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2. ABBREVIATIONS AND SYMBOLS

geometric surface area of the electrode
anion exchange membrane

anion exchange membrane fuel cell
binding energy
Brunauer-Emmett-Teller

bright field

Coulombic efficiency

carbon nanotubes

chemical oxygen demand

cobalt(Il) phthalocyanine
concentration of oxygen in the bulk solution
cyclic voltammetry

diffusion coefficient of oxygen
electroactive biofilm

standard potential

half-wave potential

onset potential

energy-dispersive X-ray spectroscopy
extracellular electron transfer
electrode surface area-to-anode volume ratio
fuel cell

iron(II) phthalocyanine

glassy carbon

gas diffusion electrode

gas diffusion layer

high angle annular dark field
hydrogen fuel cell

hydrogen oxidation reaction

high-resolution transmission electron microscopy

percentage yield of peroxide formation
ring current

disk current

current density

kinetic current density
diffusion-limited current density
exchange current density
Koutecky-Levich

electrochemical rate constant

linear sweep voltammetry
membrane-electrode assembly
microbial fuel cell
nitrogen-coordinated transition metal sites



M-N-C transition metal-nitrogen-carbon catalyst

MOF metal organic framework

MnPc manganese(Il) phthalocyanine

MPc metal phthalocyanine

MP-AES microwave plasma atomic emission spectroscopy
MWCNTs multiwalled carbon nanotubes

n electron transfer number

N Pt-ring collection efficiency

NLPM normal litres per minute

NPMC non-precious metal catalyst

ocv open circuit voltage

ORR oxygen reduction reaction

PBS phosphate buffered saline

PEFC polymer electrolyte fuel cell

PEM proton exchange membrane

PEMFC proton exchange membrane fuel cell
PGM platinum-group-metal

Prax maximum power density

PSD pore size distribution

QSDFT quenched solid density functional theory
RDE rotating disk electrode

RHE reversible hydrogen electrode

RRDE rotating ring-disk electrode

Sa, micropores surface area

Sam mesopores surface area

SBET specific surface area

SCE saturated calomel electrode

SEM scanning electron microscopy

SHE standard hydrogen electrode

STEM scanning transmission electron microscopy
TPB triple phase boundary

v potential scan rate

Viot total pore volume

Vu micropore volume

v kinematic viscosity of the electrolyte solution
) electrode rotation rate

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

XRF X-ray fluorescence

ZIF-8 zeolitic imidazolate framework-8
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3. INTRODUCTION

Globally, rising energy demand is pushing fossil fuels to the brink of systemic
obsolescence. In the European region, output from existing natural oil and gas
reservoirs has declined by approximately 15%, driven by extensive overuse and
natural field depletion. This rising geopolitical and environmental pressure has
forced a strategic pivot toward the rapid commercialisation of renewable energy
technologies, particularly within the transportation sector [1]. This shift under-
scores the urgent need for high-efficiency energy conversion devices, such as
hydrogen fuel cells (HFCs), to ensure long-term energy security and decarboni-
sation [2, 3]. An acute transition towards fuel cell electric vehicles (FCEVs) over
the coming years is underway, though it is still at the research and development
stage, especially for heavy-duty FCEVs [4-6]. Despite several innovations in
HFCs design, their widespread adoption still lags desired momentum. For in-
stance, proton exchange membrane fuel cells (PEMFCs) are currently considered
a mature, widely deployed energy conversion device, with recent applications in
aviation and particularly in heavy-duty mobility and stationary backup power
applications [7—11]. However, they rely heavily on expensive platinum-based
catalysts for the oxygen reduction reaction (ORR), which imposes significant
sustainability and economic limitations [12]. As a potential alternative, anion-
exchange membrane fuel cells (AEMFC) offer a promising avenue due to their
cost-effectiveness and compatibility with a broad spectrum of non-precious metal
catalysts (NPMC) [13, 14]. Even though AEMFC utilises Pt catalyst at the anode,
its subsequent replacement at the cathode with a transition metal-nitrogen-carbon
(M-N-C) catalyst leads to a substantial reduction in the overall fuel cell device
cost. However, achieving optimal ORR electrocatalytic performance and
durability with these M-N-C-cathode AEMFC devices, particularly in the auto-
mobile sector, requires further research.

Similarly, microbial fuel cell (MFC) gained significant popularity during the
early 2000s for their ability to treat wastewater while simultaneously generating
electricity [15—-18]. Therefore, this technology provided a sustainable, cost-
effective and scalable solution for energy-intensive treatment plants through self-
sustaining mini-powerhouse devices. While wastewater treatment remains a prime
focus of MFCs, their ability to generate a measurable electrical signal in response
to specific biochemical reactions makes them ideal for developing sensors for
environmental monitoring, medical diagnostics, and industrial processes [19-22].
Therefore, they hold substantial promises for the high-value market but are still
at a nascent stage of commercialisation. However, given the inherent potential of
MFCs, Europe accounts for a major share of the global MFC market, supported
by stringent environmental regulations and a strong focus on circular economic
initiatives to meet the European Green Deal goals [23]. In fact, the pervasive
reliance on fossil fuels further reinforces the need for such greener and innovative
renewable energy sources [24, 25]. Nevertheless, their longevity and practical
implementation are mainly hindered by the high overpotential of the ORR at the
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cathode, especially in neutral pH environment [26—29]. Concurrently, reliance on
Pt-based catalysts presents a major setback to this technology, mainly due to the
high cost of platinum and its susceptibility to poisoning. While over the years, M-
N-C emerged as the premier alternative due to its competitive electrocatalytic
activity comparable to that of platinum-group-metal (PGM) catalysts, their poor
stability and low active-site density remains the critical scientific challenge [30—
32]. Therefore, current efforts are focused on tuning their structural/electronic
features to effectively address these persistent challenges.

Apparently, the research carried out in this PhD thesis systematically resolved
the main bottleneck in AEMFC and MFC technologies, the sluggish ORR kine-
tics. To achieve this, a series of M-N-C (M = Fe, Co, Ce, Mn) electrocatalysts
was prepared by leveraging the potential of ZIF-8@CNT-derived nitrogen-doped
carbon (NC) scaffolds. These specific M-N-C catalysts exhibited excellent
structural/electronic features, optimal for governing the adsorption/desorption
energetics of key oxygen intermediates and could drive ORR via a desired four-
electron pathway. The first part of this thesis implements Fe and FeCo-based M-
N-C catalysts for catalysing ORR in both alkaline [I] and neutral environments
[IT]. The second part then pivoted to examine the specific role of cerium (Ce)
incorporation in modulating the electronic structure and inducing morphological
alterations within the ZIF-8@CNT-based M-N-C catalysts [III]. The resulting
FeCe@N-C electrocatalyst offered distinct structural alterations that refined the
electronic properties of the carbon structure, and Ce acted as a free-radical
scavenger. The fourth part explores the transformation of iron phthalocyanine
(FePc) into Fe-Nj rich Fe-N-C catalyst using a novel in-situ nitridation strategy
that aligns specific Fe nitride phases (FesN) to regulate the electronic structure of
NC framework [IV]. Recognising the structural refinements originating from
ZIF-8 structural evolution during pyrolysis, the fifth part of the thesis paid special
attention to optimising the ZIF-8 and Mn molar ratio [V]. The dynamic structural
evolution of ZIF-derived carbons governed the porosity characteristics, density
and spatial distribution of Mn-Ny active sites. Lastly, a unique dual-pyrolysis
methodology was utilised to promote ORR electrocatalysis over pre-activated
ZIF-8@CNT derived NC scaffolds sequentially anchored with bimetallic metal
phthalocyanines (MPc) (FeCo, FeMn, CoMn) [VI]. All the prepared catalysts
underwent comprehensive physico-chemical characterisation, which revealed
critical information about their evolved structural and tailored electronic features
after high-temperature pyrolysis.

Finally, these tailored M-N-C materials were implemented as cathode cata-
lysts in AEMFC [I, V, VI] and MFC [II, III, IV] devices. The AEMFC tests
demonstrated excellent voltage stability and power performance. Furthermore,
under MFC operating conditions, the enhanced ORR kinetics at the cathode
accelerated the bio-oxidation of organic substrates, thereby improving waste-
water treatment and energy generation efficiencies. Ultimately, this thesis shows
a simple yet versatile methodology for designing highly active and efficient ZIF-
8@CNT-based M-N-C cathode catalysts for sustainable next-generation energy
conversion devices.
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4. LITERATURE OVERVIEW

4.1. Polymer electrolyte fuel cells

Hydrogen fuel cells (HFCs) are electrochemical device that convert chemical
energy stored in a fuel (H,) and an oxidant (O») into electrical energy, yielding
only heat and water as byproducts [33]. Depending on the type of electrolyte,
operating temperatures and application, these are classified into (1) polymer
electrolyte fuel cells (PEFCs), (2) alkaline fuel cells [34], (3) solid-oxide fuel
cells [35], (4) molten carbonate fuel cells [36] and (5) phosphoric acid fuel cells
[37-39]. Amongst these, the PEFCs are considered the most ideal candidate due
to their safety, higher energy density, quick start-stop time, low operational tem-
perature (50-100 °C), and especially the zero carbon footprint [40]. In fact, while
high-temperature HFC variants, such as solid oxide or molten carbonate fuel
cells, offer superior electrical efficiency in stationary settings, they are funda-
mentally incompatible with the dynamic needs of the automotive sector [41]. This
limitation strongly shifts the research focus towards low-temperature PEFCs [42,
43].

PEFCs are categorised into two distinct branches: (1) PEMFC and (2)
AEMFC. In PEMFC, the hydrogen oxidation reaction (HOR) occurs at the anode,
liberating H" and electrons. The electrons pass through the external circuit, while
H" traverse the proton-conducting membrane to reach the cathode. At the
cathode, during the oxygen reduction reaction (ORR), the electrons and H' react
with O3 to produce H>O, thereby completing the electrical circuit. Conversely, in
an AEMFC, the ORR in alkaline media produces OH™ ions that diffuse across
anion exchange membrane (AEM) towards anode. There, they react with H» to
yield H>O and electrons. Therefore, despite sharing similar physical architecture,
these two systems follow distinct electrochemical reactions with opposite ion-
conducting pathways. Notably, HOR is highly efficient on Pt-based catalysts,
yielding a negligible anodic overpotentials even at low catalyst loadings. This
directs the core scientific focus on the cathodic ORR process as a principal kinetic
bottleneck in PEFCs. The electroreduction of O, proceeds via a sequence of
multi-electron elementary steps [44]. Ideally, the complete reduction of O,
molecule to OH ions (alkaline) or H,O (acidic) requires 4 electrons (e°), however,
there is a competitive 2¢” pathway leading to peroxide production. Most
importantly, the O, double bond (O=0) is very stable and requires a dissociation
energy of 494 kJ mol™, rendering a high energetic barrier for ORR [45, 46].
Therefore, the adsorption/desorption kinetics of oxygen intermediates (‘fOOH,
"0, "OH) dictates the overall kinetics of the ORR process [47, 48].

Under acidic conditions (low pH), like in PEMFCs, the ORR can proceed
either via a direct 4¢” pathway (1) or via 2¢” pathway (2):

O, +4H" + 4e — 2H,0 Ey=1.229 V vs SHE 1)

O, +2H" + 2 — H,0; Ey=0.695V vs SHE )
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Reaction (2) can be followed by further electroreduction of hydrogen peroxide
(3) or disproportionation reaction (4):

H,0, +2H" + 2¢” — 2H,O Ey=1.776 V vs SHE 3)
2H,0; — 2H,0 + O, 4)

In alkaline conditions (high pH), like in AEMFCs, the ORR can either adopt a
direct 4e” pathway (5) or can proceed via a 2e” pathway (6):

01 + 2H,0 + 4¢” — 40H" Eo=0.401 V vs SHE (5)
0, + H,0 + 2¢” — HO, + OH Ey=-0.065V vs SHE (6)

followed by further reduction of hydroperoxide anion (7) or disproportionation
reaction (8):

HO, + H,0 + 2¢” — 30H" Eo=0.867 V vs SHE (7
2HO, — 20H + O, (8)

where Ej is the standard potential at 25 °C and SHE stands for standard hydrogen
electrode.

While PEMFCs have been extensively studied over recent decades and have
achieved undeniable commercial success in the transportation and stationary
power sectors, their global adoption remains highly constrained by expensive Pt-
based cathode catalysts [49]. Moreover, the US Department of Energy (DOE) has
established strict technical targets to reduce total Pt usage to 0.1 g kW' by 2050
[50]. Because PEMFC operates in a highly acidic environment, where Pt
demonstrates superior chemical stability than transition-metal electrocatalysts,
the operational and manufacturing costs remain an ultimate barrier. Furthermore,
significant progress in the NPMC development has sparked hope to replace Pt-
based catalysts [51], with M-N-C catalysts exhibiting exceptional electrocatalytic
activity for ORR that occasionally outperforms the commercial carbon-supported
Pt catalysts (Pt/C) [52-55]. However, their practical reliability in PEMFCs
remains compromised due to poor electrochemical stability under harsh acidic
environments [56]. Within this highly corrosive, low-pH environment, M-N-C
materials are susceptible to demetallation and carbon support corrosion, leading
to structural collapse and increased mass-transfer limitations [57]. In contrast, the
AEMFC that operates in alkaline media mitigates such corrosion stress on the
internal components and thermodynamically favours the stability of the M-N-C
structure [14, 58]. Moreover, AEMFCs utilises a wide range of low-cost NPMC
materials, which ultimately lowers the overall PEFC production costs [13, 59].

Unlike PEMFCs, where the acidic environment intensifies the formation of
destructive hydroxyl radicals via Fenton-type reactions, an alkaline environment
mitigates this effect, thereby enhancing catalyst and membrane stability [60].
Notably, under alkaline conditions, the adsorbed OH™ ions create electronic and
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steric hindrance to the chemisorption of the O, molecule. As a result, O, is
reduced to superoxide (O;") anion using an outer-sphere electron transfer reaction
[61, 62]. This characteristic provides surface flexibility, as no specific site-
adsorbate binding geometries are required. Therefore, unlike acidic conditions, a
broad range of NPMCs becomes viable, allowing the utilisation of diverse transi-
tion metals and carbon-based materials. Apart from catalyst chemistry, the poly-
mer membrane plays a crucial role in governing the transport of OH/H" ions
during PEFC operation [59, 63, 64]. For instance, the polymer electrolyte mem-
brane should exhibit certain essential features, i.e., an optimal thickness (to
achieve high ionic conductivity), chemical/thermal stability, low gas perme-
ability, and excellent mechanical strength to mitigate undesired gas crossover or
mechanical degradation during PEFC operation [64-66]. Notably, the H"
intrinsically carry higher diffusivity than OH’, resulting in a greater ionic conduc-
tivity in PEMFC compared to AEMFC [67, 68]. However, traditional PEMs (e.g.,
Nafion™) are made of perfluorinated compounds, which are classified as per-
and polyfluoroalkyl substances (PFAS) [69, 70]. PFAS do not break down easily
in the environment [71, 72]. For these reasons, AEMs have gained specific
attention due to their lower capital costs and the possibility to use hydrocarbon
backbones that do not contain PFAS [73]. Nevertheless, their insufficient
chemical durability poses serious drawback in reaching the same level of
technological maturity as PEM [74, 75]. A single-cell unit of an H,-O, fed
AEMFC consists of a membrane electrode assembly (MEA) sandwiched between
conductive bipolar plates with reactant gas flow channels (Figure 1). The anode
where HOR (2H; + 40H™ — 4H,0 + 4¢") occurs and the cathode where ORR (Eq.
5) occurs is separated by AEM to traverse OH™ ions to the anode. The anode and
cathode catalyst layers are deposited onto a porous gas-diffusion layer (GDL),
which facilitates the transport of reactants and product water across the catalyst
layers (Figure 1). Overall, the following reaction takes place in an AEMFC.

2H, + 0, — 2H,0 )

The efficiency of PEFC is dependent on the density and accessibility of triple-
phase boundaries (TPBs) [76, 77]. These TPBs, formed at the nexus of gaseous
reactant (H, or O,), the electronic conductor (catalyst) and the ion-conducting
phase (ionomer), facilitate the necessary electrochemical reactions (HOR or
ORR) [77, 78]. Theoretically, the equilibrium cell voltage of 1.229 V (Eq. (1))
should remain constant, but practical operation introduces overpotentials in the
activation, ohmic, and mass-transport regions, resulting in voltage loss [79]. This
behaviour is characterised by the shape of the polarisation curve, where the initial
drop at low current density signifies activation overpotential, which is usually
attributed to sluggish ORR kinetics, since HOR, even at minimal catalyst loading,
is intrinsically very fast [80]. Following this, the ohmic overpotential dominates
at intermediate current densities, stemming from H'/OH™ transfer resistance [81].
Lastly, at higher current densities, where reaction kinetics are non-limiting, per-
formance is hindered by insufficient reactant concentration at the TPB interface,
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resulting in mass-transfer losses [82, 83]. Collectively, these phenomena manifest
as the voltage and power performance decrease during PEFC operation.
Fabricating the catalyst morphology and pore architecture is one possible way to
promote TPBs formation, which ultimately improves the PEFC efficiency.
Nevertheless, even after years of research, particularly focused on structurally
engineering the catalyst layer to achieve excellent active-site dispersion and
porosity, AEMFC faces a major setback in real-life operation [84, 85]. The
primary reason is the use of O, from ambient air at the cathode, which contains
CO; and other impurities that collectively compromise the AEMFC performance
[86]. Even the trace amounts of CO; can react with OH™ to form weak nucleo-
philes, such as carbonates or bicarbonates, that dilutes the electrolyte concentra-
tion and severely impacts the ion-exchange capacity of the AEM. Consequently,
this degrades the overall AEMFC performance [87-89].
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Figure 1. Schematic diagram of a single H>-O, AEMFC cell and zoomed-in membrane
electrode assembly structure.
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Despite these challenges, the consistent improvements in AEMFC performance
complement the systematic scientific progress in AEM fabrication, operational
design, and catalyst engineering [90]. The enduring scientific interest in this
technology is driven by accelerating breakthroughs in the use of earth-abundant,
non-noble-metal catalysts that decouple fuel cell costs from PGMs.

