoparticles were formed (Figure 6iii).
Furthermore, all the recorded STEM-EDX maps exhibited a prominent nitrogen
signal, as shown in Figure 6.

The XPS analysis was carried out to delve deeper into the surface elemental
composition of the catalyst materials. The XPS survey spectrum revealed that
the prepared catalysts consist of five different elements, including the corres-
ponding transition metals, as well as carbon (C), nitrogen (N) and oxygen (O),
as illustrated in Figure 7. The N 1s core-level XPS spectra were deconvoluted
into six distinct peaks, which include N-pyridinic, metal-coordinated nitrogen
(M-Ny), N-pyrrolic, N-graphitic, bulk N-H and N-O. The results indicate that N-
pyridinic type was the most abundant, followed by N-pyrrolic and M-Nx. It has
been proposed that N-pyridinic and M-N species could enhance the ORR acti-
vity, while N-graphitic species within the carbon matrix could facilitate electron
transfer [69,193]. The presence of M-Ny moieties confirms the successful
doping of MPcs onto CNTs, a factor favourable for the ORR. To gain a better
understanding of the coordination between transition metals and oxygen, the O
Is XPS spectrum was further analysed (Figure 3c). Notably, a peak for metal
oxide is evident, signifying the coordination between metal and oxygen species.
Additionally, the presence of metal oxides contributes to the enhancement of
electrocatalytic performance in both the ORR and OER, as substantiated by
prior studies in the literature [194—197].
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Figure 7. (a, d, g) XPS spectra, (b, e, h) N 1s and (c, f, i) O Is high-resolution XPS
spectra of NiCoN-CNT, MnCoN-CNT and MnNiN-CNT catalysts, respectively.

Initially, the electrocatalytic activity for the ORR was examined in bimetallic
and nitrogen-doped CNT catalysts. CV was performed in a 0.1 M KOH solution
saturated with argon (Ar) or oxygen (O;). The CV profiles of MnCoN-CNT,
MnNiN-CNT and NiCoN-CNT electrocatalysts all exhibited a distinct peak
around 0.8 V during the cathodic scan, confirming their intrinsic ORR activity
(Figure 8a). Subsequently, the ORR performance of these catalysts was inves-
tigated in an O;-saturated 0.1 M KOH solution using the RDE method (Figure
8b). Notably, among the various bimetallic and nitrogen-doped CNT catalysts,
MnCoN-CNT displayed exceptional ORR activity. It demonstrated Eonset 0f 0.90
V and Ei» of 0.84 V, the latter of which was comparable to the £y value of
20 wt.% Pt/C (0.85 V). The Eonset and Ejp values for the other catalysts were
slightly lower (Table 6). In general, the favourable ORR activity of these pre-
pared catalysts can be attributed to their micro-mesoporous nature and the
presence of M-Nx centres and N-pyridinic moieties, as confirmed by XPS and
N physisorption analyses [20,198].
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Figure 8. (a) CV of MnCoN-CNT, MnNiN-CNT and NiCoN-CNT in Ar-saturated (red
dashed line) and Op-saturated (black line) 0.1 MKOH at 10mVs™'; (b) ORR
polarisation curves of several catalysts recorded in O,-saturated 0.1 M KOH at 1900
rpm (v=10mV s™!); (c) number of electrons transferred as a function of potential; (d)
OER polarisation curves recorded in Ar-saturated 0.1 M KOH electrolyte at 10
mV s™! for the NPMCs and RuO,.

Linear sweep voltammetry (LSV) curves at varying rotation rates and the
corresponding K—L plots for O, reduction on these prepared catalysts are
illustrated in Figure 9. These Figures demonstrate that as the rotation rate in-
creases, the limiting current density also increases and the K—L plots at various
potentials exhibit linear behaviour, indicating first-order reaction kinetics for the
ORR.
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Figure 9. ORR polarisation curves for (a) MnCoN-CNT, (b) NiCoN-CNT and (c)
MnNiN-CNT. Koutecky-Levich plots (derived from the corresponding RDE data) for
(d) MnCoN-CNT, (e) NiCoN-CNT and (f) MnNiN-CNT catalysts in O-saturated 0.1 M
KOH solution.

The electron transfer number was calculated using the K—L equation, as de-
picted in Figure 8c. It is noteworthy that all the electrocatalysts predominantly
adhere to a 4-electron pathway for the reduction of oxygen. This underscores
the significance of porosity and the presence of transition metal and heteroatom
active sites in facilitating the adsorption and reduction of O,. However, it is
important to keep in mind that the preparation process for catalysts can be time-
consuming and relatively intricate [21,125,149]. In contrast, our approach in-
volved the straightforward one-step pyrolysis process, resulting in the synthesis
of micro-mesoporous bimetallic nitrogen-doped CNTs catalysts that exhibited
similar ORR performance.

Furthermore, the performance of all the prepared catalysts in the OER was
assessed, as illustrated in Figure 8d. The OER performance of the as-prepared
catalysts was determined at the required potential (£j-10) for the oxidation of
water to show a current density of 10 mA cm 2 As shown in Figure 8d, the
NiCoN-CNT catalyst displayed an Ej=jo of 1.61 V, which is comparable to that
of RuO» (1.61 V). To assess the bifunctional oxygen electrocatalysis, the diffe-
rence between the E1, and Ej- 1o values (AE) was calculated and is presented in
Table 6. The NiCoN-CNT catalyst exhibited a AE value of 0.78 V, which was
the lowest among the prepared catalysts. Both Figure 8d and Table 6 make it
clear that the NiCoN-CNT catalyst demonstrated the highest OER activity and,
consequently, showcased the most effective overall oxygen electrocatalysis.
Previous studies have reported that transition metal oxides, such as NiOx and
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CoOy, serve as electrocatalytically active sites for the OER [199]. At the same
time, heteroatom-doped carbon materials also exhibit excellent OER activity in
alkaline media [200]. Hence, it can be hypothesised that metal oxides and N
moieties present in the prepared catalysts would synergistically improve the
OER performance.

Table 6. Electrochemical results of as-synthesised catalysts in 0.1 M KOH solution.

Catalyst Eopee (V) Ep (V) Ei10 (V) AE (V)
NiCoN-CNT 0.89 0.83 1.61 0.78
MnCoN-CNT 0.90 0.84 1.63 0.79
MnNiN-CNT 0.88 0.80 1.64 0.84
MnN-CNT 0.93 0.86 1.69 0.83
NiN-CNT 0.86 0.79 1.61 0.82
CoN-CNT 091 0.83 1.63 0.80

Single metal phthalocyanine-modified CNTs were also subjected to testing for
both the ORR and the OER and the results are provided in Table 6. In the cases
of MnN-CNT and CoN-CNT catalysts, their ORR performance was comparable
to that of the bimetal phthalocyanine-modified catalysts. However, for the OER,
CoN-CNT and MnN-CNT exhibited lower activity compared to the bimetallic
catalysts. Conversely, NiN-CNT displayed high activity for the OER, achieving
an Ej-1o of 1.61 V, which was identical to the performance of the NiCoN-CNT
catalyst. However, NiN-CNT exhibited the lowest ORR activity among all the
prepared catalysts. The importance of having both active sites for ORR and
OER to create an effective bifunctional electrocatalyst was demonstrated by the
NiCoN-CNT catalyst [I]. In general, in this study, NiCoN-CNT achieved better
ORR/OER celectrocatalytic activity among the prepared catalysts that can be
attributed to the presence of metal species such as M-Ny, NiOy, CoOy and NiCo
alloy nanoparticles and nitrogen-doped carbon sites.

The stability of the electrocatalysts is very important factor for the applica-
tion in metal-air batteries. Since the NiCoN-CNT exhibited the best bifunctional
properties amongst other prepared catalysts, NICoN-CNT was selected for both
the ORR and OER stability test. For the ORR, very small change was observed
in Eonset (12 mV) and E12 (5 mV) after 10,000 ADT potential cycles, as shown in
Figure 10a. High stability of NiCoN-CNT could be featured towards the low
amount of peroxide produced during the ORR process, since peroxide is known
to degrade the ORR-active sites [201]. In addition, a small change was observed
in Ej=10 (14 mV) after 1000 potential cycles between 1.0 and 1.8 V (Figure 10b).
The small decrease in the OER activity can be attributed to the oxidation of
carbon materials at more positive potentials, which can lead to loss of active
sites in materials [202]. Other factor that can possibly interfere the OER activity
of the catalyst is the formation of micro-bubbles of O,, which can block some of
the active sites.
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Figure 10. (a) ORR polarisation curves before and after 10000 ADT potential cycles
and (b) OER polarisation curves before and after 1000 potential cycles in (a) Oa-
saturated and (b) Np-saturated 0.1 M KOH at 100 mV s 'in case of NiCoN-CNT.
®=1900 rpm, v=10 mV s

Considering the promising electrocatalytic activities for both the ORR and the
OER of NiCoN-CNT, this catalyst was evaluated as a cathode material for a
solid-state RZAB. In Figure 11a, it can be observed that the NiCoN-CNT-based
ZAB setup achieved an open-circuit voltage (OCV) of 1.338 V, which is appro-
ximately 0.3 V lower than the theoretical limit of ZABs. Additionally, the
durability of the solid-state ZAB was evaluated by charging and discharging it
at a current density of 1 mA cm ? with a cycling period of 10 min. The NiCoN-
CNT-based RZAB exhibited stable operation for over 13 h (Figure 11b). It is
worth noting that using KOH-PVA gel as an electrolyte has the drawback of
gradually drying out over time, which can reduce the battery's efficiency. After
several hours of operation, the PVA gel started to dry. As depicted in Figure 11b,
the initial potential gap between the charging and discharging potentials of the
NiCoN-CNT-based ZAB was 0.55 V (1.75 V for charging and 1.2 V for
discharging). After 13 h of cycling tests, the potential gap increased to 0.9 V,
particularly for the discharge potential, indicating some degradation of active
sites and/or exposure of the gel electrolyte during the cycling tests.
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Figure 11. (a) Photograph of solid-state RZAB using NiCoN-CNT as the air cathode
catalyst showing measured OCV of 1.338 V; (b) Cycling performance of the solid-state
ZAB tested at 1 mA cm 2.

7.1.2. Fe, M (Mn, Co) phthalocyanine-modified MWCNT materials

Owing to the good bifunctional electrocatalytic activity of NiCo-CNT in [I],
other combination of transition metal was utilised and Fe-doped MWCNT along
with other metal (Mn, Co and Ni) was prepared. These materials were tested in
AEMFCs [IT].

The microstructure and morphology of the prepared catalysts, namely
FeMnN-MWCNT, FeCoN-MWCNT and FeNiN-MWCNT, were thoroughly
examined by SEM. The SEM images (Figure 12) reveal that all the prepared
catalysts share a similar structure consisting of carbon nanotubes. Upon closer
examination at higher magnification (Figure 12), it becomes apparent that these
carbon nanotubes are oriented in various directions and some of them aggregate
at locations where metal nanoparticles are present. This observation is further
supported by the elemental analysis. For instance, the EDX analysis results
indicate that all the elements (Fe, Mn, N) are uniformly distributed on the
carbon nanotubes, particularly in the case of FeMnN-MWCNT. Additionally,
the elemental composition of the catalysts was quantified and the results are
provided in Table 7. The total metal content determined through EDX analysis
closely aligns with the anticipated value of nearly 5 wt.%, as calculated theore-
tically. Notably, the prepared bimetallic catalysts exhibit a consistent surface
morphology, indicating that different metal phthalocyanines do not significantly
influence the morphology of the catalyst materials.
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Figure 12. SEM images of (a) FeMnN-MWCNT, (b) FeCoN-MWCNT and (c) FeNiN-
MWCNT catalysts.

Table 7. Elemental composition of as-synthesised catalysts determined by SEM-EDX

(Wt.%).

Element FeMnN-MWCNT | FeCoN-MWCNT | FeNiN-MWCNT
C 82.6 81.7 83.6
N 59 8.5 6.5
0 6.9 5.0 47
Fe 1.9 25 2.9
Mn / Co / Ni 24 2.1 23

Furthermore, STEM was employed to gain further insights into the prepared
catalysts (refer to Figure 13). The STEM images reveal that the metals are pre-
sent in the form of nanoparticles, which appear as small clusters or bundles
when viewed microscopically. As discussed in previous part (section 7.1.1.)
metal nanoparticles tend to increase the electrocatalytic activity of materials in
alkaline media. Upon closer inspection, fringes can be observed around these
nanoparticles, providing evidence of the presence of metal nanoparticles em-
bedded within the carbon matrix which can increase the conductivity of carbon
materials [203].
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(a)

(b)

Figure 13. Bright field high-angle annular dark field (HAADF) images of (a) FeMnN-
MWCNT, (b) FeCoN-MWCNT and (c) FeNiN-MWCNT materials.

The surface elemental compositions of the FeMnN-MWCNT, FeCoN-MWCNT
and FeNiN-MWCNT catalysts were subjected to analysis using XPS and the
findings are presented in Figure 14. The XPS analysis reveals the presence of
five elements on the surface of these bimetallic catalysts, which include carbon
(C), nitrogen (N), oxygen (O) and the corresponding metals. In the high-reso-
lution XPS spectra within the N 1s region, various nitrogen species are ob-
served, including N-graphitic, N-O, bulk N-H and M-Ny (Figure 14). In all
cases of the bimetallic catalysts, N-pyridinic type nitrogen is found in the
highest abundance, followed by N-pyrrolic and then M-Ny sites. It is worth
noting that both N-pyridinic and M-Ny nitrogen species are considered as the
most active sites for the ORR [12]. The XPS analysis provides evidence of the
successful doping with MPc, as reflected in the presence of M-Ny moieties in all
catalysts.
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Figure 14. XPS survey spectra and N 1s high-resolution XPS spectra (inset) of (a)
FeMnN-MWCNT, (b) FeCoN-MWCNT and (c) FeNiN-MWCNT.

Additionally, XRD analysis was employed to investigate the crystallographic
structure of the prepared catalysts. Figure 15a presents the XRD patterns of
various Fe-based catalysts. The most prominent peak, situated at approximately
25.6°, corresponds to the (002) plane of graphitic carbon [193]. Other diffrac-
tion peaks in the range of 40-50° indicate the presence of graphite, metal
carbide, metal oxide and metal alloys (also visible in STEM images, Figure 13).
Furthermore, Raman spectra were acquired for both pristine and as-synthesised
catalysts (Figure 15b). In comparison to the unmodified MWCNTs, the pyro-
lysis of mixed metal phthalocyanines in conjunction with MWCNTSs results in a
significant broadening of the D and G bands. This broadening is attributed to the
formation of defects introduced in the carbon matrix through transition-metal
and heteroatom doping, as confirmed by XPS analysis. These defects contribute
to the distortion of the carbon nanotube structure.
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Figure 15. (a) XRD patterns and (b) Raman spectra of the as-synthesised catalysts.

The ORR activity of the catalysts was assessed in an O,-saturated 0.1 M KOH
electrolyte. To provide a benchmark for comparison, the ORR performance of
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the 20 wt.% Pt/C catalyst was also evaluated under identical conditions.
Initially, CV were recorded in both O,- and Ar-saturated electrolytes (Figure
16). As demonstrated in Figure 16, all the electrocatalysts exhibit distinct ORR
cathodic peaks around 0.8 V in the presence of O in the 0.1 M KOH solution.
However, no such peak is observed in the Ar-saturated solution. An oxidation
peak in the range of 0.2 to 0.4 V has been observed, which could be associated
with the formation of Fe(OH), [204].
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Figure 16. Cyclic voltammograms of (a) FeMnN-MWCNT, (b) FeCoN-MWCNT and
(c) FeNiN-MWCNT in Ar-saturated (red dashed line) and O,-saturated (black solid line)
0.1 M KOH electrolyte at 10 mV s,

The ORR performance of these electrocatalysts was further investigated using
the RDE method (Figure 17a). Among the mixed metal phthalocyanine-modi-
fied MWCNT catalysts, FeECoON-MWCNT exhibits the highest ORR activity in
terms of Eonset and Eip. Specifically, FeECoN-MWCNT achieves an FEonser of
0.93 V, which is 50 mV lower than that of the 20 wt.% Pt/C catalyst (0.98 V).
The Eonsee values for FeMnN-MWCNT and FeNiN-MWCNT are 0.93 and
0.92 V, respectively (Table 8). Notably, the Ei» for the ORR on FeCoN-
MWCNT is 0.86 V, surpassing that of the commercial 20 wt.% Pt/C catalyst
(E12 = 0.85 V). The excellent ORR electrocatalytic activity of the FeCoN-
MWCNT catalyst can be attributed to the presence of M-Ny centres and N-
pyridinic species within the prepared catalyst, as confirmed by XPS analysis.
The number of electrons involved in the ORR was calculated by the K-L
equation from the slopes. All the catalysts mainly follow a four-electron ORR
pathway (Figure 17b).
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Figure 17. (a) ORR polarisation curves recorded in O,-saturated 0.1 M KOH (v =
10 mV s7') at 1900 rpm; (b) n value as a function of potential; and (c) OER polarisation
curves recorded in Ar-saturated 0.1 M KOH electrolyte (v= 10 mV s7!) for prepared
catalysts.

Table 8. Electrochemical results of as-synthesised catalysts.

Catalysts Eonset (V) Eiz (V) Ei=10 (V) AE (V)
FeMnN-MWCNT 0.93 0.85 1.69 0.84
FeCoN-MWCNT 0.93 0.86 1.63 0.77
FeNiN-MWCNT 0.92 0.82 1.58 0.76

Furthermore, the performance of all catalysts was assessed for the OER, as
illustrated in Figure 17c. Among the catalysts, FeNiN-MWCNT exhibited the
most remarkable OER performance, necessitating only 1.58 V to achieve 10 mA
cm 2. The difference between the Ey for the ORR and the Ej-jo was calculated
to assess the overall oxygen electrode activity (Table 8). FeNiN-MWCNT de-
monstrated a AE value of 0.76 V, while FeMnN-MWCNT and FeCoN-MWCNT
had AE values of 0.84 and 0.77 V, respectively. Smaller AE values indicate that
the catalyst is closer to the ideal oxygen electrode. Figure 17c¢ and Table 8
highlight the superior OER activity of FeNiN-MWCNT. This bifunctional
electrocatalytic of FeNIN-MWCNT refers to the ORR-active Fe-sites and OER-
active Ni-sites [205,206]. Additionally, results for RuO, were obtained for com-
parative purposes and the Ej-o for RuO; was determined to be 1.61 V.

Stability assessments were conducted to determine the catalytic stability of
FeCoN-MWCNT and FeMnN-MWCNT for the ORR and FeNiN-MWCNT and
FeCoN-MWCNT for the OER. After 10,000 potential cycles in O»-saturated 0.1
M KOH solution, minimal changes of 10 and 20 mV were observed in Eonset and
Ei; for both FeCoN-MWCNT and FeMnN-MWCNT, respectively. Regarding
the OER stability test, chronoamperometric measurements were carried out at
1.6 Vin 0.1 M KOH. The results indicated that FeNiN-MWCNT retained 82%,
while FeCoN-MWCNT retained 81% of their initial OER current densities after
10,000 seconds. These findings underscore the electrochemical activity and
stability of both electrocatalysts, FeCoN-MWCNT and FeNiN-MWCNT, in
their respective roles for the ORR and OER.
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Figure 18. Polarisation and power density curves using (a) FeCoN-MWCNT and
(b) FeMnN-MWCNT cathode catalysts with cell/cathode/anode temperatures of
60/58/57 °C under Hy/O; flows of 1 slpm at atmospheric pressure and 100 kPa back-
pressurisation on both anode and cathode. (¢) Comparison of catalytic and ohmic
regions and (d) comparisons of the ASRs, of the AEMFCs under 100 kPa back-pressure.

Considering the promising ORR activities of FeCoON-MWCNT and FeMnN-
MWCNT, we assessed their performance as cathodes in Ho,-AEMFCs under
similar conditions, both with oxygen (Figure 18) and air (Figure 19). A com-
parison of the H,—O, polarisation and power density curves of the AEMFCs is
presented in Figure 18a,b. At a cell temperature of 60 °C, the AEMFC using the
FeCoN-MWCNT catalyst achieved the best performance under back-pressu-
risation. It reached a Piax of 692 mW cm 2, a current density of 898 mA cm? at
0.6 V and an OCV of 0.98 V. The AEMFC employing FeMnN-MWCNT under
the same conditions achieved a Pumsx of 582 mW cm™, a current density of
855 mA cm? at 0.6 V and an OCV of 0.95 V. To our knowledge, these power
and current density values are among the highest reported in the literature for
M-N; macrocycle-derived electrocatalysts at the cathode of AEMFC as can be
seen in Table 1. Both fuel cells exhibited similar performance in the catalytic
and ohmic regions of the AEMFC, as depicted in Figure 18c, with only a slight
difference in current densities at 0.6 V, favouring FeCoN-MWCNT. In Figure
18d, it is evident that the area-specific resistance (ASR) in the FeMnN-
MWCNT cell was slightly lower than in the FeCoN-MWCNT cell, indicating
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that the membranes were adequately hydrated, allowing for efficient hydroxide
conduction and water back-diffusion. In both atmospheric pressure and 100 kPa
cases, the mass transport regions of the FeMnN-MWCNT did not extend to high
current densities beyond 1250 mA cm?, in contrast to the FeCoON-MWCNT. It
is our conjecture that further optimisation of the catalyst-coated membrane
(CCM) could enhance its ability to reduce flooding and retain back-diffused
water for participation in the ORR process [39]. After the acquisition of the Hy—
O, polarisation curves, the oxidant was switched to (CO,-free) air, while all the
other fuel cell conditions were maintained. The H»-air polarisation curves shown
in Figure 19 exhibit a similar trend, wherein FeCoN-MWCNT AEMFC
performed better than FeMnN-MWCNT AEMFC in terms of P and current
density at 0.6 V.
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Figure 19. Polarisation and power density curves using (a) FeCoN-MWCNT and (b)
FeMnN-MWCNT cathode catalyst with fuel cell/cathode/anode temperatures of
60/58/57 °C under H,/(COs-free) air flows of 1 slpm at atmospheric pressure and
100 kPa back-pressurisation on both anode and cathode.

To test the performance of the FeNiN-MWCNT and RuO, anion-exchange
membrane electrolyser (AEMEL) cells, LSV was conducted. The cells show
similar response to the RDE linear sweep voltammetry (Figure 17c¢) in that
FeNiN-MWCNT showed slightly higher current than the RuO; catalyst at
similar catalyst loading (Figure 20a). Chronoamperometry was conducted using
both FeENIN-MWCNT and RuO; cells at 1.8 V. The cell based on RuO; began
with current around 110 mA cm?, but the current increased and stabilised
around 140 mA cm?, possibly due to membrane break-in (Figure 20b). The
observed current density of the FeNiN-MWCNT cell showed an initial current
around 120 mA cm™, which decayed over 2 h to ~70 mA cm™ (Figure 20b),
possibly due to oxidative degradation of the FeNiN catalyst or the MWCNT
substrate. In comparison with other state-of-the-art AEMEL systems, the
benchmark material RuO; used herein has slightly lower current density than
expected, for example, IrO, has an observed current density of 399 mA cm™
under comparable conditions [207]. The lower current density is a result of un-
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optimised AEMEL conditions such as ionomer:catalyst ratio, membrane thick-
ness and GDL electrical contact/gas removal efficiency. Nonetheless, FeNiN-
MWCNT compares well with the state-of-the-art RuO, benchmarking con-
ducted herein and its performance assumed to be improved by further optimi-
sation.
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Figure 20. (a) Linear sweep voltammetry and (b) chronoamperometry of FeNiN-
MWCNT and RuO; of MEAs conducting on VM-FAA-3-10-rf anion exchange memb-
rane, Pt/C cathode, in 0.1 M KOH at 60 °C.

7.2. Role of carbon supports for oxygen electrocatalysis

The first chapter of this part deals with the role of carbons supports for ORR
and OER in FeNi-doped carbon materials [III] in alkaline media for AEMFCs
and RZABs. Carbon materials were used as support materials to increase the
conductivity of prepared materials and stabilise the metal phthalocyanine struc-
tures as discussed in section 4.7. Second part deals with effect of additional
nitrogen source in preparation of ORR electrocatalysts from FePc and CDC/
graphene composite [[V].

7.2.1. Fe and Ni phthalocyanine-modified nanocarbon materials

In previous part, oxygen electrocatalysis on different bimetal and nitrogen-
doped MWCNTs using MPc as precursors and the catalyst materials were tested
in AEMFC and RZAB were studied [I, II]. The combination of FePc and NiPc
based catalysts showed the highest bifunctional activity for ORR/OER among
the different metal phthalocyanines. Thus, this part extended the study of bi-
functional electrocatalysts by preparing the catalysts by one-step pyrolysis of a
mixture of FePc and NiPc as transition metal and nitrogen sources along with
different nanocarbon supports: MWCNTs, graphene, Vulcan carbon, carbide-
derived carbon (CDC) and a mesoporous carbon [III].
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Figure 21 displays the XRD patterns of the catalysts, revealing several im-
portant features. A broad, high-intensity diffraction peak at approximately 25.6°
(20) is observed, corresponding to the (002) plane of graphitic carbon, while
lower-intensity peaks at 44° resemble the 2H (100) graphitic carbon. Another
small peak at 43.5° is attributed to the presence of FeNi alloy nanoparticles in
the catalysts. In the case of FeNiN-CDC, an additional small peak at around 27°
corresponds to the residual TiO; originating from the TiC-CDC. It is noteworthy
that the annealing of metal phthalocyanines at 800 °C has led to the formation of
nanoparticles, thereby enhancing the electrocatalytic activity.
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Figure 21. XRD patterns of the catalysts prepared using different nanocarbon supports.