4.2. Microbial fuel cells

Microbial fuel cells (MFC) represent a versatile and rapidly expanding class of
bio-electrochemical systems, that works at the intersection of electrochemistry
and microbiology (Figure 2) [19, 91, 92]. These bio-catalysed devices carry
higher degree of operational complexity compared to other PEFCs due to their
delicate biotic-abiotic working interface. Despite this, they have maintained
considerable scientific prominence due to their innate environmental benefits and
carbon neutrality [15, 18, 93]. Their core conceptual roots for MFC were intro-
duced in 1911 by Prof. Michael Cressé Potter [16]. He provided the first empirical
evidence that microorganisms (e.g., E. coli) could break down organic substrates
through metabolic pathways and produce electricity, accompanied by a measur-
able flow of electrons. This paved the way for MFC technology, a device that
utilises electrochemically active bacteria (primarily exoelectrogens) to catalyse
the oxidation of organic substrates (e.g., acetate) or complex wastewater [93—95].
Acetate as a substrate offers rapid start-up time, high degradability and non-
fermentability, making it directly available to exoelectrogens [96—98]. Although,
glucose offers a significantly higher electron yield per mole (24¢") compared to
acetate (8¢), it undergoes multi-staged complex breakdown. In mixed-culture
systems such as wastewater, the fermentative microbes utilise glucose to produce
ethanol, lactate or volatile fatty acids. These would consume energy required for
biomass synthesis, reducing the Coulombic efficiency (%CE) of the MFC by
suppressing electroactive microbial activity [99]. Therefore, acetate is considered
a more viable carbon substrate for long-term MFC operation. Furthermore, since
anaerobic sludge is commonly used as an inoculum source due to its diverse
microbial consortia, acetate plays a pivotal role in selectively enriching the
exoelectrogens within the electroactive biofilm. These specific microbial com-
munities, i.e. Shewanella oneidensis, Geobacter sulfurreducens, can transfer
electrons outside their cell membrane to a solid electron acceptor through the
extracellular electron transfer (EET) mechanism [100, 101]. In a natural
environment, bacteria can use oxygen, nitrate, or sulphate as electron sinks or
terminal electron acceptors for respiration [102]. While in an MFC, these bacteria
are forced to use the solid electrode (anode) as their only available electron sink
[103—105]. These microorganisms adhere to the anode surface, forming an
electroactive biofilm (EAB) that promotes EET via direct or mediated electron
transfer (Figure 2) [104]. The produced electrons then circulate through an
external circuit while H" traverse PEM to reach the cathode, where they reduce
target species, i.e., Oz, H', or metals (M"") [105]. The O is the preferred terminal
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electron acceptor due to its ubiquitous, cost-free availability and high theoretical
redox potential [91, 106].

However, the ORR kinetics at neutral pH are extremely sluggish and are
widely regarded as the primary bottleneck of MFCs [107, 108]. Unlike acidic and
alkaline media, significantly reduced H' activity at neutral pH hinders O,
adsorption and the stabilisation of oxygen intermediates via a proton-coupled
electron transfer (PCET) mechanism. Mechanistically, because the bulk con-
centration of H™ reaching the cathode is low (107 M), the cathode-electrolyte
interface becomes H™ depleted zone as operational time increases [109, 110].
However, the situation worsens due to the slow rate of H" migration across the
membrane, and thus, H>O serves as the primary H" source to complete the ORR
process [111, 112]. This alternative pathway increases the energy activation
barrier, and as a result, the ORR predominantly proceeds via less efficient 2¢
pathway, in which H,O, is the final product rather than H,O [108]. Moreover,
despite a dual-chamber setup, the slower cathode electron consumption rate can
reduce the rate of organic substrate consumption and adenosine triphosphate
production at the anode, thereby degrading the quality of EAB and deteriorating
MFC performance [113, 114]. This situation becomes more severe in a single-
chamber MFC setup, where direct contact between the EAB and the cathode
critically impedes the ORR [115].

Low MFC performance

/ E almrr\luhr:\lm'nn transfer Elecoadive o . \
mechanisms biofim
uler cel membra =
irect electron

l— | ow Microbial activity ———"\/\/“—— Poor ORR kinetics —'

. \ 2e

| )
[ ORR ]
A Hz ‘j 4e, 1 4H

4

Mixed ~
bacterial v
consoria ) \V/
& H 2 \ \ H. S/
H
Cathode
Catalyst layer A

High MFC performance T

High Microbial activity ===V = High ORR kinetics

Figure 2. Sketch of a typical dual-chamber MFC device representing the anode chamber
(left) where microbes catalyse the degradation of acetate, the cathode (right) where O,
acts as a terminal electron acceptor and the proton exchange membrane (middle) sepa-
rating these two compartments. The anode compartment highlights the key electron
transfer mechanisms of exoelectrogens.
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Therefore, cathode kinetics play a dual role: determining the electrical power
output and the biological health of the system. Therefore, a catalyst is often
needed to catalyse the ORR via a dominant 4¢” pathway [114, 116]. The Pt-based
catalysts remain the primary, albeit costly, benchmark constraining the scalability
of MFC technology [117]. Alternatively, M-N-C materials possess remarkable
potential to replace these expensive Pt-based catalysts [30, 92, 118]. For instance,
single-atom (SA) Fe-N-C materials often exhibit impressive electrocatalytic
activity but are simultaneously vulnerable to Fenton-type reactions during long-
term MFC operations [119, 120]. Recently, bimetallic catalysts, i.e., FeCo-N-C
or FeMn-N-C, have attracted increased attention due to their intrinsic dual-metal
synergy and greater ability to tune the electronic structure of the carbon substrate
[121]. Furthermore, coupling dual-metals alleviates the Fenton reaction and
allows the catalyst to follow a predominant 4¢ ORR pathway. However, these
dual-metal catalysts can still generate a considerable amount of undesired
reactive oxygen species (ROS). This oxidative challenge is more pronounced in
single-chamber MFC, where ROS (e.g., *OH) can migrate towards the anode due
to the absence of PEM, unlike in dual-chamber MFC [113, 122]. Once ROS reach
the anode surface, they can irreversibly disrupt the EET pathways, compromising
the overall EAB functionality [123, 124]. In this context, cerium (Ce)-containing
M-N-C catalysts have shown great success, as Ce can act as a free radical (i.e.,
ROS) scavenger [125, 126]. Nevertheless, ensuring the stability of these materials,
especially in neutral solution, remains a critical challenge in long-term MFC
operations. Consequently, the success of MFC technology as a viable green
energy solution depends on the development of M-N-C cathode catalysts that can
offer both the kinetic efficiency of Pt and the required long-term durability [108].
Besides the kinetics of these processes, the system-level performance is also
governed by cell architecture (e.g., H-shaped or tubular), inter-electrode distance,
substrate concentration, electrode surface area-to-anode volume ratio and PEM
biofouling [27, 127, 128]. Therefore, the longevity of these devices requires a
thorough examination of these collective technical parameters, along with the
implementation of novel M-N-C architecture cathode catalysts.

4.3. Non-precious metal catalysts for ORR

4.3.1. Transition metal derivative-based catalysts

As discussed in previous sections, the ORR plays a central and proficient role in
electrochemical energy conversion devices, i.e. AEMFCs and MFCs. Its kinetics
not only determine the peak power output but also dictate the long-term opera-
tional stability of these devices. In the context of MFCs, a slower cathode acts as
a bottleneck for microbial activity at the anode, collectively hindering the MFC
from achieving sufficient wastewater treatment efficiency and power output.
Furthermore, the heavy reliance on expensive Pt-based catalysts impedes their
widespread adoption. In this regard, NPMC materials, such as transition metal-
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based oxides, sulphides, chalcogenides, phosphides, carbides, and M-N-C type
catalysts, are widely studied and have emerged as the most promising contenders
to Pt and other PGM catalysts [52, 53].

Transition metal oxides (TMOs) are low-cost, easy-to-synthesise materials,
and have thus captured the spotlight for ORR electrocatalysis [129, 130]. Mostly,
TMOs are semiconductors with a wide bandgap (E,) ranging from 2 to 4 eV
[131]. For example, Fe,Os has an E; of nearly 2.1 eV, whereas the pure metal has
an Eg of 0 eV [132]. Therefore, their poor electrical conductivity serves as the
primary barrier for high ORR activity [130]. One effective approach to resolve
such concerns is to utilise a highly conductive carbon material, such as graphene,
carbon nanotubes or to introduce surface defects into these materials. Particularly,
introducing oxygen vacancies can finely tune their intrinsic conductivity and
energy band structure. For instance, the ORR activity of MnO, was enhanced by
introducing oxygen defects using a simple heat-treatment [133]. Following this
heat treatment, oxygen-vacant f-MnQO, showed a positive shift in the half-wave
potential (£1,) for ORR. Later, in a study by Zhang et al., Mn-defects were
created to engineer the electronic structure of Mn3O4 synthesised via thermal
oxidation of manganese glycerate [134]. This enhanced electrical conductivity
and facilitated the adsorption-desorption energetics of oxygen intermediates.
Subsequently, several attempts were made to tune the crystal structure of these
TMOs, particularly by varying the exposed facets, which yielded subtle improve-
ments in the ORR activity [135]. Another effective strategy is to replace oxygen
with a less electronegative element i.e., carbon (C), phosphorus (P) or sulphur
(S), which profoundly increasing the covalent bonding character and conductivity
of these materials [136]. This effectively reduces the wide-bandgap resistance
from which TMOs suffer. Therefore, the shift towards transition metal carbides
(TMCs), phosphides (TMPs), and sulphides (TMSs) has proven to be an effective
strategy to overcome the shortcomings of oxide-based lattices. The incorporation
of C atoms modifies the mechanical strength and electronic conductivity of
transition metals. Moreover, the tensile strain induced by C increases the M-M
distance, which modifies their d-band centre and facilitates the adsorption of O,
molecules [137]. Meanwhile, TMPs and TMSs utilise a strong ligand effect to
modify the d-band centre of the metal sites. The TMSs (i.e. FeS,, CooSg) represent
anovel class of catalysts, where the interactions between metal and sulphur offer
enhanced charge-transfer kinetics compared to oxides [138, 139]. However, these
materials face a substantial decline in the electrocatalytic performance under
extended operational timeframe in both neutral and alkaline electrolytes. In fact,
these materials are thermodynamically prone to surface oxidation, possess low
electrochemically active surface area and poor conductivity, which makes them
unsuitable for practical fuel cell applications.

4.3.2. Transition metal-nitrogen-carbon (M-N-C) catalysts

To circumvent the stability and active site density paradoxes in bulk transition-
metal derivatives, research has culminated in the development of transition-
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metal- and heteroatom (i.e., N, S, P)- doped carbon (M-N/P/S-C) catalysts [52,
53]. In particular, the fascination with M-N-C material stems from their unique
ability to interlink the chemical properties of carbon, which serves as the struc-
tural host, nitrogen, which alters the electronic environment and the transition
metal (M) that offers additional bonding flexibilities to effectively facilitate the
cleavage of O=0 bond [54, 55, 140, 141]. While other heteroatoms, such as S and
P, are concurrently used as potential dopants, N remained the most preferred
choice [142, 143]. This is primarily due to the similar atomic radii of N (~75 pm)
and C (~77 pm), which allow their isomorphous substitution with minimal steric
strain [144]. Secondly, N has a higher electronegativity than S or P, making it an
ideal dopant to induce a charge imbalance and electron deficiency across the C
atoms, thereby promoting O» chemisorption [144]. Therefore, this specific class
of material has witnessed a paradigm shift towards atomic-scale engineered
architecture, in which discrete, isolated metal atoms (e.g., Fe, Co, Mn, Cu, Zn)
are coordinated and stabilised within the N-doped carbon matrix. These atomic-
ally dispersed moieties ensure high active-site utilisation efficiency, offering
remarkable ORR activity and electrochemical stability. Their history can be
traced back to 1964, when Jasinski outlined MPc as the first M-N4 macrocycle-
based ORR electrocatalyst [145]. The square-planar M-N4 coordination geometry
of MPc served as the primary active site for ORR. Apparently, the low electrical
conductivity and poor stability of MPc remained a big challenge. Over the years,
advancements based on the synthetic strategy and precursor choice were made to
enhance the electrocatalytic activity of these NPMC [146].

Currently, high-temperature pyrolysis is used for obtaining these materials
[147]. It involves the conventional doping method, where a carbon source, nitro-
gen source, and transition metal salt are mixed in a liquid phase (i.e., dissolved in
a solvent) or solid phase (i.e. ball-milling or grinding) and then subjected to
pyrolysis at 600-1000 °C under an inert (e.g., N») atmosphere [147]. At these
elevated temperatures, the precursors undergo a series of thermochemical trans-
formations, that includes dehydration, cross-linking/condensation and carbonisa-
tion [148]. Eventually, this structural reorganisation impregnates the carbon host
with metal and nitrogen dopants, yielding a M-N-C coordination architecture.
The impressive ORR performance of these materials is rooted in the nitrogen
functionalities of pyridinic-N, pyrrolic-N, graphitic-N and metal-coordinated
nitrogen (M-Ny; x = 1-4) sites formed during pyrolysis as portrayed in Figure 3
[54, 141, 149].
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Figure 3. Types of active sites in M-N-C catalysts for the oxygen reduction reaction.

The pyridinic-N resides at the edges or vacancy defects of the graphitic carbon
lattice (Figure 3a). The higher electronegativity of N induces a strong inductive
effect, withdrawing o-electron density from the adjacent C atom, making it an
electron-deficient Lewis acid site [142, 150, 151]. This charge redistribution
favours the chemisorption of the O, molecules in an end-on or side-on orientation.
Following adsorption, the non-bonding lone electron pair of pyridinic-N acts as
a Lewis base that polarises the adjacent water molecules and facilitates the initial
PCET to m*-antibonding orbital of O,. This electron transfer destabilises the O,
molecule, driving its reduction to ‘OOH intermediate, which subsequently
cleaves the O=0 bond [152]. Conversely, the pyrrolic-N occupies one of the C in
a five-membered ring and disrupts the hexagonal carbon symmetry [153]. The
localised m-electron density develops a partial positive charge on its neighbouring
C atom and favours initial O, adsorption. Lastly, the graphitic-N is formed by
isomorphous substitution of C within the basal plane of the hexagonal lattice
[154]. It donates one electron to the m*-conduction band of the carbon lattice,
thereby promoting the ORR process. Several scientific investigations claim
pyridinic-N to be the main driver of the ORR process, while others pinpoint
pyrrolic-N and graphitic-N, leaving the definitive hierarchy of these sites a sub-
ject of ongoing debate. Notably, the transition metal within the M-Nx moiety
offers superior bonding due to a direct engagement of the metal’s d-orbitals and
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w*-antibonding orbital of O, molecules [155]. Their interaction facilitates the
efficient cleavage of O=0O bond, promoting a predominant 4¢° ORR pathway.
Consequently, these atomically dispersed M-Ny moieties are widely recognised
as the primary driver of the ORR kinetics [154, 156]. However, the catalytic
efficiency of these sites is strictly governed by the metal’s valence-shell electrons
and its nitrogen-coordination environment, which ultimately dictate interactions
with the key oxygen intermediates. For instance, in a square-planar geometry of
Fe-N4, the O, molecules approach the Fe centre preferably in an axial, end-on
position (Pauling-type), first establishing the coordination between the 5o0-
bonding orbital of O; and d,z orbital of Fe [157]. According to Xie et al. [157],
the efficiency of this step is dependent on the spin-coupling orientation between
Fe and O,. It was found that the parallel spin-orientation state first proceeds via
inter d-d (dx,—d,2) transition, succeeded by d—2n* electron transfer process. In
contrast, the antiparallel spin state undergoes a hybridisation mechanism and does
not require the intermediate d-d transition step. This collectively triggers the
elongation and cleaving of O=0 bond. In the second pivotal step, the optimal
adsorption strength of the Fe centre effectively stabilises the “OOH intermediate,
alleviating the energetics of its subsequent reduction to O" and “OH products.
Also, other transition metals (e.g., Mn, Co) have shown promising ORR activity
and are thus becoming popular alongside Fe [158].

Despite Fe-Ny superior kinetics, its vulnerability to Fenton reaction and pro-
pensity to one-electron redox cycle increases the risk of ROS generation [159,
160]. Certainly, this situation is less pronounced in alkaline conditions than in
neutral pH environment of MFC, where continuous supply of H' might
exacerbate this phenomenon. In this regard, Mn with 3d°4s* electronic configura-
tion exhibits several advantages that include its abundance in earth’s crust,
suppressed Fenton reactivity, enhanced electrocatalytic stability and dynamic
redox activity shift between multiple oxidation states from +2 to +6 [158].
Evidently, the density functional theory (DFT) calculations have verified that
Mn-N; coordinating sites exert favourable adsorption free-energy for ‘OH
intermediate, compared to Fe-N4, where the it acts as the rate-determining step
[161]. Because Mn-N; sites naturally exists in a high spin-state (s’ e,%) con-
figuration, it readily aligns with the triplet high-spin ground state of O, lowering
the spin-state barrier for initial activation. This crucially balances the adsorption
kinetics of oxygen intermediates, leading to a 4" ORR pathway [161]. Con-
versely, due to Mn?" half-filled d-orbital, Mn-N4 tends to form a stable bond with
the O-intermediates, compensating turnover frequency (TOF) and intrinsic
reaction kinetics compared to Fe-Njy sites. This scenario is more prominent with
Co-Ny sites, because Co®" with 3d’4s? electronic configuration results in sub-
optimal binding strengths for oxygen species [162]. In particular, the d,2 orbital
that extends perpendicular to Co-Njy plane is partially or fully occupied depending
on its spin state (high/low). When O, molecule approaches, its lone pair expe-
riences a strong electronic repulsion from filled d,> orbital of Co*', preventing
the strong interaction [163]. This presents a kinetic hurdle to activate and break
the O=0 bond. Consequently, Co-Njy sites at the edges of the graphitic carbon
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host predominantly perform 2e” ORR [164, 165]. However, when these sites are
located within the basal plane of carbon substrate, they thermodynamically
promote a 4¢° ORR pathway [164].