SEM analysis was employed to reveal the surface morphology and micro-
structure of the prepared catalysts. The SEM micrographs, shown in Figure 22,
indicate that the prepared catalysts possess surface morphology like the nano-
carbon supports used in the synthesis (the data for the nanocarbon supports are
not presented here). All six catalysts exhibit differences in morphology from
each other. For instance, the MWCNTs display various alignments in different
directions, graphene nanoplatelets and CDC particles vary in size and the
Vulcan carbon particles has a characteristic spherical shape (Figure 22). Figure
22e demonstrates the morphology of the FeNiN-Gr material, characterised by
significantly larger graphene flakes compared to FeNiN-G, along with ob-
servable stacking of graphene layers. This stacking may contribute to a decrease
in the ORR/OER activity, as discussed in the following section. The highly
porous structure of mesoporous carbon is evident in Figure 22f. The SEM ima-
ges collectively indicate that the carbon supports maintain their intrinsic struc-
ture with no significant changes after pyrolysis with MPcs. Additionally, the
graphitic nature of the carbon supports, as observed in MWCNT, G and Gr in

54



Figure 22, respectively, may facilitate better dispersion of FePc on the carbon
matrix following pyrolysis. Table 9 presents the bulk elemental composition of
the catalyst materials, as determined by SEM-EDX. It is apparent that Fe, Ni
and N are successfully incorporated into the nanocarbon materials. The EDX
mapping in SEM further reveals that Fe, Ni and N are rather uniformly
dispersed on the carbon matrix, except for FeNiN-CDC and FeNiN-VC, where
small clusters of Fe and Ni also observed.

.“‘ — ’

Figure 22. SEM images of (a) FeNIN-MWCNT, (b) FeNiN-G, (¢) FeNiN-CDC, (d)
FeNiN-VC, (e) FeNiN-Gr, circle shows the stacking of graphene layers and (f) FeNiN-
MC catalysts.

Table 9. Elemental composition of the prepared catalysts determined by SEM-EDX
(wt.%).

Catalyst C N o Fe Ni
FeNiN-MWCNT 88.9 5.1 3.2 1.2 1.2
FeNiN-G 85.4 6.0 5.1 1.3 1.5
FeNiN-CDC 86.1 4.1 5.8 1.6 14
FeNiN-VC 89.3 4.5 3.0 1.1 1.2
FeNiN-Gr 87.2 4.7 3.5 1.1 1.2
FeNiN-MC 85.6 6.2 4.6 1.5 1.6

STEM analysis of the FeNIN-MWCNT and FeNiN-MC materials was con-
ducted to examine the distribution of FeNi nanoparticles within the nanocarbons.
As shown in Figure 23, both catalysts contain small FeNi nanoparticles in the
size range from 5 to 10 nm. This structure, characterised by small-sized nano-
particles within the carbon matrix, is conducive to fast electron transport be-
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tween the carbon matrix and nanoparticles [208]. Such efficient electron trans-
port contributes to the catalysts’ effectiveness in ORR/OER performance.
Notably, Figure 23d demonstrates that FeNiN-MC contains larger nanoparticles,
some of which can reach sizes of several tens of nanometres. In contrast, the
FeNiIN-MWCNT sample consistently exhibits nanoparticles with a maximum
size of around 20 nm. Additionally, the STEM images reveal a mesoporous
structure within the FeNiN-MC, as depicted in Figure 23c. The high-resolution
STEM (HR-STEM) images show that metal nanoparticles are covered with
short-range ordered, graphitised carbon (Figure 23b). It has been previously
reported that transition metal or oxide phases encapsulated in graphitised carbon
are considered to be conductive and significantly improve the electrocatalytic
activity of catalysts [209,210]. Additionally, STEM-EDX elemental mapping
has been performed to check the dispersion of metals and nitrogen in these two
catalysts with high spatial resolution (Figures 23e, f). It was found that elements
are rather uniformly distributed, but in some places a local increase of Fe and Ni
concentration can be observed due to the formation of larger metal nanoparticles.
In Figure 23, areas with increased Fe concentration also show increased Ni
content, which indicates the presence of FeNi nanoparticles in the samples, in
agreement with the XRD results.
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Figure 23. STEM bright field (BF) images of (a,b) FeNiN-MWCNT and (c,d) FeNiN-
MC materials. HAADF-STEM and STEM-EDX mapping images of (e) FeNiN-
MWCNT and (f) FeNiN-MC materials.
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Surface elemental composition of the prepared catalysts was analysed using
XPS. As evident from Figure 24, multiple peaks corresponding to different
elements are observed, including C 1s (~284.3 eV), N Is (~398.5 e¢V), O 1s
(~532.9 eV), Ni 2p (854.0 eV) and Fe 2p (710.0 eV). The high-resolution XPS
spectra in the N 1s region reveal the presence of various nitrogen species,
primarily pyridinic-N, graphitic-N, pyrrolic-N and transition metal-coordinated
N (M-Ny) (inset Figure 24). Pyridinic-N is the dominant nitrogen species. It is
worth noting that M-Ny sites are known to be highly active for ORR [68].
Additionally, pyridinic-N and pyrrolic-N can significantly increase the Eonset,
while graphitic-N can increase the limiting current density of ORR [211]. In
contrast, other nitrogen species have a limited impact on the electrochemical
performance of heteroatom-doped carbon materials. A noteworthy observation
is the relatively low atomic percentage of M-Ny species present on the surface
of FeNiIN-MC and FeNiN-CDC materials compared to other catalysts. This
phenomenon could be attributed to the highly porous structures of MC and CDC,
which can accommodate M-Ny centres within their pores, making it challenging
to detect these species via XPS. The O 1s high-resolution XPS spectra exhibit a
metal oxide peak around 530.3 eV. It is suggested that the presence of metal
oxide can enhance the electrocatalytic activity for both the OER and ORR [212].
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Figure 24. XPS survey spectra and N 1s high-resolution spectra (inset) of (a) FeNiN-
MWCNT; (b) FeNiN-MC; (c) FeNiN-G; (d) FeNiN-CDC; (e) FeNiN-VC; and (f)
FeNiN-Gr catalysts.

N> adsorption-desorption measurements were conducted to gain a deeper under-
standing of the porosity and specific surface area of all the prepared catalysts.
As depicted in Figure 25, the N, physisorption isotherms of the catalysts display
a combination of type I and III with H3 hysteresis, as per [IUPAC classification,
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except for FeNiN-CDC, which exhibits a type I isotherm. This hysteresis loop
suggests a micro-mesoporous structure, which is not observed in FeNiN-CDC,
consistent with the pore size distribution (PSD). Table 10 lists data showing the
Brunauer-Emmett-Teller (BET) surface area (Sger) of the catalysts. FeNiN-VC
exhibits the lowest Sger of 152 m’g™', followed by FeNiN-MWCNT
(231 m?’g™"), FeNiN-G (364 m?g '), FeNiN-MC (464 m’g '), FeNiN-Gr
(477 m*g™") and FeNiN-CDC (675 m”>g™"). It is evident that the Sppr of the
catalysts was reduced to half that of the corresponding carbon support after the
successful doping with metal phthalocyanines (details not shown). The PSD plot
in Figure 25 highlights that FeNiN-CDC primarily possesses a microporous
structure with average pore size of 0.85 nm. However, the other catalyst
materials show variety of pores, with distribution centred around approximately
1 nm and 3-5 nm. The broader pore size distribution of mesopores between 10—
30 nm is more pronounced in FeNiN-MWCNT, FeNiN-MC and FeNiN-Gr.
Comparing the total pore volume (Vi) and micropore volume (V) of the
catalysts, it is evident that FeNiN-MC and FeNiN-Gr have the largest pore
volume (Vio=~0.99 cm® g "), followed by FeNiN-G, FeNiN-MWCNT, FeNiN-
CDC and FeNiN-VC. Additionally, the percentage of pore volume corres-
ponding to micropores indicates that FeNiN-CDC (57.5%) primarily consists of
micropores (Table 10). In contrast, FeNiN-MC, FeNiN-G, FeNiN-Gr, FeNiN-
VC and FeNiN-MWCNT consist mainly of mesopores with a smaller pro-
portion of micropores, as revealed in the PSD graph.
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Figure 25. Pore size distribution and N> sorption isotherms (inset) of prepared catalysts.
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Table 10. Specific surface area (Sger and Sgq), total pore volume (Vi) and micropore
volume (V) of the catalysts.

Catalyst SBET St Vot Vu (%)
(m*g™) (m’g™) | (em*g™) | (em’g™) of Vy
FeNiN-MWCNT 231 195 0.58 0.04 6.9
FeNiN-G 364 359 0.6 0.09 15
FeNiN-CDC 675 671 0.47 0.27 57.5
FeNiN-VC 153 137 0.33 0.02 6
FeNiN—-Gr 477 429 0.99 0.06 6
FeNiN-MC 464 454 0.98 0.08 8.2

To assess the ORR electrocatalytic activity of the prepared catalysts derived
from the supports, CV was conducted in O, and Ar-saturated 0.1 M KOH
aqueous solution at a scan rate of 10 mV s™'. All the prepared catalysts display
well-defined cathodic reduction peaks around 0.9 V in the O,-saturated solution,
indicating significant electrocatalytic activity for the ORR. For a more in-depth
investigation of the ORR activity, LSVs were recorded using the RDE method
in Op-saturated 0.1 M KOH solution at various rotation rates (Figure 26a,c). As
demonstrated in Figure 26, the RDE polarisation curves for FeNIN-MWCNT
and FeNiN—-MC catalysts exhibit a expected increase in current density with

higher rotation rates (from 360 to 3100 rpm).
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Figure 26. (a, c) ORR polarisation curves recorded at different rotation rates and (b, d)
K-L plots for (a, b) FeNIN-MWCNT and (c, d) FeNiN-MC catalysts in O-saturated

0.1 M KOH (v=10

mV s,

The K-L plots at different potentials are provided in Figures 26b and c. These
plots were employed to compute the electron transfer number associated with
the ORR. The K-L plots exhibit linear behaviour and their slopes remain relati-
vely constant across the potential range from —0.15 to 0.6 V. This suggests that
the number of electrons transferred per O, molecule at different potentials, re-
mains almost the same for all the catalysts, with a value of 4 (Figure 27a, inset).
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Figure 27. (a) ORR polarisation curves recorded at 1600 rpm in O»-saturated 0.1 M
KOH (v=10 mV s™"), number of transferred electrons per O, molecule as a function of
potential (inset); and (b) OER polarisation curves in Ar-saturated 0.1 M KOH (v=
10 mVs™).

Figure 27 displays a comparison of the LSV curves at 1600 rpm for O reduc-
tion for all the catalysts in addition to 20% Pt/C. FeNIN-MWCNT and FeNi-
MC catalysts exhibit £, of 0.87 and 0.88 V, respectively, which outperform
FeNiN-G (0.86 V), FeNiN-CDC (0.83 V), FeNiN-VC (0.81 V) and FeNiN-Gr
(0.85 V). Three electrocatalysts, namely, FeNiN-MWCNT, FeNiN-G and
FeNiN-MC, demonstrate the ORR activity comparable to the commercial Pt/C
catalyst (E12.= 0.88 V), indicating similar ORR performance to the benchmark
Pt/C catalyst. The observed trend in the ORR electrocatalytic activity of the
prepared catalysts can be attributed to the metal and nitrogen concentration as
well as the pore structure of the catalysts. FeNiN-MC has the highest transition
metal and nitrogen content, followed by FeNiN-G, FeNiN-MWCNT, FeNiN-Gr,
FeNiN-VC and FeNiN-CDC, which aligns with the ORR activity trend (£, and
Eonset values) except for FeNiN-Gr. The slightly lower ORR activity of FeNiN-
Gr can be attributed to the tendency of graphene nanosheets to restack, which is
observable in the SEM image and decreases the number of electrocatalytically
active sites for ORR. FeNiN-VC exhibits the lowest ORR performance com-
pared to other porous catalysts, namely, FeNiN-CDC and FeNiN-MC. This
could be due to the moderate specific surface area of FeNiN-VC (Sger of
~152 m? g', as listed in Table 10), which might limit the dispersion of metal
phthalocyanine and lead to particle agglomeration (Figure 23). Notably, FeNiN-
CDC, despite its high microporosity, displayed lower ORR activity than FeNiN-
MC, FeNiN-G and FeNiN-Gr, indicating that the extensive presence of micro-
pores might not significantly contribute to improving the ORR activity due to
limited accessibility of reactants to the active sites within these micropores.
Although high surface area and mesoporous structure of carbon supports are
typically associated with enhanced ORR activity, the presence of graphitic
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carbon also plays a crucial role in the preparation of transition metal macro-
cycle-derived catalysts. The importance of graphitic carbon supports becomes
apparent when comparing FeNiN-MWCNT and FeNiN-MC catalysts. Despite
having only half the Sger of FeNiN-MC, FeNiN-MWCNT exhibits comparable
ORR electrocatalytic activity. This can be attributed to the superior interaction
between MPcs and the graphitic carbon structure of MWCNT through n-m inter-
actions during the catalyst preparation process, which facilitates the even distri-
bution of active sites.

Subsequently, LSV measurements were performed within a potential range
from 1.0 to 1.8 V in Ar-saturated 0.1 M KOH solution to assess the OER
activity of the catalysts. As illustrated in Figure 27b, the polarisation curves of
all the catalysts exhibit comparable OER electrocatalytic activity with a slightly
lower Ej-io value when compared to RuO» (1.63 V). This similarity in OER per-
formance could be attributed to a similarity in the density of active sites. Inves-
tigating active sites in such catalysts is a complex task. Nevertheless, previous
literature suggests that metallic particles or oxides can significantly enhance
OER electrocatalytic activity [194,195,199,212]. Therefore, it is plausible that
the FeNi nanoparticles and metal oxides in the prepared catalysts serve as active
sites for the OER, in addition to M-Nx centres. These results indicate that the
choice of different carbon support materials has a negligible effect on the OER
activity, as evidenced by the comparable Ej-jo value of 1.59 V among the
catalysts.

Table 11. Tafel slopes (mV dec™') of the prepared catalysts for ORR and OER in 0.1 M
KOH solution.

Catalyst ORR OER
FeNiIN-MWCNT =31 62
FeNiN-G —41 66
FeNiN-CDC —65 60
FeNiN-VC =50 59
FeNiN-Gr -35 65
FeNiN-MC -32 59
20% Pt/C =67 -
RuO, - 88

For a more comprehensive understanding of the ORR and OER activities of the
prepared catalysts, Tafel plots derived from the LSV curves for both the ORR
and OER are depicted and the results are summarised in Table 11. In the case of
the ORR, the Tafel slope values were found to be the smallest for
FeNiN-MWCNT (-31 mV dec'), followed by FeNiN-Gr, FeNiN-G and
FeNiN—-MC, all of which exhibited similar slope values. These results suggest a
shared reaction mechanism among these catalysts. On the other hand,
FeNiN-VC and FeNiN—CDC showed higher Tafel slope values of —50 and
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—65 mV dec!, respectively. These small Tafel slopes are characteristic of
catalysts containing iron, signifying a redox-mediated electrocatalysis with a
fast one-electron transfer involving Fe(Ill) to Fe(Il) [213,214]. This process
generates the Fe(Il) active site at low current densities during the negative
potential scan, occurring prior to the rate-determining step. These findings are
consistent with the involvement of a redox process at Fe centres. The higher
Tafel slopes observed, particularly the —65 mV dec™' Tafel slope, may be
attributed to the presence of Ni centres, which do not exhibit the fast Ni(III)/(1I)
redox processes and likely contribute to the ORR through a different mechanism.
Therefore, the —65 mV dec™' Tafel slope likely reflects the occurrence of
parallel ORR processes at both Fe and Ni centres. In contrast, the lower Tafel
slopes of =31 and —40 mV dec™' indicate a preference for the ORR to proceed
predominantly at Fe centres. Analogously to the ORR results, Tafel slope values
for OER were found to be quite similar and close to 60 mV dec™', which suggest
that the OER on these catalysts follows similar reaction mechanism and M—O
formation (2™ step) is the rate-determining step. These Tafel slope values well
matched with the previously reported works where the OER proceeds
preferentially at Ni centres however Fe plays a beneficial role to increase the
OER activity along with Ni centres.

To assess the suitability of electrocatalysts for practical applications in fuel
cells and metal-air batteries, their stability for both the ORR and OER is of
utmost importance. In this context, FeNIN-MWCNT and FeNiN-MC catalysts
were chosen for durability testing, focusing on the ORR and OER stability. An
ADT was carried out for the ORR by subjecting the catalysts to repeat potential
cycling. As depicted in Figures 28a and c, minimal changes in the E1, values
were observed for both catalysts after 10,000 potential cycles. The Ei, value
changed by only 9 mV for FeNiN-MC and 10 mV for FeNIN-MWCNT. These
results demonstrate the excellent stability of these catalysts for the ORR in an
alkaline environment. The OER stability of the catalysts was also investigated
by subjecting them to 1000 cycles in an Ar-saturated 0.1 M KOH (Figures
28b,d). Interestingly, FeNIN-MWCNT exhibited better stability, with a AEj-1o
of 16 mV, compared to FeNiN—MC, which had a AEj-o of 46 mV. This finding
suggests that FeNiN-MWCNT is more stable for the OER, emphasising its
potential for practical applications. Overall, the results indicate that both
FeNiN-MWCNT and FeNiN—MC materials are promising candidates for use in
fuel cells and metal-air batteries, offering excellent stability for both the ORR
and OER processes.
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Figure 28. ORR polarisation curves before and after stability test of (a) FeNiN-MC and
(c) FeNIN-MWCNT in Os-saturated 0.1 M KOH; OER polarisation curves before and
after stability test of (b) FeNiN—MC and (d) FeNiN-MWCNT in Ar-saturated 0.1 M
KOH. v=10 mV s™!, ®=1900 rpm.

Evaluating the performance of the prepared catalysts in fuel cells is a crucial
benchmark for assessing their practical applicability. Single-cell fuel cell polari-
sation and power density curves for FeNIN-MWCNT and FeNiN-MC were
conducted in an AEMFC test and the results are presented in Figure 29. For
comparison, the Pt/C catalyst was also tested under similar AEMFC conditions.
FeNiN-MC exhibited an open-circuit voltage (OCV) of 1.0 V, which was
slightly higher than the OCV observed with FeNiN-MWCNT (0.96 V). In
terms of current density at 0.6 V, FeNiN-MC reached 528 mA cm 2, while
FeNiIN-MWCNT achieved a higher value of 638 mA cm >, representing a
100 mAcm™? advantage over FeNiN-MC and Pt/C. Furthermore,
FeNiIN-MWCNT demonstrated a Pmax of 406 mW cm 2, surpassing the per-
formance of FeNiN-MC (386 mW cm ?) and Pt/C (347 mW cm ). Analysing
AEMFC performance compared to existing literature results is challenging due
to variations in experimental conditions, such as the use of different anion
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exchange membranes, catalyst morphologies and water management strategies.
The slight decrease in AEMFC performance for FeNiN-MC compared to
FeNiN-MWCNT may be attributed to various factors, including the choice of
AEM, the morphology of the catalysts and water management strategies, etc.
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Figure 29. Polarisation curves and power densities for H,—O, AEMFC using AF2-
HLES8-10-X anion exchange membrane, Pt—Ru/C as anode catalyst and
FeNiN-MWCNT, FeNiN-MC and Pt/C as cathode catalysts. T=65 °C. H, and O, flow
rate is 1 NLPM.

RZABs were fabricated and tested to assess the bifunctional electrocatalytic
performance of FENIN-MWCNT and FeNiN-MC catalyst materials. Figure
30a presents the discharge polarisation curves and corresponding power density
curves for different catalysts. FeNiN-MC displayed an impressive OCV
value of 1.47 V, while FeNIN-MWCNT achieved 1.45 V. Remarkably,
FeNiN-MWCNT exhibited a Puax of 84.5 mW cm ™, surpassing both Pt—Ru/C
(80.7 mW cm?) and FeNiN-MC (71.9 mW cm?) catalysts. However, it is
important to note that the NPMCs had twice the catalyst loading on the
electrode compared to Pt—Ru/C. Furthermore, the durability of these catalysts,
along with the benchmark Pt—Ru/C, was assessed through a galvanostatic
charge-discharge cycling test, operated at a current density of 1 mA cm
(Figure 30b). FeNIN-MWCNT demonstrated superior cycling performance
compared to FeNiN-MC and Pt—Ru/C under the same conditions. The initial
voltage gap between charge and discharge potential for FeNIN-MWCNT and
FeNiIN-MC catalysts was 0.58 and 0.55 V, respectively. After 48 h,
FeNiN-MWCNT exhibited only slight performance degradation (0.05 V in-
crease in voltage gap). In contrast, FeNiN—MC experienced a larger increase in
voltage gap (0.2 V). The enhanced stability of FeNIN-MWCNT can be attri-
buted to the graphitic structure of MWCNTSs. TEM images revealed that some
metal nanoparticles were encapsulated within MWCNTs, reducing the risk of
demetallation in highly alkaline media. This factor likely contributes to the
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better stability of FeNIN-MWCNT in RZABs. FeNiN-MWCNT and
FeNiN—-MC catalysts exhibited comparable OCV values to previously reported
RZABs. However, the Pmax of these materials varied among different RZABs, as
multiple factors, including electrode distance, electrolyte concentration, air flow,
zinc anode, cathode materials, etc., can influence the performance of RZABs.
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Figure 30. (a) Polarisation and power density curves of the Pt—Ru/C, FeNIN-MWCNT
and FeNiN-MC catalysts for discharging. (b) Galvanostatic discharge-charge cycling
curves for ZABs with Pt—Ru/C, FeNiN—MC and FeNiIN-MWCNT.

7.2.2. Fe and N-doped CDC/G composite material for ORR

The surface morphology of the materials characterised by SEM. Figures 31a,c,e
reveal similar morphological structures. Upon closer inspection, one can ob-
serve a relatively homogeneous composite of CDC and graphene. CDC particles
seem to be interspersed among or deposited on the graphene nanoflakes (Figure
31b,d,e). Additionally, SEM-assisted EDX analysis was performed to determine
the bulk concentration of elements and the results are presented in Table 12.
The iron content was found to be the same in both iron-containing materials.
However, a significantly higher nitrogen content was detected in FeN-
CDC/G/DCDA compared to FeN-CDC/G. The increased nitrogen content can
be advantageous for stabilising metal particles on the carbon matrix, leading to
enhanced electrocatalytic activity and stability.
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Figure 31. SEM images of (a, b) N-CDC/G/DCDA, (c, d) FeN-CDC/G and (e, f) FeN-
CDC/G/DCDA catalysts.

Table 12. Elemental composition of the prepared catalysts determined by SEM-EDX
(wt.%).

Catalyst C N o Fe
FeN-CDC/Gr/DCDA 82.8 8.9 4.7 1.9
FeN-CDC/Gr 88.2 3.5 4.9 1.7
N-CDC/Gr/DCDA 88.9 43 3.5 -

Moreover, for further analysis of Fe-containing materials, STEM was employed
and the results are displayed in Figure 32. The structure of the CDC/G com-
posite is visible in Figure 32a,d. Both FeN-CDC/G/DCDA and FeN-CDC/G
materials contain Fe nanoparticles. Nevertheless, FeN-CDC/G contains signifi-
cantly larger Fe nanoparticles (approximately 50 nm in size), while FeN-
CDC/G/DCDA comprises only 5 nm Fe nanoparticles (Figure 32b,e). The inclu-
sion of DCDA as a nitrogen source aids in preventing the aggregation of Fe
nanoparticles during the pyrolysis process. These smaller nanoparticles can
offer a higher number of active sites for the ORR, as is evident in Figure 32e.f.
In FeN-CDC/G catalyst, Fe nanoparticles are larger and tend to aggregate in one
region, while in FeN-CDC/G/DCDA, the nanoparticles are more uniformly dis-
tributed and smaller in size. Additionally, a higher nitrogen content is ob-
servable in FeN-CDC/G/DCDA compared to FeN-CDC/G.
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Figure 32. STEM images of (a, b) FeN-CDC/G and (d, e) FeN-CDC/G/DCDA.
Elemental mapping of (¢) FeN-CDC/G and (f) FeN-CDC/G/DCDA catalysts.

XRD analysis was employed for characterising the materials' structure. Similar
to previous parts, the presence of peaks at approximately 20 = 25° and 43°,
which are indicative of graphitic carbon. Other peaks at 20 = 37° and 61° is
attributed to titanium carbide, which is from CDC. These peaks are found in the
materials due to the use of ZrO, balls in the ball-milling of CDC. Furthermore,
additional diffraction peaks at approximately 44° can be associated with the
existence of FesC and Fe nanoparticles in FeN-CDC/G, while there was no
observable Fe nanoparticle phase.
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Figure 33. (a) XPS survey spectra of prepared materials. (b) Graphical representation of
N-species surface concentration in prepared materials. High-resolution N 1s XPS
spectra of (c) N-CDC/G/DCDA, (d) FeN-CDC/G and (¢) FeN-CDC/G/DCDA catalysts.