These M-N-C catalysts (M: Fe, Co, Mn) undoubtedly possess high intrinsic
activity; however, the spatial distribution of the inherent active sites, as isolated
centres, dictates an associative pathway for O, electroreduction [166, 167].
Recently, dual-atom catalysts (DACs) have emerged as a remarkable avenue, in
which the two adjacent metal sites cooperatively alter the local electronic struc-
ture and provide geometric flexibility to decouple the binding energies of oxygen
species [168]. Crucially, these dual-atom sites allow the side-on or bridge
(Yeager-type) adsorption of O, molecules. This specific orientation enables a
dissociative ORR pathway, where the O=0 bond might get cleaved immediately
upon adsorption [169]. For example, Park et al. used advanced in situ adsorption
spectroscopy and DFT techniques to understand the adsorption energetics of oxy-
gen intermediates on atomically engineered FeCo-based DAC [170]. They
revealed that Fe-N, SA sites possess significantly stronger binding affinity to “OH
intermediate (AG=on = -0.57 e¢V) compared to FeCo dual-atom sites (AG+on =
-0.03 eV), which modulated this energy to a near-ideal value. This synergy shifted
the d-band centre and reduced the population of antibonding states, effectively
lowering the dissociation barrier of the ‘OOH radical. By facilitating direct O=0
bond scission via a dissociative mechanism, the FeCo DAC exhibited higher TOF
(0.055 s at 0.85 V) than its single-site analogue (0.024 s' at 0.85 V) and
favoured 4¢” reduction. Collectively, the theoretical and experimental findings
demonstrate that incorporating Co mitigated the linear-scaling constraints
inherent to single-atom catalysts. This perfectly aligns with the findings of Tang
et al., who reported that the oxygen-bridged FeCo-Ns-O configuration provided
complementary evidence for d-band centre modulation and enhanced charge
polarisation [171]. To investigate the effect of Mn sites, Wang et al. prepared an
atomically dispersed FeMn-N-C catalyst using 1,10-phenanthroline as both a
metal complexing agent and an N source [172]. The resulting FeMn dual-atom
sites fine-tuned the binding energies of “"OOH/"OH intermediates, thus acceler-
ating the reaction kinetics. Furthermore, the FeMn/NC catalyst showed an
impressive E12 0of 0.94 V, outperforming Fe/NC and Mn/NC catalysts by 0.03 and
0.08 V, respectively. Encouraged by these findings, other DAC combinations
have been widely explored to broaden the scope and electrocatalytic competency
of bimetallic M-N-C materials towards ORR electrocatalysis [168, 173].

Traditionally, increasing the precursor metal concentration was viewed as the
most direct route to address the low active-site density problem in M-N-C cata-
lysts. However, at the high pyrolysis temperatures, the metallic species frequently
interact with the evolving carbon matrix, inevitably forming stable metal carbides
(e.g., FesC) or aggregates of metal nanoparticles [174]. At high temperatures,
carbon atoms can diffuse into these metal clusters, which, upon supersaturation,
form a protective graphitic carbon layer around them, i.e., core-shell metal@NC
sites (Figure 3). Although these sites are typically regarded as catalytically inert,
they can function as electronic promoters when located in the vicinity of M-Ny
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moieties. By modulating the d-band centre of metal in the M-Ny site, it can opti-
mise the binding energies of reaction intermediates and boost ORR kinetics [54,
175]. However, these metal @NC sites can become detrimental if the carbon layer
is poorly graphitised or too thin to allow demetallation under long-term operation
[174, 176]. Thus, the current research is aimed at obtaining M-N-C catalysts with
accessible high-density of active sites.

In M-N-C catalyst, the nature and type of N-site play a pivotal role, especially
in the formation of M-Njy active centres with specific geometries that govern the
adsorption and reduction of O, molecules. Therefore, a suitable N-precursor is of
paramount importance for yielding a high density of preferred active sites (e.g.,
M-Ny) [55, 175]. Ideally, a nitrogen precursor should have certain key features
such as high nitrogen content, high chelating affinity, strong coordination ability
by utilising its lone-pair electrons to establish stable coordination bonds and opti-
mal thermal stability [151]. For example, Chen et al. conducted a comprehensive
study to identify the catalytic competency of Co-Nj sites derived from pyrrolic-
N and pyridinic-N centres [165]. Their results demonstrated a striking bifurcation
in pathway selectivity, with pyrrole-type Co-Njy sites showing a 5-fold higher
H>0; production rate than pyridinic-type Co-Njy sites. This divergent electrocata-
lytic behaviour was solely dedicated to the choice of N-precursor (4-dimethyl-
aminopyridine or 2-methylimidazole) deployed to obtain the M-N-C materials.
While M-Njy is the most viable configuration, the use of distinct N-precursors can
facilitate the formation of unsaturated (e.g., x = 2, 3) or oversaturated (e.g., X =
5) M-Nj sites, which are all active for ORR.

Typically, small molecules such as urea, melamine and dicyandiamide
(DCDA) are common N-precursors due to their low cost and high nitrogen
content. These qualities make them an ideal precursor for the design of nitrogen-
rich carbon frameworks; however, the pyrolysis temperature dictates their final
nitrogen configuration and electrocatalytic efficiency [177]. For instance, at >500
°C urea transforms to graphitic carbon nitride (g-C3;Ny4) [178], while melamine
and DCDA vyield volatile gases (e.g., NHsz, HCN) before the formation of
graphitic carbon lattice [177]. This decomposition results in a significant loss of
nitrogen content and structural integrity. Moreover, these precursors lack spatial
confinement effects and at elevated temperatures the formation of metal
nanoparticles can occur. In this regard, 1,10-phenanthroline offers a superior
chelation effect and a high degree of graphitisation upon pyrolysis providing a
three-dimensional bidentate ligand to immobilise metal ions [179, 180]. This
structural arrangement can kinetically suppress metal migration at high tempera-
ture and yields a high density of M-Nj sites. However, 1,10-phenanthroline tends
to form stacked graphitic carbon layers upon pyrolysis, which compromise the
surface area and mass-transfer processes [179]. Therefore, the need for N-
precursors that combine pre-organised coordination geometry with rigid porosity
characteristics has established metal-organic frameworks (MOFs) and metallo-
macrocycles as suitable templates for designing high-performance M-N-C
catalysts.
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4.3.3. Role of carbon structure in M-N-C catalysts

Carbon constitutes the majority of the material by atomic percentage, providing
the essential foundation for electrical conductivity, mechanical strength and the
porous hierarchy of the overall M-N-C material. Nitrogen precursors such as
urea, melamine, DCDA or 1,10-phenanthroline can serve as a primary carbon
source, but at elevated temperatures, the release of gaseous fragments results in a
significant loss of carbon yield [179, 181]. Therefore, integrating a secondary
carbon source, such as carbon nanotubes (CNTs), carbon black (e.g., Vulcan®),
graphene, or conductive polymers, is essential to achieve structural robustness
and electrical conductivity. Among them, CNTs have attracted attention due to
their unique structural properties, which are absent in other carbon allotropes
[177, 182]. For example, Vulcan® is characterised by amorphous quasi-spherical
particles with high structural disorder, which could increase the ohmic resistance
and limit electron conduction [183, 184]. On the other hand, graphene with a
planar sp* carbon in a hexagonal lattice structure exhibits excellent electrical con-
ductivity [185]. The N-doped graphene consists of edge/basal planes to anchor
metal to form M-Ny sites for ORR. However, their performance is severely
hampered by n-n restacking, leading to a bundled, stacked sheet morphology that
can hinder access to the active sites [185]. In contrast, CNTs provide a 1D wire-
like geometry that presents some advantages over Vulcan® and graphene [186],
e.g., the curved and cylindrical surface of CNTs prevents restacking, and the nano-
tubular sp? structure offers long-range electron transport channel reducing ohmic
resistance problems. Furthermore, multiwalled carbon nanotubes (MWCNTSs)
exhibit extraordinary mechanical strength and electrochemical durability due to
multiple interlinked nanotubes [187]. However, pristine CNTs do not favour O,
chemisorption due to their symmetrical charge distribution, and doping with
heteroatoms and transition metals is needed to provide CNTs with active sites for
ORR [186]. Therefore, CNTs emerged as suitable support material to design a
M-N-C catalysts with high active site density, high porosity and electrochemical
stability [177].

During high-temperature pyrolysis, the complex structural rearrangements
coupled with volatilisation of gaseous compounds generate a dense network of
pores i.e. micropores (<2 nm), mesopores (2—50 nm), macropores (>50 nm) or a
combination of them (hierarchical), which governs the diffusion of reactants to
the active sites within this porous network [178, 180]. The micropores play a key
role in increasing specific surface area, enabling a high density of exposed active
sites [188]. In particular, the atomically dispersed M-Ny moieties within these
micropores and their accessibility affects catalytic activity. However, excessive
microporosity can hinder O, accessibility and electrocatalytic performance [180,
188]. To address this, meso- and macropores are necessary to accelerate reactant
diffusion and product removal, resulting in hierarchical pore network providing
the optimal diffusion of O, to the active sites [140].
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In contrast, under fuel cell conditions, these pores must facilitate the formation
of TPBs where the electrochemical reactions occur [76]. As illustrated in Figure
4, the carbon nanostructure strictly governs the mass transport of reactants to the
active sites (N-C, M-Ny). The macropores provide pathways for gaseous reactants
to diffuse across the GDL and reach the catalyst layer. The mesopores facilitate
the travel of O, and H'/OH" within the catalyst layer through ionomer-filled voids
[189]. Several studies have highlighted the importance of hierarchical porosity,
in which a balance in pore architecture enhances mass transfer [140, 180, 190].
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Figure 4. Schematic illustration of active-sites reachability by O, molecules in micro-
porous, mesoporous, and a hierarchical porous carbon structure.

This hierarchical arrangement effectively expands the uniform distribution of
TPB throughout the catalyst layer, thereby minimising overpotentials during fuel
cell operation. Therefore, the ideal carbon material should offer a high specific
surface area and hierarchical porosity [54, 189]. While chemical activation is the
most effective strategy, resulting in a high specific surface area, the carbon struc-
ture primarily consists of micropores, which undoubtedly boost electrocatalytic
performance but fail to deliver high energy efficiency in fuel cells [191]. Notably,
the templating method provides a sophisticated approach to engineer hierarchical
carbon architectures and they are categorised into two groups: soft templating
(self-assembly) and hard templating (nanocasting) [192]. The soft templates, i.e.,
amphiphilic surfactants (CTAB, SDS, etc.) and block copolymers (Pluronic F127,
P123, etc.), through direct polymerisation of carbon precursors, provide carbon
materials with a controlled porosity [193, 194]. However, they vaporise during
high-temperature pyrolysis, making them non-reusable. In contrast, hard
templates utilise inorganic scaffolds, such as silica nanoparticles, due to their high
thermal stability and robust skeletons that prevent the collapse of the carbon
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structure during pyrolysis. Moreover, these templates must be leached out using
harmful concentrated acids (e.g., HF), which represents their main limitation due
to the environmental impact [195].

Inorganic nanoparticles, such as MgO or ZnO, have attracted significant
scientific attention as templates due to their easy removal using mild acids, such
as HCI [196, 197]. Nevertheless, the extensive use of hard templates and the
tedious removal processes constitute a major shortcoming that can compromise
the quality of the resultant carbon [198, 199]. As another alternative, the iono-
thermal synthesis has emerged as a sustainable methodology to bypass the
inherent structural instability associated with soft templates, but this method is
expensive and offers limited recyclability [200]. Therefore, these challenges must
overcome to design an efficient carbon structure with a balanced porosity and
better active-sites anchoring efficiency. In this context, MOFs are classified as an
emerging class of hybrid materials with highly ordered, three-dimensional cage-
like structures that exhibit high surface area and porous properties. These were
first discovered by Prof. Omar M. Yaghi in 1995, and later, their different
categories were reported, including MIL-n, ZIF-n, and conductive MOFs (c-
MOF) [201].

4.4. ZIF-8 and M-N4 macrocycles-based M-N-C catalysts

Zeolitic imidazolate frameworks (ZIFs) have emerged as a promising subclass of
MOFs, combining the isomorphic zeolite topologies with the coordinative pro-
perties of MOFs. They are fabricated by the self-assembly of tetrahedrally
coordinated transition-metal ions with organic linkers [202]. In 2006, for the first
time, Prof. Omar M. Yaghi synthesised and reported 12 distinct ZIFs prepared by
copolymerizing Zn** and Co?" with imidazole-type linkers [203]. The authors
discovered that among the prepared ZIFs, ZIF-8 exhibited exceptional thermal
stability and the highest specific surface area of 1947 m* g’!. Also, ZIF-8 can
adopt various morphologies, such as rhombic dodecahedra and nanoplates [204].
Each unit of rhombic dodecahedral ZIF-8 exhibits a sodalite topology with a large
central pore (diameter = 11.6 A), six-membered ring apertures of 3.4 A, and six
additional four-membered ring apertures with a diameter of 0.8 A [205]. With its
unique structural integrity, ZIF-8 is widely used for catalyst backbone fabrication
in different electrocatalysis applications as ZIF-8 can act as both carbon and
nitrogen source simultaneously.

During pyrolysis, the imidazole ligands undergo thermal breakdown, releasing
sp*- and sp>-bonded and N-doped carbon materials accompanied by evaporation
of Zn. Moreover, the formation of key N-species, such as pyridinic-N, pyrrolic-
N and graphitic-N, provides active centres for efficient ORR electrocatalysis.
Therefore, owing to the high surface area and electrical conductivity of pyrolysed
ZIF-8, it has garnered special scientific importance for energy-related applica-
tions, e.g., PEFCs [206]. In 2019, Xue and colleagues demonstrated its applica-
tion as an ORR catalyst in a single-chamber MFC device [207]. Over the years,
various strategies have been explored to utilise ZIF-8 in the design of M-N-C
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materials: (i) using as a precursor and nitrogen source, (ii) one-pot mixing or in-
situ doping, (iii) physical mixing or ball-milling, (iv) the host-guest impregnation
of metal ions into a pre-formed ZIF-8 framework [208]. In-situ doping is com-
monly used but often results in poor crystallinity and a low active site density.
Moreover, simultaneous mixing of transition metal salts, a zinc source, and imida-
zole ligands can result in distorted crystal shapes, reduced pore volumes, or even
the formation of non-ZIF phases [202, 203]. Therefore, single-step carbonisation
of pre-formed ZIF-8 with metal precursor salts has emerged as an easy and
reproducible synthetic approach for designing M-N-C materials with high M-Ny
site density and long-term durability. The well-defined pores of ZIF-8 enable
efficient impregnation of transition-metal ions via structural confinement. Further-
more, during pyrolysis, carbon structures and active sites form concurrently,
thereby mitigating the aggregation of metal species and yielding a high con-
centration of M-Ny active sites. Transition metals such as Fe, Co, and Mn are
typically used to impregnate the evolving ZIF-8 structure, yielding monometallic
and bimetallic M-N-C architectures. However, the temperature-dependent Zn
stabilization plays a crucial role in the resulting density and accessibility of the
active sites. In a study by Wang et al., it was revealed that the ZIF-8 parent
geometry remains intact up to 500 °C, and above 800 °C, Zn*" converts to Zn"
and leaves the carbon matrix [209]. Intriguingly, on reaching 900 °C, the Zn-N4
sites shift towards a square planar geometry, which establishes strong interactions
between the Zn’s d-orbital and basal carbon plane. These interactions thermally
stabilise the Zn within the evolving C framework and restrict its complete
elimination. In fact, in the presence of transition metals, Zn elimination is rapid
due to the isovalent nature of the metal ions can substitute the Zn sites and form
an M-N, coordination. This cation-substitution mechanism has demonstrated that
ZIF-8 can serve as a sacrificial template during pyrolysis. However, performing
pyrolysis below 900 °C can result in a poorly graphitised carbon framework with
a higher proportion of Zn-Nj sites, whereas over 900 °C the carbon structure is
highly graphitised and the significant loss of N and C content leads to a drastic
reduction in active site density [209]. These residual Zn-Nj sites can be also con-
sidered ORR-active as computational studies have shown that hybridization of
3d,> and 4s orbitals in Zn*" generates new antibonding orbitals, facilitating their
interactions with the oxygen intermediates and favours O, adsorption [210].
Although the ORR on the Zn-N sites is selectively catalysed via a 2¢” pathway,
which can downshift ORR activity from the 4e¢” pathway [211, 212]. The acid
treatment is considered a potential solution for dissolving these Zn-Nj sites and
thus improving the catalyst's electrocatalytic activity towards the 4e” pathway.
MPc have gained significant popularity for the design of M-N-C-architected
materials as the well-coordinated M-Njy sites within the MPc serve as the active
centre for ORR electrocatalysis [145, 213-216]. It is worth noting that the central
metal plays a crucial role in determining the electrocatalytic properties of the
molecules. Apparently, FePc exhibits the highest ORR activity among CoPc and
MnPc due to its perfect d-orbital symmetry with O, molecule [177, 217]. How-
ever, the pristine planar molecular structure of MPc is not conducive to initial O,
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adsorption due to the symmetrical charge distribution around the M-Ny centre.
Therefore, high-temperature pyrolysis was considered a suitable approach to alter
the intrinsic electronic properties of these MPc [218-221]. Despite this, their
electrocatalytic activity is fundamentally limited by low electrical conductivity
and specific surface area. While the addition of CNTs offers a pathway to improve
electrical conductivity, it fails to achieve high active site density and atomic
dispersion of metal sites. Furthermore, the metal agglomeration at high tempera-
tures exaggerates this issue [222, 223]. The integration of ZIF-8 and MPc presents
an interesting platform, where the 3D cage morphology of ZIF-8 facilitates the
confinement of MPc molecules, and the progressive Zn volatilisation provides a
high specific surface area [224]. This hybrid structure offers high active site
density, mitigates metal agglomeration, and, with hierarchical porosity, delivers
remarkable ORR activity in both neutral and alkaline environments. This makes
the integrated MPc/ZIF-8 catalysts very attractive for fuel cells. Nevertheless, the
relative loading of metal precursor and ZIF-8 ultimately determine the final
catalyst's structure, directly governing the density and accessibility of active sites
[225]. Excessive ZIF-8 loading may lead to mass-transfer issues due to excessive
Zn retention and a dense carbon framework [205, 209]. Conversely, insufficient
ZIF-8 content can accelerate metal agglomeration due to inadequate nitrogen
content. Therefore, a balance between these should be established to achieve a
well-defined nanostructure of the M-N-C material. Moreover, without a suitable
carbon source, ZIF-8 can self-agglomerate; thus, incorporating MWCNTSs re-
solves this by providing a carbon support that enhances long-range electrical
conductivity and mass transfer.
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5. AIMS OF THE STUDY

The objective of this PhD thesis was to design non-precious transition metal-
based M-N-C catalysts using ZIF-8 and MPc. Specific emphasis was placed on
tailoring their electronic/textural features, that facilitates charge-mass transfer
processes and accelerates the underlying reaction kinetics. This was achieved by
systematically impregnating different transition metals (Fe, Co, Mn) and a rare-
earth metal (Ce) to establish a correlation between carbon structure evolution and
the incorporation of active sites. Furthermore, the specific contribution of ZIF-8
loading and its integration with MPc was explicitly studied. The following
objectives were adopted to fulfil the core focus of the thesis:

1. One-step pyrolysis to develop Fe- and Co-based bimetallic electrocatalysts
using ZIF-8@CNT derived NC scaffolds, examining their physicochemical
properties and electrocatalytic ORR performance in alkaline and neutral media.
Finally, these catalysts were employed at cathodes in MFC and AEMFC
devices [I, II]. The influence of Ce incorporation into the Fe-doped ZIF-
8@CNT-derived NC matrix on the electronic structure of the resulting cata-
lysts was studied. Furthermore, this objective evaluated the benefits of this
tailored structure on the ORR pathway and electrocatalytic performance in
both alkaline and neutral electrolytes. The performance of MFC energy
generation and wastewater treatment with these Ce incorporated cathode cata-
lysts was examined [I11].