The composition and chemical state of surface elements in the prepared mate-
rials were assessed through XPS analysis. The comprehensive XPS survey
spectra of the prepared materials reveal the presence of carbon, nitrogen,
oxygen and iron in both FeN-CDC/G and FeN-CDC/G/DCDA (Figure 33a).
Figure 33b provides the atomic concentration of nitrogen species within the
prepared materials. Notably, N-CDC/G/DCDA lacks any M-Ny species and the
quantity of this specie increases in the following order: N-CDC/G/DCDA <
FeN-CDC/G < FeN-CDC/G/DCDA. Furthermore, the most prominent nitrogen
species in all three materials is pyridinic-N, followed by pyrrolic-N, graphitic-N
and M-N,. As previously discussed in the introduction, these nitrogen species
play a pivotal role in enhancing the ORR activity. In Figure 33c,d,e, we present
high-resolution N 1s XPS spectra for N-CDC/G/DCDA, FeN-CDC/G and FeN-
CDC/G/DCDA, respectively. The N 1s spectra were analysed and resolved into
seven peaks: oxidic-N (N-O, 404 e¢V), N-H (403 eV), graphitic-N (401.7 eV),
pyrrolic-N (400.5 eV), metal-N (399.4 eV), pyridinic-N (398.4 ¢V) and imine-N
(397.6 V). The additional nitrogen source, DCDA, contributed to an increase in
pyridinic, pyrrolic, graphitic and M-Ny species. The presence of pyridinic-N
assists in charge-transfer and is able to induce electronic structural changes in
the neighbouring carbon atoms, resultantly facilitating the oxygen adsorption,
while graphitic-N contributes to enhancing the limiting diffusion current, thus
boosting electrocatalytic activity [215].
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Figure 34. (a) Comparison of CVs at 100 mV s!, (b) ORR polarisation curves of pre-
pared materials at 1900 rpm, (c) hydrogen peroxide yield and number of transferred
electrons as a function of potential, (d) Tafel plots derived from the ORR polarisation

curves in oxygen-saturated 0.5 M H,SO4 at 10 mV s L.

After physical characterisation, the electrocatalytic performance of the prepared
materials for the ORR was measured in O-saturated 0.5 M H,SO, electrolyte.
Figure 34a displays the CV curves in an oxygen-saturated electrolyte for the
prepared materials. All electrocatalysts exhibit distinct cathodic peaks attributed
to the ORR. In the absence of iron, N-CDC/G/DCDA shows a current peak at
0.65 V, whereas the CDC/G composite doped with FePc shifts the peak position
towards a more positive value at 0.70 V. Notably, when the composite is doped
with iron phthalocyanine in conjunction with DCDA, the ORR peak position
further shifts in a positive direction to 0.76 V, indicating a further enhancement
in the ORR activity.

The ORR performance of the catalysts was further examined using the rota-
ting ring-disk electrode method and the results in the form of LSV plots are
presented in Figure 34b. Notably, both FeN-CDC/G/DCDA and FeN-CDC/G
catalysts exhibit superior ORR electrocatalytic activities compared to N-
CDC/G/DCDA, as evidenced by their onset potential and half-wave potential.
In particular, the FeN-CDC/G/DCDA catalyst demonstrates the highest ORR
activity, displaying a more positive Eonset 0f 0.85 V vs. RHE, as well as a higher
E10f 0.76 V vs. RHE. These values surpass those of the FeN-CDC/G catalyst
(0.83 and 0.70 V vs. RHE) and N-CDC/G/DCDA (0.78 and 0.65 V vs. RHE).
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The exceptional ORR performance of the FeN-CDC/G/DCDA catalyst can be
attributed to its higher number of Fe-Nx active sites and nitrogen doping, which
were expected to enhance its electrocatalytic activity. Furthermore, FeN-
CDC/G/DCDA also features smaller Fe nanoparticles than FeN-CDC/G, which
could be a contributing factor to its superior ORR performance.

In order to further investigate and verify the ORR catalytic pathways of these
materials, we also conducted RRDE measurements to monitor the formation of
hydrogen peroxide during the ORR process. The results depicted in Figure 34c
demonstrate the H>O, formation yield and the n value. FeN-CDC/G catalyst
exhibited a higher peroxide production, approximately 10% in a wide potential
range, while the FeN-CDC/G/DCDA catalyst displayed nearly half the yield of
peroxide formation (~5%). Furthermore, the number of transferred electrons for
both catalysts was calculated, showing the value of n close to 4. However, FeN-
CDC/G had a slightly lower n value, around 3.5, than FeN-CDC/G/DCDA
(n=3.9). This indicates that the ORR process on both catalysts follows a 2x2
electron pathway, in which H,O; acts as an intermediate that is subsequently
reduced to water. Notably, FeN-CDC/G/DCDA catalyst demonstrated superior
performance in reducing H>O, to H,O compared to FeN-CDC/G counterpart.
The combined findings from the RRDE experiments and physico-chemical
characterisation suggest that the incorporation of DCDA is advantageous for
enhancing the number of M-Nj active sites in the materials and preventing metal
aggregation, resulting in improved overall ORR performance, including Eonset
and E1,. The higher ORR activity of the FeN-CDC/G/CDDA is also supported
by the Tafel slope shown in Figure 5d. The FeN-CDC/G/DCDA catalyst
displays Tafel slope of =52 mV dec™' at low overpotentials, which is smaller
than that of FeN-CDC/G (—66 mV dec™') and much smaller as compared to N-
CDC/G/DCDA (=70 mV dec™).

7.3. Polymer-based carbon support
for bifunctional oxygen electrocatalysts

This part of the thesis focus on the preparation of carbon supports from polymer
frameworks for the ORR and OER [V, VI]. In first part CoPc doped on phloro-
glucinol polymer derived carbon was prepared and tested for RZAB [V] and in
second part, bimetallic FeCo-doped atomically dispersed material was prepared
for RZAB [VI].

7.3.1. Cobalt phthalocyanine-doped polymer-based materials

In search of more affordable carbon supports, polymer-derived carbon focused.
Phloroglucinol-formaldehyde polymer framework was prepared and incor-
porated with CoPc. After pyrolysing the CoPc-doped phloroglucinol framework,
the catalysts were tested for RZAB as electrode materials [V].
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The crystalline structure of the catalyst materials was analysed using XRD
(Figure 35a). In all XRD patterns, two broad peaks were observed at 26° and
43.5°, corresponding to the (002) and (100) graphitic planes, respectively [159].
No diffraction peaks indicative of metallic Co nanoparticles was detected,
suggesting the absence of large Co particles in the prepared catalysts. PC-800
exhibited slightly more intense peaks than the Co-doped materials, suggesting
that the introduction of transition metals may influence the graphitic structure
[216].
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Figure 35. (a) XRD patterns and (b) pore size distribution and N, adsorption-desorption
isotherms (inset) of the prepared catalysts.

Additionally, N> physisorption analysis was conducted to investigate the textu-
ral properties of the materials (Figure 35b and Table 13). The obtained iso-
therms displayed typical type-II adsorption-desorption behaviour with H3
hysteresis, indicating the presence of both micropores and mesopores in all the
prepared catalysts [192]. The Sger was determined to be 449 m* g™' for PC-800,
464 m? g' for CON-PC-1 and 325 m* g ' for CoN-PC-2. PC-800 exhibited the
highest total porosity and microporosity and these properties tended to decrease
with the addition of CoPc. The balance between micro- and mesopores is crucial
for carbon-based catalyst materials, as it facilitates the diffusion of reactant
species during the ORR and OER processes [217]. Mesopores are generally
considered more favourable for electrocatalysis, but an excessive increase in
mesopores can lead to a reduction in the material's surface area, resulting in
fewer active sites. Consequently, the prepared materials are considered suitable
for ORR/OER due to their well-balanced micro/mesopore structure [218].
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Table 13. Specific surface area (Sger), total pore volume (Vi) and micropore volume
(Vy) of catalysts.

Catalyst Seer (m?g™) Viot (em® g) Ve(em? g
PC-800 449 0.54 0.15
CoN-PC-1 464 043 0.16
CoN-PC-2 325 0.35 0.12

Subsequently, a detailed analysis of the materials was carried out using SEM to
investigate their surface morphology. The SEM images are presented in Figure
36, showing that all the materials exhibit relatively uniform morphology charac-
terised by interconnected porous carbon structures. The introduction of CoPc
led to slight alterations in the surface morphology. Notably, the surface structure
of the materials became somewhat more compact with increasing amounts of
CoPc (as observed in the inset of Figure 36b,c). Furthermore, SEM-EDX-
assisted elemental mapping was conducted to assess the distribution of dopants
in the catalysts and to detect any agglomeration of cobalt (Figure 37). As antici-
pated, no agglomeration of elements was observed in the elemental mapping
analysis, consistent with the XRD results. The bulk concentration of elements
was quantified through SEM-EDX and the analysis revealed a high concentra-
tion of nitrogen and cobalt, indicating the successful incorporation of CoPc
dopants (Table 14). Additionally, the presence of oxygen functionalities arising
from carbon-oxygen species and metal oxides was detected and these functio-
nalities are believed to be conducive to the OER [195].

Table 14. Elemental composition of the catalysts determined by SEM-EDX (wt.%).

Catalyst C N (0] Co
PC-800 84.4 10.3 53 -
CoN-PC-1 82.0 9.1 7.7 1.2
CoN-PC-2 79.9 10.3 7.7 2.2

Figure 36. SEM images (inset: higher magnification images) of (a) PC-800, (b) CoN-
PC-1 and (c) CoN-PC-2 materials.
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Figure 37. Elemental maps of C, N, O and Co obtained from SEM-EDX of (a) PC-800,
(b) CoN-PC-1 and (c) CoN-PC-2 materials.
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XPS measurements were performed to analyse the surface elemental compo-
sition and the different states of dopants present in the prepared catalysts
(Figure 38). The XPS survey spectrum revealed the presence of carbon (C),
nitrogen (N), oxygen (O) and cobalt (Co) on the surface of the catalysts. The
nitrogen and oxygen contents were found to be similar in all the prepared cata-
lysts, with the only variation being in the cobalt content, which was expected
due to the different amounts of CoPc used during the catalyst preparation. Diffe-
rent nitrogen species, including pyridinic-N, pyrrolic-N, graphitic-N and M-Nj,
were identified on the catalyst's surface through the deconvoluted high-reso-
lution N 1s XPS peak (Figure 38 inset). Pyridinic-N and pyrrolic-N were the
most prominent nitrogen species in all three materials, followed by graphitic-N
and M-Ny (Figure 38d). These findings indicate that the doping with 2-
methylimidazole and CoPc increased the concentration of different nitrogen
species, promoting the kinetics of the ORR. Transition M-Ny centres are also
known to contribute to high ORR activity through either 4-electron or 2x2-
electron pathways [219]. Notably, the Co-N-PC-2 catalyst exhibited a relatively
higher percentage of pyridinic-N and M-Ny compared to Co-N-PC-1, which
could be advantageous for its higher electrocatalytic activity. The deconvolution
of the O 1s peak from the XPS spectra revealed the presence of cobalt oxide,
carboxyl, hydroxyl groups and chemisorbed water. These oxygen species are
known to enhance the electrocatalytic activity of the material [220,221]. The
increase in cobalt content resulted in a higher concentration of oxygen species,
including metal oxide, carboxyl, hydroxyl groups and chemisorbed water. The
formation of metal oxides during the pyrolysis of M-N4 macrocycles has been
reported and is known to enhance ORR/OER activity in alkaline media.
Furthermore, individual components of the Co 2p XPS spectra were resolved to
quantify the oxidation state of cobalt and determine the composition of each
cobalt species. Figure 39 shows two prominent peaks at 780.4 and 796 eV,
corresponding to Co 2ps» and Co 2pip, respectively. The deconvoluted peaks
observed at 778 and 780.4 eV can be attributed to metallic cobalt and Co-N in
the Co 2ps/ spectrum, respectively. This further confirms the presence of Co-Ny
centres. For CoN-PC-1, the concentration of Co-N (0.11 at%) is lower than that
in CoN-PC-2 (0.23 at%).
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(b) CoN-PC-2 and (c) PC-800 materials and (d) graphical representation of nitrogen
species surface concentration in the prepared electrocatalysts.
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Figure 39. Deconvoluted Co 2p XPS spectra for (a) CoN-PC-1 and (b) CoN-PC-2
catalysts.
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Furthermore, the influence of CoPc on the ORR and OER activity was investi-
gated using the RDE method. As expected, PC-800 exhibited the lowest electro-
catalytic activity for the ORR, with an Eonee of 0.79 V. Additionally, PC-800
followed two reduction pathways during the ORR process. A significant enhan-
cement in the electrocatalytic activity was observed upon the addition of CoPc.
Both CoN-PC-1 and CoN-PC-2 electrocatalysts showed nearly identical overall
ORR electrocatalytic activity in the RDE experiment, with Eqnset and E12 values
of 0.88 and 0.81 V, respectively. Commercial Pt/C (E1, = 0.85 V) was also
assessed using the RDE method and the results are presented in Figure 40 and
Table 15.

Table 15. Electrochemical results for prepared catalysts in 0.1 M KOH solution.