2. To design a single-metal Fe-N-C material for MFC application using a novel
in-situ nitridation strategy. This objective primarily focused on refining the
ORR pathway and enhancing the MFC power generation performance [IV].

3. To develop a single-metal ORR electrocatalyst using a two-step pyrolysis
strategy, characterise their physicochemical properties, electrocatalytic per-
formance in alkaline solution, and lastly, the AEMFC performance [V]. This
objective mainly focuses on optimising the metal-to-ZIF-8 ratio for fabri-
cating the catalyst materials.

4. To study the effect of integrated MPc and ZIF-8 on the ORR activity, struc-
tural features and AEMFC performance of the designed bimetallic electro-
catalysts [VI].
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6. EXPERIMENTAL

6.1. Synthesis of ZIF-8@CNT composite-based
bimetallic catalysts

In the articles [L, I, III, V, VI], ZIF-8 (Basolite® Z1200, Sigma-Aldrich) and
multiwalled carbon nanotubes (MWCNTs, >95%, Nanocyl 3150) based com-
posite was prepared through one-step pyrolysis (procedure P1), which consisted
of holding the temperature at 900 °C for 2 h under N, atmosphere. A heating rate
of 10 °C min™' was used to reach the annealing temperature. In the work [IV, VI],
the pyrolysis procedure P2 was used, which comprised subsequent annealing at
950 °C for 2 h under a N, atmosphere with a ramp rate of 5 °C min' [V] and
10 °C min™ [VI].

6.1.1. Synthesis of Fe and Co doped materials

The following procedure was opted for the synthesis of metal-free and Fe/Co-
doped catalyst materials [I]. Initially, 105 mg of ZIF-8 and 100 mg of MWCNTs
were dispersed in 40 mL of methanol (MeOH) using ultrasonication (Branson
1510E-MTH; power output = 70 W, frequency = 40 kHz, Bransonic) for about
2 h and the resulting mixture was oven-dried at 60 °C overnight. The obtained
powder mixture was then pyrolysed using procedure P1. The resulting blackish
powder was named ZNT-900. The Fe;Co, co-doped catalyst was prepared by
dispersing 5.4 mg of iron(Il) acetate (Fe(OAc),, 95%, Sigma-Aldrich), 10.3 mg
of cobalt(Il) acetate (Co(OAc),, 98%, Alfa Aesar), 100 mg of MWCNTs and
105 mg of ZIF-8 in 40 mL of MeOH. The solution mixture was sonicated for 2 h
to obtain a homogeneous suspension. After oven-drying this mixture at 60 °C for
overnight, it was pyrolysed again using P1. To prepare the Fe-doped catalyst,
8.2 mg of Fe(OAc),, 100 mg of MWCNTSs and 105 mg of ZIF-8 were dissolved
in 40 mL of MeOH. For Co-doped catalyst, 15.4 mg of Co(OAc), was added to
100 mg of MWCNTs and 105 mg of ZIF-8 mixture via sonication. After drying
in an oven at 60 °C overnight, these mixtures were pyrolysed using P1. The
resulting catalyst materials were designated as ZNT-900, Fe-ZNT-900, Co-ZNT-
900, Fe1C02-ZNT-900 (Fe:Co=1:2), and Fe;Co0;-ZNT-900 (Fe:Co=1:1) [I]. The
Fe-ZNT-900, Co-ZNT-900, Fe;Co,-ZNT-900 (Fe:Co=1:2) materials were used
for article [II] with a slight modification in their nomenclature, and named as N-
C@900, Fe-N-C@900 and FeCo-N-C@900, respectively.

6.1.2. Synthesis of Fe and Ce doped materials

The synthesis of Fe and Ce-based catalysts [1II] was as follows: 7.8 mg of cerium
nitrate hexahydrate (Ce(NO3);x6H,0, Sigma-Aldrich, 99.9%) was added to a
mixture containing 100 mg of ZIF-8 and MWCNTs prepared in MeOH. After
sonication for about 2 h, the mixture was oven-dried at 60 °C overnight. There-
after, it was pyrolysed using procedure P1 and the resulting catalyst was named
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Ce@N-C. The Fe;Cei@N-C catalysts were prepared by mixing 7.78 mg of
Fe(OAc),, 7.8 mg of Ce(NO3);°6H,0, 100 mg of ZIF-8 and MWCNTs in 30 mL
of MeOH. This mixture was treated for about 2 h in an ultrasonication bath. After
that, the mixture was dried and pyrolysed second time using P1. Similarly, by
adjusting the Fe:Ce ratio, other variants of the FeCe bimetallic catalysts
(FeiCex@N-C, Fe,Ce1@N-C) were prepared using the same procedure [I11].

6.2. Synthesis of FePc-derived catalyst materials

The following steps were used to design the hybrid Fe/FesN@Fe-N-C material [IV]:

1. Initially, 280 mg of citric acid monohydrate (CsHsO7xH,0, >99.8%, Fisher
Scientific) was dissolved in 40 mL of ethanol. Subsequently, 8 g of melamine
dissolved in ethanol was slowly added to the previous solution under conti-
nuous stirring. The resulting paste-like mixture was then dried in an oven
overnight and pyrolysed using procedure P2. The resulting blackish powder
was named as NC [IV].

2. 20 mg of pre-prepared NC catalyst was dispersed in 10 mL of MeOH and then
5 wt% iron phthalocyanine (FePc, Sigma Aldrich) was slowly added to this
mixture. Subsequently, this mixture was sonicated and oven-dried overnight
to evaporate ethanol. The resultant powder was collected and named as
FePc/NC [IV].

3. 10 mg of FePc/NC catalyst was dispersed in 5 mL of 2-propanol by sonication.
This catalyst suspension was deposited onto a silica boat, which was inverted
and placed on top of another silica boat containing 10 g of melamine. This
inverted dual-boat setup was then pyrolysed at 800 °C with a ramp rate of
5°C min™ for 2 h in N, atmosphere. After that, the material was scraped off
from the top silica boat and named as Fe/FesN@Fe-N-C [IV].

6.3. Synthesis of ZIF-8 and Mn-based catalyst materials

Typically, » mmol of ZIF-8 (n = 0.2, 0.5, 0.9, 1.8, 2.7) and 100 mg MWCNTs
were dispersed in MeOH and treated in an ultrasonication bath for about 30 min.
Thereafter, 22.3 mg of manganese acetate tetrahydrate (Mn(OAc),x4H,0, >99%,
Sigma-Aldrich) was introduced to this mixture and treated in sonication for about
2 huntil a homogeneous slurry is obtained. Following this, the mixture was oven-
dried and pyrolysed using procedure P1. The resulting catalyst materials were
referred as Mn/Zn-NC@CNT x (x = 2, 5, 10, 20, 30), where x represents the
molar ratio between Mn and ZIF-8 [V].

In the subsequent step, 50 mg of Mn/Zn-NC@CNT 10 catalyst was acid-
washed with 1 M hydrochloric acid (HCI, 37%, Sigma-Aldrich) to remove
residual Zn species and Mn-based oxide nanoparticles. After acid treatment, the
catalyst was thoroughly washed with Milli-Q water (Type 1, 18.2 MQ cm). This
was then pyrolysed at 950 °C for 2 h in an inert atmosphere at a ramp rate of
5 °C min'. The resultant blackish powder was collected and named as Mn-N-
C@CNT [V].
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6.4. Synthesis of integrated MPc and
ZIF-8-based bimetallic catalysts

The integrated MPc- and ZIF-8-derived bimetallic catalysts were prepared using
the following synthetic pathway [VI]. Initially, 100 mg of ZIF-8 and MWCNTs
were dispersed in MeOH using an ice bath sonication for 2 h. The obtained
mixture was oven-dried and pyrolysed using procedure P1. The resulting blackish
powder was collected and named as NC900. Afterwards, this was acid-washed
with 1 M hydrochloric acid (HCI, 37%, Sigma-Aldrich) at 70-80 °C for 12 h.
After thorough washing with Milli-Q water, the catalyst was dried at 60 °C and
named NC900a. With a similar procedure, NC500a and NC700a catalysts were
prepared, where 500 and 700 are the pyrolysis temperatures followed by acid
washing (a). In the second step, 100 mg of NC900a, x wt% (1.5, 2.5) FePc and
1.5 wt% manganese phthalocyanine (MnPc, >99%, Sigma-Aldrich) in 40 mL of
MeOH via ice bath sonication. After reaching a homogeneously dispersed
mixture, it was oven-dried at 60 °C overnight. The resulting powder was then
transferred to a silica pot and placed in a quartz tube for a second pyrolysis using
procedure P2. The resulting blackish powder was named Fe;sMn;s-NC900a.
Following a similar synthesis procedure, Fe;sCois5-NC900a and CoisMn; s-
NC900a catalysts were prepared [VI].

6.5. Physico-chemical characterisation methods

A comprehensive set of physical characterisation methods was used to examine
the structural morphology and chemical states of the prepared M-N-C materials.

X-ray diffraction (XRD) analysis was carried out using a Bruker D8 Advance
diffractometer to determine the crystal structures of the catalyst materials [[-VI].
The diffractometer was equipped with a Ni-filtered Cu Ka radiation source and a
LynxEye line detector. Scanning steps of 0.0183° were applied to record the
diffraction patterns in 20 range from 5° to 90° and a 525 s counting time per step.
The full-profile analysis software Topas 6 (Bruker) was used to analyse the
diffraction patterns.

The Micro-Raman spectroscopy was used to study the structural defects and
graphitisation degree within the catalyst materials [I-VI]. Before measurements,
the catalyst materials were dispersed in 2-propanol via sonication, then pipetted
onto a clean Si wafer surface and oven-dried at 60 °C. Measurements were con-
ducted using an inVia Renishaw spectrometer equipped with a 514.5 nm argon-
ion laser and an Olympus confocal microscope (50x magnification objective).
The Raman spectra were recorded in back-scattering geometry. To refine the data,
the recorded Raman spectra were deconvoluted using a multiple-peak fitting
procedure with Voigt functions. The baseline correction was applied to mitigate
small fluorescence perturbations. The parameter W (full width at half-maximum
(FWHM) of the D1 and G bands), Ini//g (the ratio of the areas under the bands)
and R2 = D1/(G + D1 + D2) (the ratio of the areas of indicated bands) were
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extracted from these fits [I, II, III]. In a very defective carbon material, it is im-
possible to separate the G and D2 bands properly, as both are connected with a
graphitic lattice. Therefore, Ini/Ig+Ip, ratio is determined to [IV, V]. In contrast,
for a highly-graphitised material, the /n//g ratio can provide sufficient information
to determine the structural order [VI].

The porosity parameters of the materials were determined by N» physisorption
using a NOVAtouch LX2 (Quantachrome Instruments) [[-VI]. Before analysis,
the samples were degassed under vacuum at 300 °C for 12 h. The specific surface
area (Sger) of the materials was calculated using the Brunauer-Emmett-Teller
(BET) method over a P/Py range of 0.02—0.2. The total pore volume (Vi) was
calculated at a P/P, value of 0.97. The DFT-based specific surface area (Sqs), the
volume of micropores (¥,) and pore size distributions (PSD) were estimated from
N> isotherms using a quenched solid density functional theory (QSDFT) equi-
libria model for slit-type [, I, III, IV] or slit-syl [V, VI] type pores.

To gain insights into the bonding configurations and chemical states of the
prepared M-N-C catalysts, the X-ray photoelectron spectroscopy (XPS) analysis
was performed [I-VI]. Sample preparation includes catalyst dispersion in 2-
propanol, followed by drop-casting onto the polished glassy carbon (GC) plates.
All the measurements were performed under ultra-high vacuum conditions. The
XPS measurements were conducted using an electron energy analyser SCIENTA
SES 100 and Mg Ka X-ray radiation (1253.6 e¢V) [I-V] from the non-monochro-
matic twin anode X-ray tube (Thermo XR3E2). The survey scan was collected
using the following parameters: energy range = 1200 to 0 eV, pass energy =
200 eV, step size = 0.5 eV, step duration 0.2 s and number of scans = 5. Being a
surface-sensitive method (1-5 nm), XPS can provide compositional information
by fitting the obtained core-level spectra. The high-resolution XPS spectra were
thus recorded typically in the N1s and C1s regions for metal-free catalysts. While
detailed XPS spectra in Fe2p [I-VI], Co2p [I, 11, VI], Mn2p [V, VI], Ce3d [1II],
and Zn2p regions [III-VI] were obtained. The raw data were processed using the
CasaXPS software (version 2.3.17) by eliminating X-ray satellites and fitting
core-level peaks using the Gauss—Lorentz hybrid function (GL 70, Gauss 30 %,
Lorentz 70 %). The background subtraction was performed using a blend of linear
and Shirley-type models. For article [VI], the XPS survey spectra and Zn 2p
spectra were measured using Al Ka radiation (1486.6 eV), for other spectra the
Mg Ka radiation (1253.6 eV) was used. From the obtained peak areas, the atomic
concentrations were calculated using built-in CasaXPS Scofield photoabsorption
cross-sections and the electron effective attenuation lengths.

The catalyst surface morphology and elemental composition were examined
using scanning electron microscopy (SEM) and scanning transmission electron
microscopy (STEM). For the SEM analysis, the materials were suspended in 2-
propanol (Millipore, Inc.), and the mixture was drop-cast onto silica substrates.
The SEM images were captured at an accelerating voltage of 10 kV using a high-
resolution scanning electron microscope (HR-SEM), the Helios NanoLab 600
(FEI Company) [I-VI]. The INCA Energy 350 EDX spectrometer (Oxford Instru-
ments) attached to the microscope was used to quantify the elemental com-
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position in weight% [I-VI]. Furthermore, STEM studies were conducted using a
Titan Themis 200 (FEI) (S)TEM equipped with Cs-probe corrector at 200 kV to
study surface morphology at the atomic scale [I-VI]. The samples were prepared
by simply drop-casting the aliquot of catalyst ink (prepared in 2-propanol) onto
lacey carbon film-coated copper TEM grids. Simultaneously, the SuperX EDX
system (Bruker) connected to the same microscope provided energy-dispersive
X-ray spectroscopy (EDX) elemental mapping. To investigate the bulk metal
content in the catalyst materials, microwave plasma atomic emission spectro-
scopy (MP-AES) was employed for article [III].

6.6. Electrochemical characterisation

6.6.1. Catalyst inks and electrode preparation

The glassy carbon (GC) electrode was prepared by inserting GC disks (GC-20SS,
Tokai Carbon Ltd., Japan) into the Teflon holder. The GC disk had a geometric
surface area (4) of 0.2 cm® These were gently polished using 1 and 0.3 pum
alumina slurries (Buehler, USA) until a mirror-like finish was achieved. After
that, the GC disks were sequentially cleaned via sonication in Milli-Q water and
2-propanol for 5 min each [I-VI]. To prepare the catalyst ink, 4 mg of the catalyst
powder was suspended in 1 mL of 2-propanol, followed by the addition of 5 uL.
of Nafion ionomer solution (5 wt%, Sigma-Aldrich). The mixture was sonicated
for at least 90—120 min until a uniform dispersion was obtained. The catalyst ink
aliquot (2 uL) was incrementally pipetted onto the polished GC surface and dried
at 60 °C. This was done to achieve a final catalyst loading of 200 pg cm™ [II-VI].
A lower catalyst loading of 100 pg cm™ was used in article [I]. This was obtained
by depositing a total of 5 uL catalyst ink onto the GC surface.