Catalysts Eonset (V) Einx (V) Ej=10(V)
PC-800 0.79 - -
CoN-PC-1 0.88 0.81 1.73
CoN-PC-2 0.88 0.81 1.70
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Figure 40. (a) ORR and (b) OER polarisation curves in 0.1 M KOH solution at 1900 rpm
and 10 mV s!. (c) number of transferred electrons per O, molecule derived from the K-
L plots.

Regarding the OER process, the performance was evaluated in terms of Ejo.
Among the as-prepared catalysts, CoON-PC-2 demonstrated the most favourable
OER activity, with an Ej-1o value of 1.70 V. CoN-PC-1 showed a slightly higher
Ei-10 value of 1.73 V, while PC-800 did not exhibit comparable activity. This
trend was expected, as PC-800 lacks transition metal-containing active sites for
OER and an increased OER activity was observed in catalysts with higher metal
contents, providing more active sites for OER. The linearity of the K-L plots
implies first-order kinetics for ORR (Figure 41) and the electron transfer
number (n value) was determined to be close to four (approximately 3.5) for
CoN-PC (Figure 40c).
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Figure 41. ORR polarisation curves at different rotation rates for (a) PC-800, (b) CoN-
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A cyanide poisoning test was also conducted to confirm the presence of the M-
Nx active sites in the catalyst materials. In principle, cyanide ions strongly bind
to the M-Ny sites, impairing the catalysts’ ORR activity [34]. LSV curves were
obtained in a 0.1 M KOH solution containing 10 mM NaCN. It is evident from
Figure 42 that the ORR activity of the catalysts significantly decreased with the
addition of cyanide ions. These test results further confirm the existence of M-
N centres in the catalysts, as identified in the XPS analysis.
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Figure 42. ORR polarisation curves for (a) CoN-PC-1 and (b) CoN-PC-2 catalysts in
0;-saturated 0.1 M KOH solution containing 10 mM NaCN at 1900 rpm (v= 10 mV s7").

To assess the electrochemical stability of the synthesised catalysts, 10,000 re-
peated potential cycles were conducted in an O-saturated 0.1 M KOH solution,
as shown in Figure 43a,b. CoN-PC-1 exhibited good stability, with only a
14 mV shift in E1». In contrast, there was no observable difference in E1, for
CoN-PC-2. This remarkable stability can be attributed to the hierarchical porous
structures within the CoN-PC catalysts, which help mitigate the dissolution and
aggregation of metal during the rigorous electrocatalytic process. This structural
feature stabilises the M-Ny active sites and accelerates the electron transfer
process, collectively promoting excellent electrochemical stability. To assess the
stability of the OER, chronoamperometric measurements were conducted at a
potential of 1.7 V in an Ar-saturated 0.1 M KOH solution (Figure 43c). After 3 h,
CoN-PC-2 retained 79% of the initial OER current, while CoN-PC-1 maintained
51%. The higher stability of CoN-PC-2 was attributed to its higher Co content,
which helps stabilise the carbon matrix and mitigate the loss of active sites.
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Figure 43. Polarisation curves of ORR before and after stability test for (a) CoN-PC-1
and (b) CoN-PC-2 catalysts in O,-saturated 0.1 M KOH solution at 1900 rpm with a
scan rate of 10 mV s™L. (¢) OER stability test for CON-PC-1 and CoN-PC-2 at 1.7 V for
3 h (0 =1900 rpm).

The performance of the developed CoN-PC-1 and CoN-PC-2 catalyst materials
in terms of oxygen bifunctional electrocatalysis at the cathode was assessed by
assembling and testing RZABs. The discharge polarisation curves and power
density curves for the catalysts are presented in Figure 44a. Impressively, both
CoN-PC-1 and CoN-PC-2 catalysts exhibited OCV values as high as 1.45 and
1.47 V, respectively. As shown in Figure 44a, CoN-PC-2 achieved a higher Pumax
of 158 mW cm 2, slightly surpassing CoN-PC-1 (155 mW cm ?). Additionally, a
galvanostatic charge-discharge cycling test (10 min per cycle) was conducted at
a current density of 5 mA cm to evaluate the durability of both catalysts
(Figure 44b). Under the same conditions, the CoN-PC-2 catalyst demonstrated
excellent cycling performance compared to CoN-PC-1. Interestingly, both CoN-
PC-1 and CoN-PC-2 catalysts initially had a voltage gap of approximately 0.9 V
between their charge and discharge potentials. However, after 45 h of cycling,
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the voltage gap of CoN-PC-2 increased to 1.08 V, while RZABs based on CoN-
PC-1 failed twice within 30 h. The higher stability of CoN-PC-2 can be
attributed to its higher metal content, which can provide sustainable active sites
for both ORR and OER and it also experiences lower carbon decomposition in
highly alkaline media. Nonetheless, comparing different RZABs can be chal-
lenging due to various factors such as electrode distance, air flow, Zn anode,
electrolyte volume, etc.
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Figure 44. (a) Polarisation and power density curves of CoN-PC-1 and CoN-PC-2
catalysts for discharging. (b) Stability test for RZABs using CoN-PC-1 and CoN-PC-2
catalysts by galvanostatic discharge-change cycling at 5 mA cm™2.

7.3.2. Zinc-assisted synthesis of polymer framework-based
bimetal catalysts

This part of the thesis aims to provide an efficient way to synthesise atomically
dispersed bimetallic catalyst for oxygen electrocatalysis from transition metal
embedded polymer framework. Herein, iron and cobalt-doped carbon-based
catalyst derived from phloroglucinol-dicyandiamide-formaldehyde framework
(PDF) is prepared utilising zinc nitrate as template. Prepared Fe- and Co-doped
carbon catalyst (FeCoN-PDF-T,-2) exhibits excellent bifunctional catalytic
activity and tested in RZAB.

Nitrogen physisorption analysis was performed to investigate the textural
characteristics of the prepared materials and to assess the influence of metal
doping and the zinc template, as detailed in Figure 45a and Table 16. The PDF
material without the template was found to have a very low Sggr. Treating the
PDF materials with zinc nitrate (PDF-T5) led to a simultaneous increase in both
the Sper (421 m* g') and pore size (~3.5 nm), indicating that the zinc template
helps achieve a high surface area in PDF materials. A similar trend was
observed for metal-incorporated PDF (MN-PDF-T>-2, where M = Fe, Co). The
shape of the N» physisorption isotherms of template-treated materials conforms
to the IUPAC classification, resembling a type IV isotherm with H2 hysteresis
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[192]. This pattern indicates a combination of micro-mesoporous materials. In a
comparative analysis of the four materials employed, namely PDF-T; (421 m? g'),
FeN-PDF-T>-2 (291 m* g''), CoN-PDF-T>-2 (408 m? g ') and FeCoN-PDF-T,-2
(414 m? g"), the FeN-PDF-T»-2 material exhibits a relatively lower Sger,
possibly due to the formation of carbon nanotubes during the pyrolysis process
of Fe-incorporated PDF (further discussed in SEM and STEM sections). Apart
from smaller mesopores of 2—10 nm, larger mesopores ranging from 10 to 25 nm
are also evident (Figure 45a). It is worth noting that various transition metals
have different effects on the textural properties of PDF materials owing to their
specific interaction with the polymer network during the synthesis procedure.
The material prepared with cobalt tends to exhibit a higher micropore content,
as listed in Table 16, while the incorporation of iron favours the development of
mesopores. Consequently, zinc-templated metal-doped carbon materials with a
similar porous structure was prepared, combining meso- and micropores, featu-
ring smaller (~3.5 nm) and larger (around 10-25 nm) mesopores.
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Figure 45. (a) Pore-size distribution and (b) XRD patterns of the prepared materials.

Table 16. Textural properties of PDF materials. Specific surface area (Sggr), micro-
porous SSA and pore volume (Smicro, Vmicro), mesoporous SSA and pore volume (Smeso,
Vmeso) and total pore volume (Vio).

Catalyst SBET S Smicro Smeso Vmicro Vot
(m? g™ (m* g™ (m* g™")| (m* g™)| (em’g™) | (em’g™)

PDF 71 98 83 15 0.03 0.06
Fe-PDF 104 118 76 42 0.04 0.13
PDF-T, 421 387 226 161 0.11 0.52
CoN-PDF-T»,-2 408 406 284 122 0.12 0.42
FeN-PDF-T,-2 291 297 115 182 0.06 0.47
FeCoN-PDF-T,-2 414 478 351 127 0.14 0.44
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The catalyst materials were subjected to XRD analysis to investigate their
crystallographic structure (see Fig. 45b). The XRD analysis reveals that all
samples consist of carbon with unbounded layers, which might be beneficial for
enhancing mass transfer in electrochemical processes. The most characteristic
peaks were observed at around 25° and 43°, corresponding to the (002) and
(100) graphitic carbon planes [159]. Importantly, no diffraction peaks were
identified that could be attributed to transition metals, signifying the absence of
sizable metal nanoparticles in the prepared catalysts.

The defect densities of the as-synthesised catalysts were analysed using
Raman spectroscopy. The comparative first-order Raman spectra of the samples
are shown in Figure 46a. All spectra were fitted using a five-band model, where
G band (~1590 cm™) corresponds to the stretching vibrations of the sp® carbon
atoms in the ideal graphitic lattice and various D bands (D1, D2, D3 and D4)
correspond to different types of structural defects. The Ip/Ig ratio (peak intensity
ratio) is a commonly used parameter to quantify the structural imperfection in
graphene materials. However, for highly disordered carbon materials, the
Raman band typically labelled as G is a superposition of the G and D2 bands,
making it challenging to separate them. To evaluate the degree of structural
disorder in the catalyst materials, several parameters were considered, including
the full widths at half-maximum (FWHM) of the D1 and G bands, Ipi/Ig (the
ratio of the areas under the bands) and R2, which is a ratio related to the areas of
the indicated bands. The R2 parameter is a reliable measure of defect densities
in disordered carbon materials. A value of R2 > 0.5 indicates highly disordered
carbon, while R2 < 0.5 suggests highly graphitised carbons. The analysis
showed that the structural disorder factor (R2 value) of the carbon materials
increased progressively in the sequence of PDF-T, (0.62), CoN-PDF-T»-2
(0.71), FeCoN-PDF-T»-2 (0.76) and FeN-PDF-T,-2 (0.84) materials. These
highly abundant defect sites can provide an increased number of electrocata-
lytically active sites, which is beneficial for enhancing electron transfer rates.
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Figure 46. (a) Raman spectra of the catalysts. (b) XPS survey spectra of the prepared
catalysts. Deconvoluted detailed XPS spectra of (c) Fe 2p, (d) Co 2p and (e) N 1s, peak
corresponding binding energy values of the species present in FeCoN-PDF-T5-2.

XPS was utilised to investigate the chemical states, surface composition and
bonding configurations of elements in the materials. The XPS survey spectra of
the materials revealed the presence of carbon (C), nitrogen (N), oxygen (O) and
the transition metal elements iron (Fe) and cobalt (Co) in the respective mate-
rials (Figure 46b). Detailed XPS analysis of the Fe 2p spectrum for FeCoN-
PDF-T,-2 and FeN-PDF-T,-2 catalysts showed two prominent peaks at 710.8
and 724 eV, corresponding to the Fe 2ps;» and Fe 2pi,» spin-orbit splitting levels.
Deconvolution of the Fe 2ps» peak into peaks at 709.6 and 710.8 eV revealed
the presence of Fe** and Fe'* states, indicating that the valence of iron in the
catalyst materials lies between +2 and +3 (Figure 46¢). Similarly, two peaks at
around 780.1 and 795.6 eV in the Co 2p spectrum (Figure 46d) correspond to
the Co 2ps» and Co 2pi2 levels. These peaks indicate the presence of cobalt
mainly as Co®" and Co®". The presence of high-intensity satellite peaks at 782.9
and 798.4 eV suggests the predominance of Co®" states, while a smaller pre-
peak at 778.2 eV indicates the presence of some metallic Co’ states. Addi-
tionally, the peaks at 786.1, 789.5, 802.3 and 805.2 eV can be attributed to satel-
lite peaks of cobalt [222].
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Deconvoluted high-resolution N 1s XPS spectra revealed the presence of
various N-species in the prepared materials, including pyridinic-N, M-Ny,
pyrrolic-N and graphitic-N (Figure 46e). Among these nitrogen species,
pyridinic-N was the dominant one in all the prepared materials, followed by
pyrrolic-N, M-Ny and graphitic-N. It is important to note that these nitrogen
species play a crucial role in enhancing the ORR kinetics, with a particular
emphasis on pyridinic-N and M-Ny [67,105]. Interestingly, the PDF catalysts
containing cobalt exhibited a higher content of metal-coordinated nitrogen sites
compared to their iron counterparts. For instance, FeN-PDF-T,-2 contained
13.4% M-Ny sites, whereas FeCoN-PDF-T,-2 had 14.7% and CoN-PDF-T,-2
had the highest proportion at 19.0%. These M-Nj sites are known to facilitate
the adsorption and activation of O, molecules, thereby accelerating the reaction
kinetics of ORR [67]. Furthermore, pyrrolic-N and graphitic-N were also
identified in the materials. These nitrogen species can contribute to enhancing
the ORR in alkaline media by improving reaction kinetics (pyrrolic-N) and
limiting current density (graphitic-N) [73,74].