6.6.2. Electrochemical measurements in 0.1 M KOH and
0.1 M PBS electrolytes

The electrochemical ORR performance of the catalyst materials was evaluated by
recording linear sweep voltammetry (LSV) and cyclic voltammetry (CV) curves
using a rotating disk electrode (RDE) or a rotating ring-disk electrode (RRDE)
methods. A customised round-bottom glass cell with a three-electrode setup was
used for all electrochemical measurements. The experiments were controlled
using a PGSTAT128N potentiostat (Metrohm Autolab, The Netherlands). The
glassy carbon electrode (geometric surface area of 0.196 cm?®), the saturated
calomel electrode (SCE) and the carbon rod were used as the working, reference
and auxiliary electrodes, respectively. The reference electrode was connected via
electrolyte bridge and the auxiliary electrode was separated by a glass frit. The
cell was filled with 0.1 M KOH solution (purity > 85%, Sigma-Aldrich) at pH=13
[I, V, VI]. During the RDE measurements, the electrode rotation rate (w) was
controlled using the EDI101 rotator and the CTV101 speed control unit (Radio-
meter). Before measurements, the electrolyte was purged with Oz (99.999%,
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Linde) for about 30 min. The iR correction was applied with Nova 2.1 software.
The iR-corrected RDE polarisation curves were acquired at 310, 610, 960, 1900,
3100 and 4600 rpm between -1.2 and 0.0 V vs SCE in Os-saturated 0.1 M KOH
at a scan rate of 10 mV s'. Furthermore, the CV curves in O, and Ar (99.999%,
Linde)-saturated 0.1 M KOH were recorded at a scan rate of 10 mV s within the
same potential window. The ORR performance is typically assessed based on the
key parameters extracted from the polarisation curves. The potential at which the
ORR commences is known as FEonset, Which is usually determined at a current
density of -0.1 mA cm™. The potential needed to achieve half of the diffusion-
limited current density is known as E1. All potential values (vs SCE) were con-
verted with respect to the reversible hydrogen electrode (RHE) using the equa-
tion: Erug = Esce + 0.241 + 0.059xpH. The Koutecky-Levich (K-L) plots
constructed from the RDE polarisation data recorded at various electrode rotation
rates in order to determine the electron transfer number (7) using the following
equation [I-VI].

1 1 1 1 1
S= ot o= 2/3.-1/6,,1/2 (10)
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where j, jk, and jq represent measured current density, kinetic current density and
diffusion-limited current density, respectively. The number of electrons trans-
ferred per O, molecule is notated by », F' is the Faraday constant (96485 C mol
", Do is the diffusion coefficient of O,, v is the kinematic viscosity of the
electrolyte solution, Co is O, solubility in the bulk solution [226].

To gain further insights into the reaction pathway, the RRDE measurements
were performed using a Pt-ring/GC disk electrode attached to the AFMSRX
rotator and MSRX speed controller (Pine Research, USA) controlled by General
Purpose Electrochemical System (GPES) software. This method enables the
direct estimation of peroxide yield (%HO>") and »n during the ORR process [I, I1I—-
VI]. The Pt-ring was held at a constant potential of 1.55 V vs RHE to detect the
peroxide formation. During ORR, the HO,™ anions formed at the disk electrode
migrate to the Pt ring encircling the GC disk electrode (0.164 cm?), where they
are oxidised back to O, generating a detectable ring current. Before each
measurement, the Pt ring was electrochemically activated by scanning at least
five potential cycles within the potential window 0.05—-1.65 V vs RHE with a scan
rate of 100 mV s™'. Similarly, the GC disk was electrochemically activated by
scanning at least 5 potential cycles at 100 mV s™' between -0.2 and 1.0 V vs RHE.
The following equations were used to estimate the RRDE parameters:

200 x
%HO; = (an
Id"'ﬁ
_ 4 x1g
Id"'% (12)
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where the disk and ring currents are denoted as /4 and /,, respectively; N represents
the ring collection efficiency (N), which was 0.25.

The M-Nj active sites are widely acknowledged as the primary centre for ORR
electrocatalysis. While their existence and chemical nature can be investigated
using the deconvolution of N1s core-level XPS spectra, the cyanide anions (CN)
act as an effective probe for their electrochemical detection. These anions form
stable, strong metal-cyanide complexes that prevent O, molecules from reaching
the M-Nj sites. This was done by acquiring the RDE polarisation curves in O»-
saturated 0.1 M KOH electrolyte solution containing 10 mM NaCN. A drop in
the key parameters i.e., E1» or Eonset after NaCN addition provides definitive
evidence of accessible, atomically dispersed M-Nyx moieties. To determine the
electrochemical stability of the catalyst materials, current-time (i-t) responses
were measured at a constant potential of -0.1 V vs RHE for 13 h at 1900 rpm in
Oy-saturated 0.1 M KOH electrolyte [II, III, IV, V]. Post-stability RDE [V] or
RRDE [1II, IV] polarisation curves were recorded at 1900 rpm in the range of
0.0-1.0 V vs RHE at a scan rate of 10 mV s. In article [VI], accelerated
durability tests were carried out by cycling 5000 potential scans between 0.4 and
1.0 V vs RHE at 200 mV s'. Following this, an RDE polarisation curve was
obtained at 1900 rpm over 0.0-1.0 V vs RHE with a scan rate of 10 mV s™'. If not
stated otherwise, the commercial Pt/C catalyst (20% Pt on Vulcan XC-72, FC
Catalyst) with a loading of 0.1 mg cm™ (20 pgp, cm™) was used for comparison
purposes.

In phosphate buffer saline (PBS) electrolyte (pH~7), the electrochemical tests
were conducted using a similar three-electrode configuration as described before.
The preparation of 0.1 M PBS electrolyte involves dissolving 0.06 mol of
disodium hydrogen phosphate (Na;HPOj4, >99%, Fluka), 0.04 mol of potassium
phosphate monobasic (KH,PO4, Merck) and 0.12 mol of sodium perchlorate
monohydrate (NaClO4-H,0, >98%, Honeywell) in 1 L of Milli-Q water. The iR-
corrected RDE polarisation curves were obtained at various electrode rotation
rates (360, 610, 960, 1900, 3100 and 4600 rpm) [II, III] and for article [IV] at
400, 800, 1200, 1600, 2000 and 2400 rpm. The K-L equation (Eq. 10) was used
with diffusion coefficient of O, (Do) = 1.8x107° cm?® s! to study the reaction
kinetics and to determine the n value. The RRDE measurements were carried out
to precisely examine the peroxide formation and » values using Eq. (11) and (12),
respectively. The electrochemical conditioning of Pt ring electrode was done by
scanning at least five potential cycles between 0.35-1.65 V vs RHE with scan
rate of 100 mV s™'. The i-f responses were recorded for 13 h at -0.1 V vs RHE [II,
IIT]. The RDE polarisation curves were acquired at 1900 rpm in O-saturated
0.1 M PBS containing 10 mM NaCN to inspect the M-Ny centres [II, 111, IV].
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6.7. MFC assembly and operation

The MFC setup used in article [II] was constructed by joining two custom-built
polycarbonate cylindrical containers (volume 25 mL each, inner diameter 3 cm)
and securing them with a four-screw flange system (Figure 5a). These two com-
partments were separated by a PEM (Nafion™ 117, Sigma-Aldrich). The carbon
felt (CF) electrode was cut from a CF sheet (thickness = 1.0 in., Thermo Scien-
tific, 99%) and used as both anode and cathode, with a geometric surface area of
12.5 cm?. Before use, the CF was treated in concentrated HNO; at room tempera-
ture to remove any impurities. Subsequently, it was thoroughly washed with
Milli-Q water multiple times until the pH was neutral. The anolyte was prepared
by mixing 10 mL of 0.05 M PBS (prepared by dissolving 0.31 g of NH4Cl, 0.13 g
of KCl, 2.69 g of NaH,PO4x2 H,0, 4.33 g of Na;HPOj in 1 L of Milli-Q water),
5 mL of trace elements. To support selective enrichment of electroactive micro-
organisms, 5 mL of sodium acetate solution was added to the anolyte. Under
continuous N purging, the anolyte was injected with a mixed culture obtained
from the Tartu Wastewater Treatment Plant (Tartu Veevérk AS, Estonia). After
that, the anode chamber was sparged with N, for 15-20 min to maintain anaerobic
conditions. The initial open circuit voltage (OCV) of the MFC cell was recorded
using Fluke 116 multimeter. The anolyte was frequently replaced (keeping 10%
of the old anolyte) after each batch cycle (3-4 days) or when the OCV dropped to
50 mV to continue the enrichment process. The substrate oxidation efficiency
was analysed by measuring the chemical oxygen demand (COD) of the anolyte,
as described in Standard Methods for the Examination of Water and Wastewater
[218]. This procedure was repeated for about 3-4 weeks until stable OCV and
COD consumption rates were observed.

The cathode chamber consists of 0.1 M PBS electrolyte prepared using the
same protocol as in section 6.6.2. The catalyst ink was prepared by dispersing
12 mg of catalyst powder in 3 mL of 2-propanol and 15 pL of 5 wt% Nafion™
ionomer solution. This solution was treated by sonication for 60-90 min or until
a uniform suspension was visible. 0.625 mL of the ink was drop-casted onto the
CF surface using a pipette until a catalyst loading of 0.2 mg cm ? was obtained.

The MFC assembly was performed by sandwiching the anode chamber, PEM
and the catalyst-equipped cathode chamber. The anode and cathode were placed
at 2.5-3 cm and were connected to a titanium wire (1 mm in diameter, Alfa
Aesar). The MFC polarisation tests were conducted by connecting an external
resistance across the anode and cathode. The resistance load was sequentially
lowered from the highest (100 kQ) to the lowest (10 Q) value, and the cell voltage
(V) was frequently monitored with a Fluke 116 multimeter. The current (/) at each
resistance (R) was determined using Ohm's Law (V=IxR), and the power output
was determined using the formula P=Fx/. The area-normalised current and power
densities were obtained by dividing the current and power values by the cathode
area. The slope (dE£/d]) of the polarisation curve signifies the internal resistance
(Rint) of the MFC cell. The MFC cells were then connected with the Rjy, and the
cell voltage and COD removal efficiency were measured after each batch cycle.
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Figure 5. Schematic illustration of (a) Cylindrical-shaped dual-chamber MFC setup
(volume = 25 mL) used in article [II] and (b) H-shaped dual-chamber MFC setup (volume =
500 mL) used for articles [III, IV].

To evaluate the MFC device’s scalability, the anode and cathode working volu-
mes were expanded to 500 mL using a custom-made H-shaped glass assembly
(Figure 5b). In this configuration, both chambers were separated by a PEM
(Nafion™ 212, Fuel Cell Store, USA) [IIL, IV]. A similar enrichment procedure
was adopted as for the article [I1]. While CF was used as the anode, the cathode
was switched to carbon paper (CP, Toray, TGP-H-060) measuring 5 cm % 2.5 cm.
For article [III], the electrocatalyst ink was prepared by dispersing 10 mg of
catalyst in 5 mL of 2-propanol with 0.01 mL Nafion™ ionomer solution (Sigma-
Aldrich, 5 wt%). About 0.8 mL of the uniformly dispersed catalyst ink was
deposited to the CP external surface to obtain the active material loading of
200 pg cm™. For article [IV], different cathode catalyst loadings (0.2, 0.5 and
1.0 mg cm ?) were used to evaluate the MFC performance. The resulting MFC
devices were named as MFC-0.2, MFC-0.5 and MFC-1.0 equipped with the
Fe/FesN@Fe-N-C catalyst. The anolyte and catholyte were prepared using the
same procedure as earlier [II]. The polarisation tests were conducted by varying
external resistance from 90 kQ to 10 Q and area-normalised current and power
density were determined. Before initiating the polarisation tests, the anolyte was
frequently replenished after each batch cycle (4—5 days) and saturated with N, for
20-30 min. The catholyte was purged with O, to ensure sufficient electron
acceptor availability.

6.8. MEA assembly and AEMFC operation

For article [I], cathode ink was prepared as follows: 12.5 mg of the catalyst
powder (Fe;Co02-ZNT-900 and Fe;Co1-ZNT-900) was dispersed in 1.35 mL of
MeOH, 0.390 mL of Milli-Q water and 0.130 mL of 3 w% ionomer solution. The
ionomer solution was prepared by dissolving Aemion+ powder (AP2-INN8-00-
X, Tonomr Innovations, Inc., Canada) in MeOH. Similarly, the anode ink was
prepared by dispersing 6.67 mg of Pt-Ru/C (50:25:25, Alfa Aesar), 0.690 mL of
MeOH, 0.196 mL of Milli-Q water and 0.049 mL of 3 wt% Aemion+ ionomer
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solution. These were treated by sonication in ice water for about 90 min to achieve
a homogeneously dispersed ink. These prepared catalyst inks were incrementally
loaded onto the gas diffusion layers (GDL, Sigracet 39 BB) to achieve loadings
of 0.4 mgp.ry cm > for the anode and 2 mg cm ™ for the cathode. After that, the
catalyst-coated gas-diffusion electrodes (GDE) and Aemion+*15 (AF2-HLFS-
15-X, 15 pm, Ionomr Innovations, Canada) AEM were soaked in 3 M KOH
solution for 24 and 96 h, respectively. This pre-treatment is essential to ensure
sufficient ion-exchange during AEMFC operation. The KOH solution was
replenished every 24 h. The MEA was prepared by sandwiching the KOH-soaked
catalyst-coated electrodes, the AEM and silicone gaskets into a single-cell fixture
(Fuel Cell Technologies Inc., USA) using a torque of 9 N m. The active surface
area was 5 cm” and the AEMFC tests were performed using the Greenlight Fuel
Cell Test Station (G40 Fuel Cell System, Hydrogenics, Canada). The cell was
operated at a temperature of 65 °C and was continuously fed with 65% humidified
H; and O, at a flow rate of 1 normal litres per minute (NLPM). The backpressure
was gradually increased to 200 kPa and held to perform the polarisation tests.
For article [V], the AEMFC tests were performed using the Greenlight Fuel
Cell Test Station (G40 Fuel Cell System, Hydrogenics, Canada) fed with humidi-
fied H»/O, gaseous reactants. The anode ink was prepared by co-dispersing
21.2 mg of PtRu/C (50:25:25, Alfa Aesar), 3230 puL of 2-propanol, 294 uL of
Milli-Q water and 175 pL of a 5 wt% PiperlON ionomer solution (Versogen).
Similarly, the cathode ink was prepared by dispersing 25.4 mg of catalyst material
(Mn-N-C@CNT, Mn/Zn-NC@CNT 10) in 3880 pL of 2-propanol, 353 pL of
Milli-Q water and 208 pL of 5wt% PiperlON ionomer solution (Versogen).
These inks were sonicated in ice-cooled water for about 90—-120 min or until a
uniformly dispersed ink was visible. Thereafter, these inks were incrementally
deposited onto the gas diffusion layer (GDL, Freudenberg Performance Materials
SE& Co. KG, H23C8) using an airbrush (Harder & Steenbeck). The final catalyst
loading at the anode and cathode was 0.9 mgpryc cm? and 1.2 mg cm?,
respectively. A higher Mn-N-C@CNT loading (1.5 mg cm™) was prepared to
examine the effect of catalyst layer thickness and loading in power generation.
The catalyst layer thicknesses for the anode and cathode electrodes were deter-
mined with a Mitutoyo ABS Digital thickness gauge (Item number: 547-5268).
The thickness was measured at 5 different locations on GDEs before and after
catalyst coating. The as-prepared electrodes and PiperlON (20 pum, Fuel Cell
Store, USA) AEM were soaked overnight in 1 M KOH solution. The MEA was
constructed by sandwiching KOH-soaked catalyst-coated electrodes and AEM.
The MEA and Teflon™ gaskets were fixed in a single-cell fixture (Fuel Cell
Technologies Inc., USA) using a torque of 7 Nm to achieve about 25% com-
pression of the MEA thickness. The active area of the electrode was 4.85 cm’.
The AEMFC tests were conducted at a constant cell temperature of 80 °C, and
the parameters such as backpressure (50200 kPa) and gas flow rates (0.1—
0.6 NLPM) were manually adjusted to keep the cell stable. For instance, the
condition marked as 80-50-0.1/0.1-100/100 represents a cell temperature (80 °C),
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backpressure (50 kbar), gas flow rates at anode/cathode (Ga=0.1 NLPM/Gc=
0.1 NLPM) and relative humidity at anode/cathode (%RHA=100/%RHc=100).
A similar procedure (as [V]) for MEA preparation and AEMFC operation was
followed for article [VI]. However, a different anode catalyst; PtRu/C (40% Pt,
20% Ru on carbon black, HISPEC™ 10000) was used with Fe; sMn; s-NC900a,
Fei5C015-NC900a, and CoisMn;s-NC900a cathode catalysts. The anode and
cathode catalyst loading of 0.9 mgprwc cm™ and 1.2 mg cm™ was used to conduct
the AEMFC tests. The MEA assembly, including the overnight 1 M KOH
activation of the PiperlON membrane and electrodes, thickness measurements
using Mitutoyo ABS Digital thickness gauge, GDE compression and cell fixture
parameters, followed the identical procedure established in a previous study [V].
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7. RESULTS AND DISCUSSION

7.1. Electrocatalysis on Fe and Co-doped ZIF-8@CNTs
composite catalysts

This section of the thesis deals with Fe- and Co-doped monometallic and bi-
metallic composite catalysts for AEMFC and MFC applications. The first part
describes the ORR electrocatalytic activity of Fe, Co and Fe,Coy (x: y=1:1, 1:2)
catalysts in alkaline media. The Fe,Coy (x: y = 1:1, 1:2) catalysts were employed
as cathode catalysts in AEMFCs [1]. The second part of this work investigates the
ORR activity of these materials in neutral solution. Moreover, it addresses the
applicability of Fe, Co, and Fe;Co; catalysts at a dual-chamber MFC cathode [11].
The influence of the modified cathodes on the bioenergy generation performance
and COD removal efficiency was evaluated.

7.1.1. Physicochemical characterisations of the catalysts

The crystal structure of the catalyst materials was examined using XRD, as pre-
sented in Figure 6a. For the metal-free ZNT-900 catalyst, the diffraction patterns
showed two broad peaks at ~25.6° and 43.08°, corresponding to the (002) and
(100) planes of graphitic carbon [177]. In addition, several small diffraction peaks
were observed for the transition metal-doped ZNT-900 catalyst. These peaks
correspond to metal nanoparticles (Fe or Co), alloy nanoparticles (FeCo) and
metal oxides (Fe;O4). While this suggests that metal is agglomerated, the pre-
sence of atomically dispersed M-Ny sites cannot be ruled out. The structural
defects and level of graphitisation evolved during pyrolysis were examined using
Raman spectroscopy (Figure 6b). All catalysts exhibited two discernible peaks at
~1352 and ~1584 cm™, corresponding to the D and G bands, respectively. The
D-to-G band intensity ratio (/p/lg) indicates the degree of defectiveness in the
carbon structure. For each catalyst, this ratio was close to unity. Further decon-
voluting these spectra into five Voigt-shaped bands (G, D1, D2, D3 and D4)
provides an in-depth examination of the total structural imperfections within the
graphitic crystal surface (D1), surface graphene layers (D2), amorphous carbon
(D3) and the disordered graphitic lattice (D4). A higher Ipi/lg value indicates
greater structural disorder in bimetallic catalysts and a higher density of active
sites, which are essential for efficient ORR electrocatalysis.

The specific surface area and pore architecture of the designed catalysts were
examined using the BET method. The N, adsorption-desorption isotherms exhibit
type I and III H3 hysteresis, a hallmark of micro- and mesoporous materials
according to [UPAC classification (Figure 6¢). Such a hierarchical porous carbon
structure is advantageous for efficient diffusion of reactants to the active sites.
The pore-size distribution for these materials is presented in Figure 6d and
summarised in Table 1. The pristine ZNT-900 or N-C@900 catalyst had a higher
proportion of micropores with a surface area of 189 m* g
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Figure 6. (a) XRD patterns, (b) Raman spectra, (c) N> adsorption-desorption isotherms
and (d) pore size distribution for ZNT-900, Fe-ZNT-900, Co-ZNT-900, Fe;Co,-ZNT-900
and Fe;Co-ZNT-900 catalysts [I, II].

This showed an effective Zn volatilisation at 900 °C [205, 209]. However, the Fe-
or Co-doped monometallic catalysts exhibited a similar total pore volume and
micropore surface area. The incorporation of a dual metal slightly decreased the
specific surface area (Sger); the micropore surface area remained unchanged,
whereas the mesopore surface area increased for the Fe;Co,-ZNT-900 or FeCo-
N-C@900 catalyst. This suggests a complex structural transition and a distinct
mechanism for anchoring the metal site during pyrolysis [205].

Table 1. BET surface area (Sger), volume of micropores (Vmicro), total pore volume (Vio),
DFT surface area for micropores and mesopores calculated for ZIF-8@CNT catalysts.

Catalyst material SBET Vicro Viot Say Sam
m’gh | em’g"h) | (em’gh) | m’gh) | (m’gh
ZNT-900 [I] 290 0.07 0.65 189 172
(N-C@900) [11]
Fe-ZNT-900 [I] 334 0.07 0.66 145 170
(Fe-N-C@900) [11]
Co-ZNT-900 297 0.07 0.73 141 175
FeiCo-ZNT-900 247 0.05 0.61 106 147
Fe1Co0,-ZNT-900 [I] 312 0.06 0.66 109 181
(FeCo-N-C@900) [11]
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The surface morphology of the catalyst materials was studied using SEM. As
shown in Figure 7, each catalyst exhibits a structure resembling that of CNTs.
The SEM images at higher magnifications revealed that the CNTs are randomly
oriented in a three-dimensional network. Such a dense network of CNTs ensured
high electrical conductivity and enhanced mass-transfer processes [183]. Clearly,
the absence of ZIF-like morphology reflects the complete transformation of the
parent ZIF-8 geometry to an NC framework. The elemental composition was
determined by SEM-EDX and MP-AES analyses, as shown in Table 2. Both ana-
lyses revealed a similar metal content. It is worth noting that all the prepared
catalysts exhibited a similar structure, suggesting that the specific transition-
metal incorporation used did not significantly affect the catalyst structure. How-
ever, SEM is limited to lower magnifications; thus, STEM and STEM-EDX were
used to provide an in-depth view of the catalyst’s structure at the atomic scale.
The bright-field (BF)-STEM images (Figure 8) for the bimetallic ZNT-900
catalysts show CNTs adorned with metal or FeCo alloy nanoparticles (Figure 8a).
Both catalysts exhibit similar morphologies, with dense CNT networks that serve
as conductive highways, improving electron transfer to the active sites. The
STEM-EDX images shown in Figure 9 reveal uniform distributions of C, N, Fe,
and Co.

Figure 7. SEM images for (a, f) ZNT-900, (b, g) Fe-ZNT-900, (¢, h) Co-ZNT-900, (d, i)
FeiCo1-ZNT-900 and (e, j) Fe1Co,-ZNT-900 catalysts at different resolutions.

Table 2. Bulk elemental composition (wt%) by SEM-EDX and MP-AES analysis.

Catalyst material C N o Fe Fe Co Co
(SEM) | (MP-AES) | (SEM) | (MP-AES)
ZNT-900 9042 | 6.45 | 1.96 - - - -
Fe-ZNT-900 86.11 | 490 | 7.16 | 1.83 1.994 - -
Co-ZNT-900 86.08 | 7.28 | 3.36 - - 3.19 2.997
Fe Coi-ZNT-900 | 89.16 | 3.17 | 4.46 | 2.70 3.561 2.86 3.016
Fe Co-ZNT-900 | 85.87 | 6.88 | 3.58 | 1.28 1.34 2.39 2.48
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Figure 8. Bright field (BF)-STEM images obtained for (a—c) Fe;Co;-ZNT-900 and (d—f)
FeiCo,-ZNT-900 catalysts.

Figure 9. HAADF-STEM images for (a) Fe;Co1-ZNT-900 and (b) Fe;Co,-ZNT-900 cata-
lysts with corresponding EDX elemental mapping representing C, N, Fe and Co.
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XPS was used to determine the surface bonding configurations and chemical
states of the designed catalysts. The surface elemental content obtained for all the
catalysts is presented in Table 3. Clearly, each catalyst has a similar C content,
while the N content was highest in the bimetallic catalysts. The presence of N
creates a charge imbalance in the carbon framework due to its higher electronega-
tivity than C, thereby favouring O, chemisorption [151]. Therefore, the detailed
XPS spectra was recorded in the N1s region for all catalysts as presented in Figure
10. Notably, each catalyst comprises different N species, such as pyridinic-N,
pyrrolic-N, graphitic-N, M-N,, imines and bulk N-H. The relative content of
pyridinic-N, pyrrolic-N, graphitic-N and M-Ny species is compared in Figure 10f.
It is evident that the bimetallic catalysts possess a higher content of these N-spe-
cies, especially the greater proportion of M-Ny centres. The presence of M-Ny
species provides evidence of the atomically dispersed sites, which are considered
highly active for ORR electrocatalysis [54].

The high-resolution Fe2p XPS spectra (see Fig. S6 in the article [I]) showed
peaks at ~710.8 and ~724.3 eV, which are attributed to Fe2ps,» and Fe2p2 spin-
orbit coupling levels. Additionally, the deconvoluted peaks centred at ~710.8 and
~713.0 eV signify the majority of oxidised Fe** and Fe*" species, respectively.
Likewise, the detailed XPS spectra in the Co2p region showed two distinct,
broader peaks at ~780.5 and ~796.0 eV, corresponding to Co2ps, and Co2pi,
respectively. Furthermore, the deconvoluted peaks at ~783.0 and ~780.5 eV
indicate the majority of oxidised Co?"/Co*" species.

Table 3. Surface elemental content (at%) measured using XPS.

Catalyst material C N Fe Co
ZNT-900 96.3 1.7 - -
Fe-ZNT-900 95.8 1.1 0.1 -
Co-ZNT-900 95.0 2.0 - 0.5
Fe1C0,-ZNT-900 94.0 2.6 0.3 0.4
Fe1C01—ZNT-900 944 25 02 06

47



— T —— Measured Fe-ZNT-900
(a) Measured ZNT-900 (b)
———Imines Imines
—— Pyridinic-N —— Pyridinic-N
= Amines/M-Nx —:minrllM-N:
—— Pyrrolic —— Pyrrolic
- Graphitic &7 —ﬁr:phunc
| 3 | .
o i —— Fitted
£ £
14
; :
B
T T T T
406 408 402 400 398 296 ! e Crg o8 B
Binding Energy (eV)
Binding Energy (eV)
(c) s Co-ZNT-800) (d)  =u=n Fe,Co,-ZNT-800
== Pyridinic-N (= Pyridinic-N
= Amines/M-Nx [—— Amines/M-Nx
—— Pyrrolic = Pyrrolic
G [ Graehitic — _ﬁr':phim;
3 |=——NH 5 [N
£ |—Fitted & [~ Fitted
£ z
@ @
H g
= E
T T T T T T T T T T
406 404 402 400 298 196 406 404 402 400 398 396
Binding Energy (eV) Binding Energy (eV)
(e) Measured Fe, Co,-ZNT-900 (f) 2.5 I Graphitic Il M-Nx Il Pyrrolic Il Pyridinic
Imine
= Pyridinic-N 2.4
—— Amines/M-Nx §i
—— Pyrrolic-N 8,0l
ry Graphitic-N £ g
& |—NH $.,]
; —— Fitted g
H £ 12
g )
E Eoad
£
0.4
0.04

Binding Energy (eV)
Figure 10. Detailed N1s XPS spectra for (a) ZNT-900, (b) Fe-ZNT-900, (c) Co-ZNT-
900, (d) FeiCoi-ZNT-900 and (e) Fe;Co,-ZNT-900 catalysts, and (f) comparison of the
surface N content (pyridinic-N, pyrrolic-N, graphitic-N and M-Ny) across these catalysts.
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7.1.2. Electrochemical performance of the catalyst materials

The ORR activity of the designed materials was evaluated using the RDE and
RRDE methods in both alkaline and neutral solutions. In the first part, the
electrochemical performance was investigated in 0.1 M KOH electrolyte [I]. The
performance was compared based on Ej2 and Eonset across all the materials. The
metal-free ZNT-900 catalyst exhibited an £, and Eonset 0f 0.75 V and 0.87 V vs
RHE, respectively (Figure 11a). Evidently, upon incorporation of transition
metals, a significant positive shift was observed, attributable to their higher
nitrogen content and the presence of M-Ny sites. Notably, both bimetallic cata-
lysts reached the highest Ei» of 0.85 V vs RHE and an Eoye: close to 1.0 V vs
RHE, and these materials exhibit the fastest intrinsic kinetics. The hydrodynamic
voltammograms were recorded at different electrode rotation rates as shown in
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Figure 12. The K-L plots were constructed from these RDE polarisation curves
to determine the n value. The deviation from linearity and parallelism in the K-L
lines of ZNT-900 catalyst suggests a dominant two-electron ORR pathway.
Clearly, the linear K-L lines for transition metal-doped catalysts suggest first-
order reaction kinetics and a dominant 4e” pathway.
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Figure 11. (a) RDE polarisation curves recorded in O-saturated 0.1 M KOH electrolyte
at 1900 rpm with a scan rate of 10 mV s™!, Cyclic voltammetry curves in (b) O,-saturated
and (c) Ar-saturated 0.1 M KOH electrolyte at 100 mV s for all catalysts, (d) HO," yield
and n value across different potentials for bimetallic catalysts.

The CV curves recorded in Oz- and Ar-saturated 0.1 M KOH electrolyte are
presented in Figure 11b and 1lc, respectively. The CVs in Figure 11b showed a
distinct sharp ORR peak for all materials, with Fe-ZNT-900, Co-ZNT-900 and
Fe1Co2-ZNT-900 exhibiting a positive ORR peak potential near 0.80 V vs RHE.
Furthermore, the higher capacitive currents observed for the Fe;Co2-ZNT-900
catalyst, as shown in Figure 11c, may reflect its highly porous morphology.

The RRDE analysis was performed to gain a precise insight into the reaction
pathway, as it enables the detection of peroxide formed during the O, reduction
process. The %HO," and respective n values for bimetallic catalysts are presented
in Figure 11d. Clearly, Fe1C0,-ZNT-900 catalyst showed a slightly lower HO’
yield than the Fe;Co,-ZNT-900 catalyst, with an average electron transfer number
(navg) of 3.73, it delivered a predominantly 4€” reduction pathway.
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Figure 12. RDE voltammetry curves and K-L plots (insets to the K-L plots show the n
value as a function of potential) for ORR on (a, b) Fe;Co,-ZNT-900, (c, d) Fe;Co,-ZNT-
900 catalysts. [Scan rate: 10 mV s™!. Rotation rate (w): (1) 360, (2) 610, (3) 960, (4) 1900,
(5) 3100 and (6) 4600 rpm].

Considering the outstanding ORR activity of the prepared materials in 0.1 M
KOH electrolyte, the performance of ZNT-900, Fe-ZNT-900 and Fe;Co,-ZNT-
900 catalysts was evaluated in 0.1 M PBS electrolyte (pH=7). These catalysts
were designated as N-C@900, Fe-N-C@900 and FeCo-NC@900 for this part of
the work (Figure 13) [II]. CV curves of these catalysts in O,- and Ar-saturated
0.1 M PBS solution are presented in Figure 13a. The sharp reduction peak (£, =
0.66 V) for the FeCo-NC@900 catalyst reflects high electrocatalytic activity
towards the ORR in neutral media, attributed to the synergy of the FeCo dual-
metal sites [155, 170]. Subsequently, the RDE polarisation curves at 1900 rpm
showed that the FeCo-NC@900 catalyst exhibits superior ORR activity, with an
Eip of 0.71 V vs RHE, outperforming N-C@900 and Fe-N-C@900 catalysts
under identical conditions (Figure 13). Moreover, a commercial Pt/C catalyst
showed an £, of 0.82 V, which is 0.11 V more positive than the tested bimetallic
catalyst.
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Figure 13. Comparison of the CV curves recorded in (a) O,- and Ar-saturated 0.1 M PBS
at a scan rate of 100 mV s’', (b) RDE polarization curves recorded in O, saturated 0.1 M
PBS at 1900 rpm with a scan rate of 10 mV s’', (c) RDE polarisation curves at different
electrode rotation rates and (d) the respective K-L plot for FeCo-N-C@900 catalyst. RDE
polarisation curve at 1900 rpm in Os-saturated 0.1 M PBS+10 mM NaCN electrolyte
(scan rate=10 mV s™') for (¢) Fe-N-C@900 and (f) FeCo-NC@900 catalysts.

The polarisation curves at different electrode rotation rates () and the respective
K-L plot for the FeCo-NC@900 catalyst are presented in Figures 13c and 13d,
respectively. The diffusion-limited current densities (ji) increased linearly with
o', indicating thinning of the diffusion layer. Intriguingly, the bimetallic catalyst
exhibited an n value of 3.7 across a broad potential range, reflecting a dominant
4e¢” ORR pathway. To confirm the presence of M-Ny sites, the RDE polarisation
curves were acquired at 1900 rpm in 0.1 M PBS containing 10 mM NaCN for the
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Fe-N-C@900 (Figure 13e) and FeCo-NC@900 (Figure 13f) catalysts. Both
catalysts showed a loss in the £, of about 80-90 mV. This prominent decline in
ORR activity suggests that cyanide anions have coordinated the transition-metal
sites within M-Ny centres, thereby obstructing the reactivity of O, molecules.

7.1.3. AEMFC and MFC performance with modified cathodes

Inspired by the excellent electrocatalytic ORR performance of these catalyst
materials in both alkaline and neutral solutions, these were integrated as cathode
modifications in AEMFC [I] and MFC [II] devices. The AEMFC tests were con-
ducted with PtRu/C anode and catalyst-coated (Fe;Co;-ZNT-900, Fe;Co,-ZNT-
900, Pt/C) cathodes. An open circuit voltage (OCV) of 1.0, 1.03 and 1.01 V was
achieved with these materials, respectively. The polarisation and power density
curves are presented in Figures 14a and 14b, respectively. Notably, the Fe;Co,-
ZNT-900 catalyst achieved a maximum power density (Pma) of 0.171 W cm?,
which was 26% greater than the Fe;Co;-ZNT-900 catalyst under similar condi-
tions. Furthermore, the current density for Fe;Co,-ZNT-900 catalyst at 0.5 V (jo5)
was close to that of the Pt/C catalyst. Compared with the reported works, the
AEMFC performance was relatively lower in terms of Pmax, primarily due to a
thicker AEM (Aemion+ 15 um) used in this work. This membrane has a lower
ion exchange capacity than its thinner analogue (Aemion+ 10 um)[227, 228].
Nevertheless, despite methodological distinctiveness in operating parameters
such as backpressure, gas-flow rates, catalyst layer loading and thickness, and the
MEA assembly, these catalysts achieved appreciable performance; however,
further optimisations are required to boost AEMFC power densities. The summary
comparison with the literature will be provided in the Section 7.5.3.

In the MFC device, the superior ORR activity of the FeCo-NC@900 catalyst
yielded a remarkable P of 1556.9 mW m™, surpassing that of all other tested
materials. During the initial two weeks of the enrichment period, the maximum
OCYV of 774 mV was observed. Anode performance continued to improve over
time and the MFC achieved a stable OCV after 5 weeks. In addition to cathode
performance, the rate of organic oxidation at the anode critically determines the
overall cell performance. With the bare CF cathode, a COD removal efficiency
of 72% was obtained, which for FeCo-NC@900 catalyst, increased to 87% when
MFC was operated with an external resistance of 500 Q. These results reflect that
the anode and cathode performance are correlated. It should be noted that ZIF-8
was first implemented in a single-chamber MFC by Xue et al. [207]. However,
far fewer studies have used ZIF-8-derived catalysts in a dual-chamber MFC
device. This makes a comparison limited to the reported works. Moreover, due to
differences in MFC configurations, electrode surface area-to-anode volume ratio
(ESVAR), and PEM type, significant differences in the MFC performance can be
observed [229]. The summary comparison with the literature will be provided in
Section 7.3.3.
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Figure 14. (a, b) AEMFC polarisation and power density curves for Pt/C and bimetallic
catalysts [1], (c, d) MFC polarisation and power density curves with bare carbon felt (CF)
cathode and catalyst-coated CF cathodes [II].

For instance, ESVAR plays a crucial role in dictating the performance of MFCs
[229]. When the ESVAR values are between 0.375-0.750 cm? cm?, the Puax
values can be five times higher than when ESVAR is < 0.375 cm? cm™. This is
corroborated by the ESVAR value (0.49 cm? cm™) of the MFC cell used in this
work [II], where the bare CF cathode achieved a Puay of 144.6 mW m™. These
findings are consistent with the reported studies [28]. Notably, after incorporating
the transition metal catalyst-coated cathode, Pmax increased significantly, owing
to additional ORR-active sites, thereby enhancing reaction kinetics. Despite this,
MFC longevity requires a comprehensive examination of all these operational
parameters, and among them, catalyst feasibility is a significant challenge to the
commercialisation of the MFC technology [19, 29]. Moreover, the high peroxide
yield of FeCo-NC900a material poses a significant challenge for MFC operation.