A detailed examination of the surface morphology of the materials was
conducted using SEM. Figure 47 illustrates the distinct structures observed for
the developed materials. The PDF materials exhibit a foamy porous structure
with high roughness (as seen in Figure 47a,c,e,g). The presence of this porous
morphology is attributed to the use of zinc nitrate as a template, which can
generate nitrogen oxides during the heat treatment process, leading to the
formation of this specific structural configuration. The morphology of PDF-T,
(Figure 47a,b) appears denser in comparison to the metal-doped the PDF mate-
rials. The introduction of transition metals during the synthesis process of PDF
materials initiated the partial formation of CNTs during the heat treatment stage
(Figures 47d,h). The occurrence of CNT formation in these materials seems to
exhibit a trend. Specifically, the iron-doped PDF (Figure 47d) material has a
higher quantity of CNT and more flattened sheet-like structures compared to the
Co- or FeCo-PDF materials. Such open structures are expected to enhance the
mass-transfer properties of the materials. In addition, SEM-EDX analysis was
performed to determine the bulk elemental composition of the materials and the
data are presented in Table 17. The nitrogen and oxygen content were found to be
approximately 12 and 10 wt.%, respectively, for all catalyst materials. Further-
more, the total metal content assessed by EDX analysis was nearly 2.5 wt.%.

Table 17. Elemental composition of as-prepared PDF materials by SEM-EDX (wt.%).

Catalyst C N o Fe Co
PDF-T, 73.6 12.1 9.0 - -
FeN-PDF-T,-2 72.5 11.6 9.2 2.7 0.0
CoN-PDF-T,-2 71.1 12.6 104 0.0 2.9
FeCo N-PDF-T,-2 72.0 12.3 10.7 0.7 0.9
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500 nm

Figure 47. SEM images of (a, b) PDF-T», (¢, d) FeN-PDF-T,-2, (e, f) CoN-PDF-T»-2
and (g, h) FeCoN-PDF-T,-2 materials. (Arrows point out some of the CNTs in
materials.)
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The STEM was used to gain insights into the structure of the prepared FeCo-
PDF-T,-2 catalyst (Figure 48). The STEM images reveal a foamy carbon
structure and no visible metal aggregates are observed (Figure 48a). Figure 48b
shows the formation of long graphitic carbon layers within the catalyst material.
This structure is advantageous for enhancing electrical conductivity and corro-
sion resistance. Furthermore, the high-magnification HAADF-STEM image
(Figure 48c) reveals the presence of bright spots highlighted in yellow circles.
These bright spots indicate the formation of highly abundant atomically dis-
persed metal sites within the catalyst. The elemental mappings confirm a uni-
form distribution of the doping elements (Fe, Co and N), providing further
evidence of well-dispersed iron, cobalt and nitrogen species (Figure 48d). These
findings are consistent with the XRD results, which did not show any peaks
indicative of metal aggregates.

Figure 48. (a, b) Bright field, (c) high-angle annular dark field (HAADF) images of
FeCo-PDF-T»-2 (yellow circle highlighting some of the atomic metal) and (d) low
magnification HAADF-STEM image and corresponding EDX maps of Fe, Co and N of
the FeCoN-PDF-T»-2 materials.

The optimisation of the catalyst’s preparation involved adjusting the metal and
template content. To optimise the metal content, Fe-doped PDF material was
used and several catalyst materials were prepared with varying mass ratios of
Fe, while keeping the ratio of PDF to zinc nitrate at 1:2. These catalyst materials
are labelled as FeN-PDF-T,-x, where x = 1, 2, 3. Figure 49a shows the ORR
polarisation curves for these materials, with FeN-PDF-T,-2 exhibiting the
highest £, of 0.86 V, indicating optimal metal content. Subsequently, the zinc
nitrate ratio was also optimised and the results are presented in Figure 49b. The
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use of zinc nitrate as a template significantly improved the ORR activity and the
optimal template ratio was found to be 1:2.

Based on these results, bimetal-doped PDF materials were prepared using
iron and cobalt as the metal centres, aiming to create a bifunctional catalyst for
oxygen electrocatalysis. As shown in Figure 49c, CoN-PDF-T,-2 had a lower
E\, value of 0.82 V, while FeCoN-PDF-T»-2 displayed a similar £, value of
0.85 V compared to FeN-PDF-T,-2. The excellent ORR activity can be attri-
buted to the presence of single atomic sites in the catalysts and the textural
properties of the catalysts. However, a slight difference in limiting current den-
sity was observed upon introducing cobalt, which could be due to textural and
morphological variations in the catalysts (as discussed in the BET and SEM
results). For comparison, the commercial 20% Pt/C catalyst was also tested for
ORR, showing slightly superior values (Eonset = 1.01 'V, E12 =0.88 V).
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Figure 49. ORR polarisation curves recorded at 1600 rpm in O,-saturated 0.1 M KOH
(v =10 mV s ") for (a) FeN-PDF-T; catalysts at different metal content, (b) FeN-PDF at
different template ratios, (c) bimetallic Fe and Co-doped PDF and (d) OER polarisation
curves recorded in Ar-saturated 1 M KOH at 1600 rpm and scan rate of 10 mV s
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The catalyst materials were also tested for the OER, as shown in Figure 49d.
The FeCoN-PDF-T,-2 catalyst was found to be the most active for OER, with
an Ej-1o value of only 1.60 V, which is similar to that of RuO; and lower than
that of FeN-PDF-T»-2 (Ej=10 = 1.64 V) and CoN-PDF-T»-2 (Ej=10 = 1.70 V). The
higher OER activity of FeCoN-PDF-T,-2 can be attributed to the synergistic
effect of iron and cobalt. The difference between E1, and Ej-10, defined as AE,
was calculated to evaluate the overall activity of catalysts in oxygen-involved
reactions. The FeCoN-PDF-T»,-2 material exhibited a AE value of 0.75 V, while
FeN-PDF-T»-2 and CoN-PDF-T»-2 catalysts had AE values of 0.78 and 0.88 V,
respectively. A smaller AE indicates superior performance of catalyst materials
as a bifunctional electrocatalyst. The improved bifunctional performance can be
attributed to the increased surface area, the presence of defect sites and the
synergistic effect resulting from the incorporation of both iron and cobalt single-
metal atom sites.
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Figure 50. (a) ORR polarisation curves at different rotation rates in O,-saturated 0.1 M
KOH for FeCoN-PDF-T»-2, (b) Koutecky-Levich plots for ORR derived from RDE
polarisation data for FeCoN-PDF-T»-2, (c) electron transfer number as a function of
potential for the prepared catalysts and (d) ORR polarisation curves of FeCoN-PDF-T,-
2 before and after stability test.
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To investigate the ORR pathway, a series of RDE polarisation curves were
measured at various rotation rates (Figure 50a). These RDE data were used to
construct the K-L plots, which are used to calculate the » involved in the ORR
process (Figure 50b). The linearity observed in the K-L plots indicates first-
order kinetics towards O, concentration in the electrolytes. The n for all the
catalysts is close to four, suggesting that the ORR proceeds via a 4-electron
pathway (Figure 50c). It appears that the cobalt content slightly reduces the
selectivity for ORR, as the n for CoN-PDF-T5-2 is 3.5 and the n value increased
when iron was incorporated (n = 3.8 for FeCoN-PDF-T»-2).

The stability of the electrocatalysts is a crucial criterion for assessing the
ORR performance. After 10,000 potential cycles between 0.6 and 1.0 V, FeCoN-
PDF-T»-2 exhibited negligible change in the E), value, indicating the out-
standing electrochemical stability of the catalyst (Figure 50d). A minor decre-
ment in the limiting current density was observed, which may be attributed to
the loss of some active sites from the catalyst over prolonged cycling.

The FeCoN-PDF-T,-2 catalyst demonstrated remarkable performance when
used as the cathode material in RZAB. The RZAB showed a notably high OCV
reaching up to 1.53 V, along with an impressive Puax of 258 mW cm ? (Figure
51a). This performance surpasses that of a commercial PtRu/C catalyst (OCV =
1.46 V, Pmax = 185 mW cm?). To evaluate the cycling performance, galvano-
static discharge-charge cycles were conducted over 25 h, equivalent to 275
cycles (Figure 51b). Remarkably, the FeCoN-PDF-T,-2-based RZAB demon-
strated stable cycling performance for both discharge and charge processes. In
contrast, the PtRu/C-based RZAB failed within 17 h, highlighting the superior
stability of FeCoN-PDF-T5-2 in practical RZABs. Furthermore, there was only a
slight change in voltage efficiency during the discharge and charge processes
over 25 h. The initial voltage gap for charging and discharging potential for
FeCoN-PDF-T»-2 was 0.87 V, whereas it was 1.39 V for PtRu/C (Figure 51c).
After 25 h, a slight increase in the voltage gap was observed (0.2 V), possibly
due to carbon corrosion of the catalyst or carbon paper used as a gas diffusion
layer. Overall, the FeCoN-PDF-T,-2 catalyst exhibits exceptional electrocata-
lytic performance for both the ORR and the OER, enabling the assembly of a
highly efficient RZAB with outstanding OCV and Pnmax. This surpasses the per-
formance of a commercial PtRu/C catalyst in both Ppax and stability, making it a
promising candidate for practical RZAB applications.
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Figure 51. (a) Discharge polarisation curves and corresponding power density curves
for RZABs based on FeCoN-PDF-T»-2 and PtRu/C catalysts, (b, c¢) Galvanostatic

discharge-charge curves for assembled RZABs.
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8. SUMMARY

The aim of this doctoral thesis revolved around the development of transition
metal-based non-precious metal catalysts for the bifunctional electrocatalysis of
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER).
Furthermore, the research aimed to assess the suitability and performance of
these catalysts in anion exchange membrane fuel cells (AEMFCs) and recharge-
able zinc-air batteries (RZABs). To achieve this goal, the catalyst materials
doped with transition metals and nitrogen were synthesised using a high-tempe-
rature pyrolysis process, employing various transition metal phthalocyanines
and diverse nanocarbon supports. Subsequently, the catalysts exhibiting superior
performance were integrated into the cathode of single-cell AEMFCs or RZABs
and characterised by various physico-chemical methods.

In the first part of the thesis, one-step pyrolysis method was utilised for the
synthesis of mixed transition metal-nitrogen-carbon (M-N-C)-type catalysts. In
this process, various metal phthalocyanine combinations (e.g., FeNi, FeMn,
FeCo, NiCo, MnCo and MnNi) were doped on multiwalled carbon nanotubes
(MWCNT) to investigate their performance for the ORR and OER in an alka-
line electrolyte [LII]. The presence of catalytic M-N, centres, which was
verified in all catalyst materials by X-ray photoelectron spectroscopy (XPS),
can significantly enhance both the ORR and OER kinetics. Among the prepared
catalysts, FeECoN-MWCNT exhibited the highest activity for the ORR, while
FeNiN-MWCNT excelled in the OER [II]. However, when considering bifunc-
tional properties and the lowest AE value, FeCoN-MWCNT, FeNiN-MWCNT
and NiCoN-CNT catalysts demonstrated superior performance with comparable
AFE values [LII]. In electrochemical device tests, the FeECoN-MWCNT catalyst
achieved an impressive peak power density (Ppay) of 692 mW cm? in AEMFC
[II], FeNIN-MWCNT showed comparable performance to the state-of-the-art
RuO; in an anion exchange membrane electrolyser (AEMEL) [II] and NiCoN-
CNT showed good performance in solid-state rechargeable zinc-air battery [I].

In the second part of the thesis, combination of iron phthalocyanine (FePc)
and nickel phthalocyanine (NiPc) were again selected to synthesise bimetallic
nitrogen-doped nanocarbon catalysts using six different carbon nanomaterials to
study the carbon support effect on the ORR and OER performance [III]. These
catalyst materials displayed remarkable electrocatalytic activity for both the
ORR and OER. Detailed physico-chemical characterisation of the catalysts
confirmed the presence of metal nanoparticles, metal-nitrogen centres and metal
oxides, which are considered active sites for ORR or OER in alkaline en-
vironment. Among these catalysts, highly graphitised FeNIN-MWCNT and
highly mesoporous FeNiN—-MC catalysts demonstrated the best electrocatalytic
activity for ORR, achieving Ppa of 406 mWcm > and 386 mWcem > in
AEMFCs, respectively [III]. Additionally, FeNiN-MWCNT exhibited a P« of
85mWecm ™ in RZABs. Importantly, these catalyst materials exhibited re-
markable stability with minimal degradation during galvanostatic charge-
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discharge cycling in RZABs. The results obtained from the AEMFC and RZAB
experiments suggest significant potential for bimetallic phthalocyanine-derived
electrocatalysts in these electrochemical energy conversion devices. Later, FePc
was doped onto a composite of carbide-derived carbon (CDC) and graphene (G)
to prepare highly micro- and mesoporous catalysts [IV]. FeN-CDC/G/DCDA
with additional nitrogen source dicyandiamide (DCDA) exhibited good ORR
activity in acidic media with half-wave potential (E,,) of 0.76 V vs RHE [IV].