7.2. Electrocatalysis on Fe and Ce-doped ZIF-8@CNT
composite catalysts

As discussed in the previous section, Fe and Co-based bimetallic catalysts
showed impressive ORR performance in both alkaline and neutral electrolytes.
More importantly, when these were integrated into a real fuel cell device, they
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significantly enhanced the cell performance. However, the high peroxide yield of
the FeCo bimetallic catalyst (close to 20%), can be detrimental to the lifespan of
the MFC device. Moreover, the continuous migration of H' towards the cathode
leads to a localised acidic microenvironment within the catalyst structure, which
can trigger the Fenton reaction with Fe-based catalysts, generating reactive
oxygen species (ROS) e.g., *OH. Consequently, ROS can damage the fuel cell
catalysts and membrane. Therefore, the incorporation of cerium (Ce) near Fe sites
provides a robust defence mechanism as studied in the work [III]. Ce acts as a
free-radical scavenger when placed in proximity to Fe-Ny moieties, thereby
refining the electronic structure by generating oxygen vacancies [230, 231].

7.2.1. Physical characterisations of the catalyst materials

Initially, the XRD analysis was used to examine the crystallographic structure of
the catalyst materials. As illustrated in Figure 15a, all catalysts exhibited two
characteristic peaks at 25.4° and 42.9°, reflecting (002) and (100) graphitic
carbon planes. In addition to this, there were other small diffraction peaks at ca.
30.3°,44.5° and 65°, demonstrating the existence of CeO,, metallic Fe and small
traces of FeCe alloys. Micro-Raman spectroscopy was performed to investigate
structural defects and the degree of graphitisation in the prepared catalysts (Fi-
gure 15b). Each catalyst showed two broader peaks, attributed to D (~1354 cm™)
and G (1584 cm™) bands. The D band was further deconvoluted into five Voigt-
shaped bands (G, D1, D2, D3, and D4) to provide additional information on the
nature of defects formed within the catalysts, as shown for the Fe;Cei@N-C
catalyst in Figure 15c. The Ipi/lg ratio was then determined for all catalysts to
estimate the structural disorder. Notably, the greater value for Fe;Ce@N-C
(1.87) catalyst compared to Fe;Cex@N-C (1.64) and Ce@N-C (1.55) catalysts
suggests a higher order of structural defects in the first catalyst. This defective
structure is advantageous for ORR electrocatalysis.

N> physisorption analysis was performed to assess the specific surface area
and pore features of the prepared materials. Each catalyst exhibited type I and II
isotherms, with H3 hysteresis, indicating a micro-mesoporous structure of the
materials (Figure 15d) according to the IUPAC classification. Indeed, it also
represents a smaller proportion of microporosity in these materials. The pore-size
distribution is presented in the inset of Figure 15d. Notably, Table 4 showed that
the Ce@N-C catalyst exhibits the highest Sger and Vi values. After the incorpo-
ration of Fe, a substantial drop in Sger to about 300 m* g and Vi to 0.06 cm® g!
indicates a partial occupation of micropores. While a higher Sger suggests higher
electrocatalytic activity, the delicate balance between micropores and mesopores
ultimately dictates the electrolyte's access to the active sites. Too few micropores
compromise active-site density, while excessive mesopores significantly increase
charge-transfer resistance. The Ce@N-C and Fe;Ce@N-C catalysts possess a
majority of mesopores, which, under fuel cell conditions, improve mass-transfer
processes but, due to their low active-site density, simultaneously dramatically
reduce electrocatalytic processes.
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Figure 15. (a) X-ray diffraction patterns, (b) Micro-Raman spectrum showing D and G
bands, (c) deconvoluted Raman spectra of Fe;Ce;@N-C catalyst, (d) N, physisorption
isotherms with inset showing pore size-distribution for all catalysts.

Table 4. Specific surface area and porosity features of the prepared catalyst materials.

Catalyst material SBET v, Viot Sa, Sam

n
(m?gh |(emPgh) | (em’gh) | (mPgh) | (m’gh
Ce@N-C 580 0.11 1.18 125 379
Fe,Ce;@N-C 301 0.06 0.71 92 183
Fe,Ce;@N-C 350 0.05 0.79 79 211

To examine the chemical states and surface bonding configurations, XPS analysis
was performed on all the materials. As shown in Figure 16a, the XPS wide scan
spectra revealed that all catalysts contain Ce, C, N and O, with Fe present only in
the bimetallic catalysts as expected. The deconvoluted N1s core-level spectra of
the catalysts are presented in Figure 16b. Each catalyst showed six distinct sub-
peaks attributed to imines, pyridinic-N, pyrrolic-N, M-Ny, graphitic-N and bulk
N-H. Furthermore, comparing the key N-species across all the materials demon-
strated that the Fe;Ce;@N-C catalyst has a higher content of these N-species,
particularly pyridinic-N and M-Ny sites (Figure 16c). This enhances electron
transport within the carbon framework, thereby increasing ORR electrocatalytic
activity. The detailed Fe2p XPS spectra (see Figure 2e in the article [III])
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displayed two distinct, broader peaks centred at ~710.8 and ~724.4 eV, which
were assigned to the Fe2ps» and Fe2pi» spin-orbit components. The chemical
bonding configuration of Ce was examined using high-resolution XPS spectrum
in the 3d region (see Figure 2f in the article [I11]). The deconvoluted Ce3d spectra
showed four different signals located at ~882.5 eV (u), ~886.2 eV (u’), ~890.7 eV
(u'"), and ~898.8 eV (u'"), that were assigned to Ce3ds, and the peaks centred at
~900.9 eV (v), ~904.9 eV (v'), ~909.3 eV (v"'), and ~917.7 eV (v'"") correspond
to Ce3ds,, respectively. Most importantly, the peaks assigned as u’ and v’ indicate
3d'°4f' electronic configuration of Ce**, whereas the other six peaks are attributed
to Ce*" exhibiting 3d'%41” electronic configuration.
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Figure 16. (a) XPS wide scan spectra, (b) comparative high-resolution N1s XPS spectra
and (c) relative surface content of key nitrogen species across the prepared materials.

The SEM images were captured to investigate the surface morphology of the
catalysts. As shown in Figure 17, all catalysts formed a randomly oriented,
densely packed network of MWCNTs, ensuring high electrical conductivity
throughout the carbon matrix. However, due to the limited magnification of the
SEM method, STEM and STEM-EDX analyses were performed to achieve
higher atomic-scale resolution (Figure 18). The HAADF-STEM image in Figure
18a shows CNTs interwoven with irregularly shaped carbonaceous fragments,
forming an interconnected structure.
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Figure 17. SEM images of (a) Ce@N-C, (b) Ce Fe;@N-C and (c) CexFe;@N-C catalysts.
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The subsequent STEM image at 2 nm represents a homogeneous distribution of
numerous bright spots, a signature of atomically dispersed M-Ny moieties. The
EDX mapping (Figure 18d-f) confirms a uniform dispersion of C, N and Ce in
Ce@N-C catalyst, while the elemental mapping in Figure 18 j-1 shows uniformly
dispersed C, N, O, Fe and Ce elements for Fe;Ce;@N-C catalyst. Moreover, the
appearance of bright spots for Fe;Ce;@N-C catalyst shows that Fe and Ce are
atomically dispersed within the carbon structure, facilitating electrocatalytic acti-
vity. The MP-AES analysis was conducted to determine the bulk metal content
of Fe, Ce and Zn in all catalysts, as shown in Table 5. These results revealed that
Fe incorporation favours the volatilisation of Zn, creating a more defect-rich
structure. Previous studies suggest that Zn?* sites can be substituted by Fe**
during pyrolysis due to the similar local coordination environment and ionic radii
[232]. Furthermore, the stabilisation constants of Fe*" with 2-methylimidazole
(2mIm) ligands make this substitution more favourable. This phenomenon is
supported by the MP-AES findings, which show that the FeCe bimetallic material
has approximately 83% lower Zn content.

Table 5. Bulk content of Fe, Ce, and Zn metals (wt%) determined by MP-AES analysis.

Element Ce@N-C CeiFei@N-C CesFei@N-C
Zn 1.072 0.119 0.013
Fe 0.038 1.653 1.560
Ce 0.838 1.643 2.507

Figure 18. (a, b, c) HAADF-STEM images, (d-f) EDX mapping for Ce@N-C catalyst,
(g) BF-STEM image, (h) HAADF-STEM image showing the bright spots and (j—1) the
elemental mapping for Fe;Ce;@N-C catalyst.
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7.2.2. Electrochemical performance of the catalysts

The ORR performance of the designed catalysts was evaluated using the RDE
and RRDE techniques. Initially, the CVs were recorded in O,- and Ar-saturated
0.1 M PBS (pH 7), as shown in Figure 19. For each catalyst, a distinct sharp
reduction peak was observed, indicating pronounced electrocatalytic activity for
ORR. Intriguingly, the most positive peak potential for Fe;Ce;@N-C material
reflects its superior ORR activity. Furthermore, its higher capacitive currents in
Ar-saturated CV indicate the characteristic of the double-layer charge-discharge
process. The RDE polarisation curves at 1900 rpm were acquired to assess the
catalysts performance. As shown in Figure 20a, Fe;Ce;@N-C material exhibited
the highest £, of 0.76 V vs RHE, close to that of the commercial Pt/C catalyst
(E12=0.81 V). The ORR at the Ce@N-C catalyst commenced at 0.82 V, while a
more positive Eonser Was witnessed for the Fe;Cei@N-C material (0.87 V). This
is attributed to the higher N content of the bimetallic catalyst, especially the well-
exposed M-Ny moieties, which are widely considered the primary active sites for
ORR celectrocatalysis. Intriguingly, this catalyst outperformed the FeCo-N-
C@900 catalyst [II] by about 50 mV in the £\, underscoring the advantage of
Ce incorporation. To evaluate the reaction kinetics, the RDE polarisation curves
were measured at different electrode rotation rates, as shown in Figure 20b.
Subsequently, the K-L plot constructed from these polarisation curves showed
good linearity and parallelism, reflecting the first-order reaction kinetics (Figure
20c). To gain further insight into the ORR pathway, the RRDE analysis was
performed to estimate the peroxide yield and the number of electrons transferred
during ORR (Figure 20d). Notably, the Fe;Ce;@N-C material yielded about 5%
H,0O, yield, with n value approaching 3.9, which indicates a predominant 4e ORR
pathway. More importantly, its performance matches the outcome of Pt/C catalyst
(%H20; < 2%, n > 3.9), establishing a breakthrough activity in neutral solution.
These findings suggest that Ce acted as a free-radical scavenger and promoted
the electrocatalytic activity of the Fe-Ny centres. The unique electronic properties
of Ce*" tailor the catalytic environment of FeCe dual-metal sites [230, 231]. The
lone pair on Ce exhibits a stronger coordination tendency with the neighbouring
Fe atoms, inducing a local charge imbalance that promotes coordination vacan-
cies for O adsorption. The presence of these vacancies encourages the adsorption
of O, molecule in a side-on or bridge orientation across the two metal sites,
thereby exerting more strain on the O=0O bond [231].
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Figure 19. CV curves at a scan rate of 10 mV s™! in (a) O- and (b) Ar-saturated 0.1 M
PBS for all catalysts.

The electron transfer from the Ce 4f orbital to the Fe 3d orbitals optimises the Fe
d-band centre, facilitating electron-transfer kinetics. Evidently, the hybridisation
of Fe3d and Ce4f orbitals significantly reduces the band gap and enhances
electron delocalisation in FeCe bimetallic materials. Consequently, this mini-
mises charge-transfer resistance and facilitates ORR kinetics. These results pro-
vide strong evidence of how the coordination microenvironment of Fe influences
the electronic structure and reaction kinetics by optimising the adsorption energe-
tics of oxygen intermediates. In contrast, Co lacks the dynamic redox-shift
capabilities and bonding flexibility of the 4f orbitals in Ce. Therefore, the rigid
electronic structure of the FeCo bimetallic catalyst leads to stronger binding with
the "OOH intermediate and poorer pathway selectivity than FeCe [125, 126, 231].
Besides the electrocatalytic activity of the catalyst materials, their electro-
chemical stability dictates their applicability in long-lasting energy conversion
devices.
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Figure 20. (a) RDE polarisation curves recorded in O-saturated 0.1 M PBS at 1900 rpm
and 10 mV s, (b) RDE polarisation curves at different electrode rotation rates and (c)
respective K-L plot for Fe;Ce@N-C catalyst, (d) H,O; yield and » value as a function of
potential for Fe;Cei@N-C and Pt/C catalysts, (e) current-time responses recorded at
-0.1 V vs RHE for all catalysts at 1900 rpm, (f) RDE polarisation curve at 1900 rpm
before and after the addition of 10 mM NaCN to 0.1 M PBS.

To assess the stability of the Fe;Ce;@N-C catalyst, current-time responses were
recorded at a constant potential of -0.1 V vs RHE at 1900 rpm for 13 h (Figure
20e). As shown in the stability test results, the Fe;Ce;@N-C catalyst retained
about 90% ofits initial current density, followed by Fe;Ce>@N-C and Ce@N-C.
This indicates the robust structural integrity of the former catalyst. Furthermore,
the cyanide poisoning tests were conducted by acquiring an RDE polarisation
curve in 0.1 M PBS solution containing 10 mM NaCN at 1900 rpm (Figure 20f).
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Evidently, the Fe;Cei@N-C catalyst showed a significant loss in its ORR activity,
demonstrated by a drop of over 200 mV in its £/, value. This strong suppression
provides conclusive evidence that the M-Ny sites were the main driver of the ORR
process in FeCe dual-metal electrocatalyst.

7.2.3. Microbial Fuel Cell performance

As discussed in Section 4.2, the ORR kinetics play a central role in governing
power performance and maintaining the functionality of anodic bacterial biofilm
in MFC operation. The MFC with bare CP cathode (MFC-Con) achieved a
steady-state OCV of 437.5 + 10.6 mV after 2—3 weeks of operation, indicating an
ongoing enrichment. The OCV continued to increase, attaining a steady state
condition after 4—5 weeks of operation, demonstrating the enrichment of a mature
EAB at the anode. Intriguingly, MFCs equipped with a Fe;Ce;@N-C-modified
CP cathode exhibited an OCV of 0.882 V, attributable to faster intrinsic cathode
reaction kinetics. To assess the MFC performance, polarisation and power density
curves were recorded as the external resistance decreased from 90 kQ to 10 Q.
The results obtained are presented in Figures 21a and b. The MFC-Fe,Ce;
achieved the highest Pnax of 200 mW m™, followed by Pt/C, Ce@N-C and bare
CP cathode under identical conditions. Interestingly, the Fe;Ce;@N-C catalyst
outperformed the Pt/C catalyst under MFC conditions; however, the half-cell
RDE tests showed the opposite (Figure 20a). This discrepancy arises from distinct
MFC operating conditions, in which the dynamic interplay between the PEM and
EAB at the anode collectively determines cathode performance. The ohmic
region of the polarisation curves was linearly fitted to extract the Ry, and a similar
resistor was connected across the anode and cathode to operate the MFC in
closed-circuit mode. The operating cell voltage of MFC-Fe,Ce; and MFC-Pt was
433.7+21.8 mV and 379.4 + 17.8 mV, against the external resistance of 450 and
500 Q, respectively. As illustrated in Figure 21c, the MFC-Fe Ce; showed
superior operational stability over a period of 600 hours compared to MFC-Pt.

Furthermore, MFC-Fe Ce, achieved a remarkable COD removal efficiency of
81.1 = 7.3%, which for MFC-Pt was 76.8 + 3.8% (Figure 21d). These findings
provide compelling evidence that electrochemical oxidation kinetics at the anode
are directly influenced by the ORR kinetics at the cathode. The excellent ORR
electrocatalytic activity of the FeCei@N-C material facilitated proton and
electron consumption, thereby improving the anodic metabolic oxidation rate and
boosting the MFC bioenergy generation performance. However, compared to the
MFC performance of the FeCo-N-C@900 catalyst [II], Fe;Ce;@N-C catalyst
significantly underperformed in terms of Pmax values. This can be ascribed to the
large interelectrode distance, the suboptimal ESVAR value and the completely
distinct MFC configurations. In this work, an H-shaped MFC cell with a working
volume of 500 mL was used, which is 20 times bigger than the MFC cell used in
article [II], where the diffusion of reactants is relatively faster due to a minimal
distance of 2.5-3 cm between the electrodes. Therefore, their direct comparison
is difficult.
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Figure 21. MFC (a) polarisation and (b) power density curves, (c) operational stability
over a period of 600 h with FelCel@N-C and Pt/C cathode catalysts, and (d) respective
COD removal efficiency.

These results demonstrate the challenges of scaling up MFC technology. Never-
theless, ORR performance remains the primary bottleneck for these devices,
fuelling the ongoing scientific efforts to address these limitations.