Third part of the thesis aimed to develop carbon supports from polymer-frame-
work [V,VI]. The controlled synthesis of phloroglucinol-formaldehyde networks
should result in a combination of micro- and mesoporous carbon structures.
Cobalt- and nitrogen-doped porous carbon material was created through the
utilisation of phloroglucinol-formaldehyde polymer networks, in conjunction with
2-methylimidazole and cobalt phthalocyanine as precursor materials [V]. The
higher cobalt content and hierarchical porous structure within CoN-PC-2 catalyst
displayed robust bifunctional electrocatalytic activity for both the ORR and OER
in alkaline media. It exhibited £, of 0.81 V for ORR and Ej-y of 1.70 V for
OER. Furthermore, CoN-PC-2 exhibited impressive performance in RZABs, as
evidenced by an open-circuit voltage (OCV) of 1.47 V, Py of 158 mW cm ™ and
notable stability over 45 h [V]. Next, a cost-effective method was introduced for
the synthesis of atomically dispersed catalysts derived from phloroglucinol-
dicyandiamide-formaldehyde (PDF) frameworks. The zinc-templated atomically
dispersed bimetal-doped FeCoN-PDF-T,-2 catalyst demonstrated exceptional
bifunctional electrocatalytic activity for both the ORR and OER, due to the
highly mesoporous structure and atomically dispersed metal sites [VI]. Specifi-
cally, FeCoN-PDF-T,-2 exhibited a low AE value of 0.75 V, comparable to
commercial PtRu/C catalysts. The outstanding bifunctional electrocatalytic acti-
vity was attributed to well-dispersed active sites, as confirmed through scanning
transmission electron microscopy (STEM) measurements and the synergistic effects
of iron and cobalt, RZABs based on FeCoN-PDF-T,-2 achieved a remarkable P,
of 258 mW cm 7, outperforming PtRu/C-based RZABS (Ppu=185 mW cm?)
[VI]. These results present a simple synthesis route for the development of bi-
functional electrocatalysts derived from polymer materials for ORR and OER,
potentially opening new avenues for highly stable atomically dispersed electro-
catalysts in renewable electrochemical energy storage devices.

The research conducted in this doctoral thesis offers insights into the ORR
and OER catalyst development for various electrochemical energy technologies,
such as AEMFCs and RZABs. The study explores the specific advantages of bi-
metallic M-N-C catalysts incorporating iron along with other OER-active metals
(Co, Ni), which demonstrate superior performance. The study also emphasises
the effect of different synthesis techniques and structural attributes of these
catalysts, which play a pivotal role in enhancing their remarkable bifunctional
electrocatalytic activity. Consequently, this doctoral thesis signifies a valuable
addition to the scope of bifunctional ORR/OER electrocatalysis using non-
precious metal catalysts.
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10. SUMMARY IN ESTONIAN

M-N4s makrotsuklilised katallisaatorid hapniku redutseerumis- ja
eraldumisreaktsiooni elektrokatallusis

Doktorit66 eesmérk on arendada siirdemetallidel pohinevaid bifunktsionaalseid
mitte-vadrismetallkataliisaatoreid hapniku redutseerumisreaktsiooni ja hapniku
eraldumisreaktsiooni jaoks. Uurimistdo siht oli hinnata nende kataliisaatorite so-
bivust ja joudlust anioonvahetusmembraaniga kiituseelementide ja taaslaetavate
tsink-0hk akude elektroodimaterjalina. Selle saavutamiseks valmistati siirde-
metallide ja limmastikuga dopeeritud kataliisaatormaterjalid korgtemperatuursel
piiroliitisil, kasutades selleks metalloftalotsiianiine ja mitmesuguseid siisinik-
nanomaterjale. Kataliisaatoreid, mis nditasid koige kdrgemat elektrokataliititilist
aktiivsust, rakendati elektroodimaterjalina anioonvahetusmembraaniga kiituse-
elementides ja taaslaetavates tsink-Ohk akudes. Valmistatud kataliisaatormater-
jale karakteriseeriti pohjalikult mitmesuguste fiiiisikalis-keemiliste meetoditega.

Doktoritdd esimeses osas kasutati piiroliiiisimeetodit siirdemetall-lammastik-
stisinik (M-N-C) kataliisaatormaterjalide valmistamiseks. Selle kdigus kombi-
neeriti omavahel mitut bimetalset metalloftalotsiianiini (FeNi, FeMn, FeCo,
NiCo, MnCo ja MnNi), mis kanti mitmeseinaliste siisiniknanotorude (MWCNT)
pinnale, et uurida nende elektrokataliiiitilist aktiivsust hapniku redutseerumis- ja
eraldumisreaktsiooni protsessides leeliselises lahuses [III]. Lammastikuga
koordineeritud metallitsentrite (M-Nx) olemasolu kataliisaatori pinnal, mida kin-
nitasid rontgenfotoelektronspektroskoopia tulemused, tostis oluliselt M-N-C
materjalide elektrokataliiiitilist aktiivsust mdlemas protsessis. FeECoN-MWCNT
kataliisaator nditas korgeimat aktiivsust elektrokeemilisel hapniku redutseeru-
misel ja FeNiN-MWCNT oli aktiivseim kataliisaator hapniku eraldumisreakt-
sioonil [LII]. Parimad bifunktsionaalsed omadused olid FeCoN-MWCNT,
FeNiIN-MWCNT ja NiCoN-MWCNT Kkataliisaatoritel, millel oli peaaegu sama
AFE véirtus [LII]. FECoN-MWCNT kataliisaatori kasutamisel katoodimaterjalina
saadi kdrge anioonvahetusmembraaniga kiituseelemendi joudlus (692 mW c¢cm?)
[II], FeNIN-MWCNT materjal kiitus anioonvahetusmembraaniga elektroliiii-
seris vOrreldavalt RuO, kataliisaatoriga [II] ja NiCoN-MWCNT kataliisaatoril
oli arvestatav joudlus taaslactavas Zn-0hk akus [I].

Doktorit0 teises osas siinteesiti bimetalseid ldmmastikuga dopeeritud siisinik-
nanomaterjale kasutades raudftalotsiianiini (FePc) ja nikkelftalotsiianiini (NiPc)
siirdemetalli ja l&mmastiku allikana ning kuut siisinikmaterjali kataliisaatori-
kandjana, et uurida eri siisiniknanomaterjalide moju hapniku redutseerumis- ja
eraldumisreaktsiooni elektrokataliiiisile [I1I]. Nendel kataliisaatormaterjalidel oli
korge bifuntsionaalne elektrokataliiiitiline aktiivsus nii hapniku redutseerumis-
kui ka eraldumisreaktsioonil. Fiilisikalis-keemiliste meetoditega tehtud uuringud
kinnitasid metalli nanoosakeste, metallioksiidide ja M-N, tsentrite olemasolu
kataliisaatorite pinnal, mida peetakse aktiivtsentriteks hapniku redutseerumis- ja
eraldumisreaktsioonile aluselises keskkonnas. Valmistatud kataliisaatoritest néi-
tasid korgeimat aktiivsust hapniku elektrokataliiiitilisel redutseerumisel suure
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grafiitsusega FeNiIN-MWCNT ja suure mesopoorsusega FeNiN-MC, millega
saadi anioonvahetusmembraaniga kiituseelemendis testimisel maksimaalseks
voimsustiheduseks vastavalt 406 ja 386 mW cm? [III]. Peale selle saadi suur
vdimsustihedus FeNiN-MWCNT materjaliga Zn-dhk akus (85 mW cm?). Viirib
mirkimist, et need kataliisaatormaterjalid osutusid kiillaltki stabiilseteks galva-
nostaatiliste laadimis-tiihjenemistsiiklite kdigus Zn-6hk akus. Saadud tulemused
osutavad nende materjalide paljulubavale rakenduspotentsiaalile elektrokeemi-
listes energiamuundamise seadmetes. Hiljem dopeeriti FePc-ga karbiidset parit-
olu siisinikmaterjali ja grafeeni komposiiti, et valmistada suure mikro- ja meso-
poorsusega kataliisaator, mida kasutati hapniku redutseerumisel happelises
keskkonnas. FeN-CDC/G/DCDA kataliisaatormaterjaliga, mille valmistamisel
kasutati ditsiiaandiamiidi (DCDA) tdiendava lammastikuallikana, saavutati
poollainepotentsiaal 0,76 V happelises lahuses, mis osutab korgele elektrokata-
liditilisele aktiivsusele [IV].

Doktoritdd kolmandas osas valmistati kataliisaatormaterjale poliimeeride
baasil [V,VI]. Kontrollitud florogliitsinool-formaldehiiiid poliimeervérgustiku
stinteesimisel saadi mikro-mesopoorse struktuuriga siisinikmaterjale. Koobalti
ja lammastikuga dopeeritud poorsed siisinikmaterjalid saadi florogliitsinooli-
formaldehiiiidi poliimeeri abil lisades ldhteainetena ka 2-metiililimidasooli ja
koobaltftalotsiianiini (CoPc) [V]. Suurema koobaltisisalduse ja hierarhilise
poorse struktuuriga CoN-PC-2 kataliisaator niitas korget bifunktsionaalset
elektrokataliiiitilist aktiivsust hapniku redutseerumis- ja eraldumisreaktsioonil.
Nimetatud materjaliga saadi poollainepotentsiaal 0,81 V ja Ej-jo védrtus 1,70 V
vs RHE. Enamgi veel, CoN-PC-2 kataliisaatori kasutamine voimaldas saada
suure Zn-o0hk aku joudluse, mida niitas avatud ahela potentsiaal 1,47 V ja
maksimaalne vdimsustihedus 158 mW cm™. See aku oli 45 tunni viltel stabiilne
[V]. Jargnevalt siinteesiti odaval viisil aatomdispergeeritud metallitsentritega
kataliisaatormaterjalid florogliitsinool-ditsiiaandiamiid-formaldehiiiid poliimeer-
vorgustiku baasil. Aatomdispergeeritud metallitsentritega bimetalsel FeCoN-
PDF-T,-2 kataliisaatoril, mille siinteesil kasutati tsingipohist matriitsi, oli korge
elektrokataliiiitiline aktiivsus hapniku redutseerumis- ja eraldumisreaktsioonil
aluselises keskkonnas ning suurepérane stabiilsus [VI]. See kataliisaatormaterjal
nditas madalat AE véartust (0,75 V), mis on vorreldav kommertsiaalse PtRu/C
kataliisaatoriga saadud tulemusega. Mérkimisvéarselt korget bifunktsionaalset
elektrokataliiiitilist aktiivsust seostati kdrgdispergeeritud aktiivtsentritega, mida
kinnitasid skaneeriva ldbistuselektronmikroskoobi abil tehtud mddtmised, ning
raua ja koobalti vahelise siinergeetilise efektiga. FeCoN-PDF-T,-2 o0hu-
elektroodiga Zn-0hk aku testimisel saadi suurepérane vdimsustihedus (258 mW
cm ?), mis iiletas PtRu/C kataliisaatoriga saadud véirtuse (185 mW cm?). Saa-
dud tulemused osutavad sellele, et poliimeeridel pohinev bifunktsionaalsete
kataliisaatorite holpsalt teostatav siinteesimeetod avab uue teeraja aatomdisper-
geeritud ning stabiilsete elektrokataliisaatorite véljatdotamiseks, mis voiksid
leida laiaulatuslikku rakendust elektrokeemilise energiasalvestuse seadmetes.

Doktoritdd raames tehtud uuringud on seotud véga olulise teemaga, milleks
on hapniku redutseerumis- ja eraldumisreaktsiooni kataliisaatorite arendamine
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elektrokeemilise energiatehnoloogia seadmetele nagu niiteks korge joudlusega
anioonvahetusmembraaniga kiituseelementidele ja tsink-ohk akudele. Saadud
tulemused niitavad bifunktsionaalsete M-N-C kataliisaatorite suurt potentsiaali
kasutamaks neid eelnimetatud seadmetes. Doktoritdd tulemustest nihtub bi-
metalliliste M-N-C materjalide kasulikkus, kus raua kombineerimine hapniku
eraldumisreaktsiooni jaoks aktiivsete metallidega (Co ja Ni) annab parimaid
tulemusi. Samuti rohutatakse t00s eri siinteesimeetodite ja kataliisaatormaterjali
struktuuri olulist rolli bifunktsionaalse elektrokataliiiitilise aktiivsuse tagamisel.
Doktoritdd on andnud vadrtusliku panuse mitte-vairismetallkataliisaatorite aren-
damisse hapniku redutseerumis- ja eraldumisreaktsiooni tarvis.
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