7.3. Electrocatalysis on Fe-N4 macrocycle-derived catalysts

As discussed so far, the designed FeCo [II] and FeCe [III] bimetallic catalysts
have demonstrated attractive electrocatalytic ORR performance and enhanced
MFC bioenergy generation and water treatment efficiency. However, these dual-
metal sites often create a competitive electrocatalytic environment, suppressing
the intrinsic activity of Fe-based active sites. Therefore, in this work [[V], we
have developed a unique in-situ nitridation strategy to thermally transform FePc
into a hybrid Fe- and FesN-decorated Fe-N-C material. The high-temperature
pyrolysis of a citric acid-melamine mixture yielded a nitrogen-doped carbon (NC)
nanosheet-like structure that facilitated interaction with FePc via n-n stacking.
The specific alignment of FesN, phased in the vicinity of Fe-Ny moieties, pro-
moted charge-transfer kinetics and optimised the adsorption energetics of oxygen
intermediates, thereby boosting the ORR kinetics.
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7.3.1. Physical characterisation of the catalysts

At first, the XRD analysis was performed to inspect the crystallographic structure
of these materials. As shown in Figure 22a, the NC catalyst revealed two broader
diffraction peaks centred at 25.4° and 43.1°, corresponding to (002) and (100)
reflections of graphitic carbon. Subsequently, the FePc/NC material showed the
characteristic peaks of molecular FePc at ~6.9° and ~15.5° (outlined in black), in
addition to a diffraction peak at 43.1°, which reflects the (100) plane of graphitic
carbon. Intriguingly, after the in-situ nitridation step, the impregnation of
Fe/FesN phases tuned the crystal structure of the resulting Fe/FesN@Fe-N-C
catalyst. The XRD pattern for this material showed peaks at 44.6° and 64°,
reflecting the (110) and (200) planes of metallic a-Fe. Furthermore, the dif-
fraction peaks at 40.8°, 47.5° and 69.4° are attributed to the cubic structure of
FesN nanoparticles. These embedded Fe/FesN phases act as electronic promoters,
lowering the charge-transfer resistance at the active sites [160].
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Figure 22. (a) X-ray diffraction patterns and (b) Micro-Raman spectra for all catalysts,

(c) deconvoluted Raman spectra for Fe/FesN@Fe-N-C catalyst, and (d) respective D and
G band intensity ratios for each catalyst [IV].

The Raman spectroscopy analysed the surface defects and graphitisation levels
in the prepared materials. The NC catalyst showed two distinct, broader peaks at
~1353 and ~1584 cm™, corresponding to the D and G bands, respectively. The
FePc/NC material exhibited split D/G bands, indicating interactions between the
FePc m-orbitals and the carbon framework (Figure 22b). Subsequently, the loss
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of these raw FePc peaks in the Fe/FesN@Fe-N-C catalyst suggests a complete
transformation of Fe-N4 macrocyclic compound into Fe-N-C architecture. The
intensity ratio of the D and G bands (/p/lg) provided primary information
regarding the defect-rich structure of the resultant hybrid catalyst. Moreover, the
Ipi/l+Ip; ratio obtained from the deconvolved Raman spectra of this catalyst
confirmed a high density of structural defects and graphitisation formed after the
in-situ nitridation process (Figure 22¢, d). Such a two-faced carbon structure is
highly beneficial to ORR electrocatalysis.

To examine the specific surface area and pore size distribution characteristics,
N2 physisorption tests were performed on NC and the Fe/FesN@Fe-N-C catalyst.
The N adsorption-desorption isotherms for these catalysts are presented in
Figure 23a. Notably, the initial N, uptake at low relative pressure (P/Po < 0.1)
and at higher relative pressure (P/Py > 0.4) confirms the existence of both micro-
pores and mesopores, characteristic of a Type IV isotherm with an H3-type hyste-
resis loop according to IUPAC classification. The pore-size distribution shown in
Figure 23b revealed that the NC catalyst has a higher mesopore surface area,
which was significantly compromised after the impregnation of Fe/FesN phases.
The quenched solid density functional theory (QSDFT) model analysis indicates
that, while the total micropore volume (¥, = 0.5 cm® g') for both materials
remains unchanged, the micropore surface area (Sa,) for Fe/FesN@Fe-N-C
shows a slight increase (Table 6). This additional microporosity can host to a
higher number of M-Ny active sites.
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Figure 23. (a) N, physisorption isotherms and (b) PSD for NC and Fe/FesN@Fe-N-C

catalysts [IV].

Table 6. Specific surface area (Sger), volume of micropores (V,,), total pore volume (Vio1),
and specific surface area of micropores (Sa,) and mesopores (Sam).

Catalyst material SBET Vu Viot Say, Sam
mgh |[(em’gh) |[(em’gh | (m*gh) | (m*gh)

NC 416 0.05 0.99 65 299

Fe/FesaN@Fe-N-C 278 0.05 0.61 69 173
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The XPS analysis was performed to shed light on the chemical states and bonding
configuration within the prepared catalyst materials. The wide-scan spectrum in
Figure 24a showed that each catalyst contained C, N and O, while FePc/NC and
Fe/FesN@Fe-N-C materials showed Fe in addition to these key elements. The
comparative high-resolution Cls XPS spectra for the catalysts are presented in
Figure 24b. Notably, the NC material showed six deconvoluted peaks, indicating
the presence of sp’- and sp*-hybridised carbon, consistent with a disordered
structure. Furthermore, after FePc incorporation, the progressive increase in sp’
character indicates a substantial loss in overall structural periodicity.
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Figure 24. (a) XPS survey spectra, (b) detailed Cls XPS spectra, (c) detailed N1s XPS
spectra and (d) relative N-content across all the catalyst materials [IV].

Interestingly, in the hybrid catalyst, the absence of sp® character is a signature of
a highly graphitised carbon framework, resulting from the contributions of
Fe/Fe4N phases and the second pyrolysis. These results provide strong evidence
that the proposed strategy has effectively altered the electronic structure of the
Fe-N-C material. The deconvoluted N1s spectra displayed in Figure 24c showed
key N-species, i.e. pyridinic-N, pyrrolic-N and graphitic-N for all catalysts,
whilst a discernible peak for M-N; sites was observed in Fe-containing materials.
While all these N-centres are considered active for ORR electrocatalysis, M-Ny
sites have attracted special attention due to the metal d-orbitals, which promote
O, adsorption and its reduction via a direct 4¢” route. However, their specific role
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is still a subject of debate. Notably, a shift in the binding energies of the N species
for the hybrid catalyst indicates an altered electronic structure, possibly due to
the incorporation of specific iron nitride species. Furthermore, the increase in
graphitic-N content in the Fe/Fe4dN@Fe-N-C material suggests enhanced electrical
conductivity, which aligns well with the XRD and Raman analysis results. The
detailed Fe2p XPS spectra for FePc/CAM@NC catalyst (see Figure 3f in the
article [IV]) revealed a four-set of deconvoluted peaks, ascribed to Fe2ps» and
Fe2pi,, spin-orbital doublet at ~710.8 and ~724.2 eV, respectively. In addition,
the ones at ~717.4 and ~731.8 eV correspond to the shake-up satellite peaks,
suggesting that surface Fe exists in oxidised forms.

The surface morphology and elemental composition of the prepared materials
were studied using SEM and EDX, respectively. The SEM images of FePc/NC
catalyst show irregularly shaped aggregates with undefined surface boundaries
(Figure 24a,b). This blocky morphology reduces reactant diffusion to the active
sites and slows ORR kinetics at high current densities.
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Figure 24. SEM images for (a, b) FePc/NC and (d, e) Fe/FesN@Fe-N-C catalysts. The
content of C, N, O, and Fe obtained from SEM-EDX analysis for (c) FePc/NC and (f)
Fe/FesaN@Fe-N-C catalysts [[V].

In contrast, the Fe/FesN@Fe-N-C material has a much finer, more homogeneous
morphology, consisting of smaller spherical particles, offering a favourable archi-
tecture for superior mass-transport kinetics (Figure 24d, e). SEM-EDX was used
to determine the bulk elemental composition of these materials, as shown in
Figures 24c¢ and 24f. Notably, the Fe/FesN@Fe-N-C material consists of a relati-
vely greater carbon content, whereas the Fe loading (~6 wt%) remained con-
sistent amongst both materials.

Further insights into the catalyst's structure at atomic-scale resolution were
obtained by STEM analysis, as shown in Figure 25. The BF-STEM image for
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Fe/FesN@Fe-N-C catalyst shows spherical-shaped particles, while the HAADF-
STEM images (Figures 25b, c¢) identified these as (111) plane of FesN nano-
particle encased in graphitic carbon layers, evidenced by the lattice fringes with
a d-spacing of 0.21 nm. The Fast Fourier Transform (FFT) analysis shown in
Figure 25d further confirms this structural alignment. The HAADF-STEM
images at higher magnification (Figures 25e, f) highlight numerous bright spots
(yellow circles) reflecting atomically dispersed Fe-Nj sites in addition to large Fe
clusters (green). These Fe-N centres are highly active for ORR electrocatalysis,
while the FesN nanoparticles encapsulated within the protective graphitic carbon
layers promote electrical conductivity. The EDX elemental mapping in Figure
25h-k shows evenly distributed C, N, O and Fe. Similarly, the STEM images of
the FePc/NC material show the typical nanosheet structure derived from the
carbonisation of citric acid and melamine, as shown in Figure 251. In the sub-
sequent HAADF-STEM image, these bright spots suggest the atomic dispersion
of FePc. The EDX mapping for the image shown in Figure 25n is presented in
Figures 2501, where all the elements are homogeneously dispersed.
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Figure 25. (a) Bright field (BF)-STEM image for Fe/FesN@Fe-N-C catalyst, (b, ¢) FesN
nanoparticle encased in graphitic carbon layers, (d) FFT analysis, (e, f) HAADF-STEM
image highlighting atomically dispersed Fe-N, moieties (in yellow circles) and Fe clusters
(in green circles), (g) HAADF-STEM image and, (h-k) its corresponding EDX mapping,
(1) BF-STEM image showing the carbon nanosheet, (m) HAADF-STEM image at higher
magnification showing a distribution of numerous bright spots, (n) HAADF-STEM image
and (o-r) its respective EDX mapping for FePc/NC catalyst [IV].
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7.3.2. Electrochemical performance of FePc-derived catalysts

The half-cell electrochemical tests with the prepared materials were performed in
0.1 M PBS solution. Initially, the RDE polarisation curves were acquired at 1600
rpm for each catalyst, as shown in Figure 26a. The NC materials exhibited the
lowest E1, 0of 0.49 V vs RHE, which significantly improved for FePc/NC material
to 0.75 V vs RHE. This is attributed to the atomically dispersed and well-defined
Fe-N, sites, which majorly contributed to this performance enhancement.
Notably, the hybrid Fe/FesN@Fe-N-C catalyst with an Ei, of 0.79 V vs RHE
outperformed the other tested materials and reached close to the ORR activity of
the commercial Pt/C catalyst (E12 = 0.82 V). Furthermore, with an Eonset 0f 1.0 V,
the hybrid catalyst demonstrated that the encapsulation of Fe/FesN species signi-
ficantly refined the material's structural and electronic properties. These findings
are consistent with the outcomes of XPS and Raman spectroscopy analysis, which
showed an improved graphitisation after the nitridation strategy. After that, the
RDE polarisation curves were obtained at different electrode rotation rates
(Figure 26b) and used to construct the K-L plots to study reaction kinetics (Figure
26c). The linearity and parallelism of these fitted K-L lines represent a pre-
dominant 4¢” ORR pathway.

Subsequently, the RRDE analysis was performed to determine the formation
of peroxide and the n value during ORR. The ring currents for these materials are
presented in Figure 26d. Notably, all catalysts exhibited some ring currents,
indicating the formation of a detectable amount of H,O; during the ORR process.
The Fe/FesN@Fe-N-C catalyst showed the lowest ring currents and a low H,0,
yield (< 2%), approaching that of Pt/C. Moreover, with an electron transfer
number of 3.97, the Fe/FesN@Fe-N-C catalyst enables a highly efficient 4e
reduction pathway. These results strongly suggest that Fe/FesN species modulate
the electronic structure of the Fe d-band centre, thereby influencing the adsorp-
tion energetics of "OOH intermediate. Xiang et al. demonstrated that Fe;N
encapsulation within graphitic carbon layers can promote the hybridisation
between the d-orbitals of Fe and p-orbitals of C and N. Using DFT calculations,
they confirmed that this orbital overlap supports the initial adsorption and
activation of the O, molecule [51]. Furthermore, the Gibbs free energy analysis
indicated that the close alignment of Fe/FesN with Fe-Ny centres aligns the energy
levels toward the ideal value and enhances reaction kinetics [160, 233]. To assess
the electrochemical stability of these materials, the current responses were
recorded at a constant potential of -0.1 V vs RHE at 1600 rpm. As depicted in
Figure 26f, the Fe/FesaN@Fe-N-C catalyst retained more than 81% of its initial
current density after 15 h of continuous operation. This superior stability of the
hybrid catalyst is attributable to the protected FesN nanoparticles, which support
electron-transfer kinetics. The post-stability SEM analysis confirmed the robust
structural integrity of this catalyst.
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Figure 26. (a) RDE polarisation curve recorded in O,-saturated 0.1 M PBS at 1600 rpm,
(b) RDE polarisation curves at different electrode rotations rates and (c) corresponding
K-L plot for Fe/Fe4AN@Fe-N-C catalyst, (d) RRDE ring currents for all catalysts at
1600 rpm, (e) respective H>O» yield and # value as a function of potential, (f) current-
time responses collected at a potential of -0.1 V vs RHE at 1600 rpm for all catalysts [IV].

Furthermore, to confirm the role of Fe-Ny moieties, cyanide poisoning tests were
performed in 0.1 M PBS solution containing 10 mM NaCN. The cyanide anions
have a strong tendency to form an irreversible Fe-cyanide complex, restricting
the reachability of O, molecules. The RDE polarisation curves shown in Figure
27a,b revealed a profound negative shift of about 0.37 V in the £/, value for both
catalysts after NaCN addition. This significant loss in the ORR activity across
both materials provides compelling evidence that the Fe-Ny moieties were the
dominant ORR-active centres. However, a slightly greater loss in the ORR acti-
vity of the Fe/FesN@Fe-N-C catalyst indicates that it consists of a relatively
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larger fraction of highly accessible Fe-Ny centres compared to FePc/NC catalyst.
The SEM images in Figure 24 support these structural differences, where
Fe/FesN@Fe-N-C catalyst has a more open carbon structure that facilitates mass-
transfer processes.
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Figure 27. RDE polarisation curve at 1600 rpm before and after NaCN addition to 0.1 M
PBS solution for (a) FePc/NC and (b) Fe/FesN@Fe-N-C catalysts [IV].

These findings suggest that the in-situ nitridation strategy was highly effective in
changing the electronic structure of the Fe-N-C material. Therefore, the resulting
hybrid Fe/FeaN@Fe-N-C catalyst was selected for MFC application. Also, it
should be noted that the Fe/FesN@Fe-N-C catalyst exhibited the highest £
value 0of 0.79 V in 0.1 M PBS among all the catalysts studied in different articles
within this PhD thesis, as other most promising catalysts in previous articles were
FeiCei@N-C (E12 of 0.76 V) [11I] and FeCo-N-C@900 (£, of 0.71 V) [II].

7.3.3. Microbial fuel cell performance

The MFC performance was evaluated with bare CP, Fe/FesN@Fe-N-C and Pt/C-
coated cathodes. The influence of the modified cathodes on the energy generation
performance and wastewater treatment efficiency was systematically studied.
The pre-acclimatised anodic biofilm [III] ensured non-limiting anode kinetics;
therefore, the optimisation of cathode catalyst loading was investigated to reach
the maximum MFC performance. The power density and polarisation curves of
MFC equipped with different loadings of Fe/FesN@Fe-N-C catalyst (0.2, 0.5 and
1.0 mg cm?) are presented in Figure 28b. Notably, the maximum power density
(Pmax) of MFC-0.2 was 152 mW m, which significantly improved for MFC-0.5,
reaching 277 mW m™. Intriguingly, at higher catalyst loadings, the MFC-1.0
showed a lower Puax of 205 mW m™ under identical conditions. As illustrated in
Figure 28a, at lower loadings, the low active-site density led to sluggish ORR
kinetics, thereby reducing the power performance of MFC-0.2. In contrast, at the
highest loadings, the active sites are deeply buried and inaccessible to reactants,
resulting in poor ORR kinetics. However, at a loading of 0.5 mg cm, the catalyst
layer achieved an optimal balance between active site density and accessibility.
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The MFC-0.5 performance was compared with MFC equipped with a bare CP
cathode (MFC-Control) and a commercial Pt/C-coated cathode (MFC-Pt/C). As
shown in Figure 28c, MFC-0.5 outperformed MFC-Pt/C by 77%, indicating faster
reaction kinetics with the Fe/FesN@Fe-N-C catalyst. It should be noted that
overall MFC performance is governed by the dynamic interplay between the
anode and cathode kinetics. Therefore, the COD removal efficiency of these
MFCs was determined using the same method as used for the articles [II, III].
MFC-Control achieved a COD removal efficiency of 75%, indicating a mature
EAB at the anode, with the uncoated cathode as the limiting factor. Apparently,
the MFC-0.5 and MFC-Pt/C achieved COD removal of over 80%, clearly
indicating that cathode kinetics directly affect the substrate oxidation rate. These
results established a robust foundation for the development of Pt-free state-of-
the-art catalysts for high-performance MFC devices.

The MFC performance discussed in articles [I1, III, IV] shows consistent im-
provement in power generation, which is also consistent with the order of E\»
values from RDE studies of the M-N-C catalysts in these three investigations.
Nevertheless, other factors, such as membrane biofouling, the thickness of anodic
biofilm, interelectrode distance, etc., should be considered to establish a durable
and scalable MFC technology [19, 127].
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Figure 28. (a) Schematic illustration of the H-shaped dual chamber MFC setup, (b)
polarisation and power density curves with Fe/FesaN@Fe-N-C cathode catalyst at diffe-
rent loadings, (c) polarisation and power density curves with optimised loading of
Fe/FesN@Fe-N-C cathode catalyst, uncoated cathode, and Pt/C cathode.
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Table 7 summarises the M-N-C catalysts for MFC cathode applications prepared
within this PhD thesis and relevant examples from the literature. A broad
spectrum of monometallic and bimetallic catalysts has been designed and
employed in MFC, influencing both energy generation and wastewater treatment
efficiency. The COD is a measure of substrate (i.c., acetate) oxidation at the
anode, indicating a well-functioning bacterial biofilm. Notably, the single chamber
(SC) MFC achieved greater Pmax values compared to the dual chamber (DC)-
MEC. It should be noted that the diversity in electrode materials, catalyst loading,
electrode surface area-to-anode volume ratio and distance between the anode and
cathode plays a crucial role in high-performance MFCs [19, 29]. Typically, the
SC-MFC uses an air-cathode and a shorter distance between the two electrodes,
thereby reducing mass-transfer resistance. However, direct contact between the
bacterial products and the catalyst layer raises durability concerns. In contrast,
the DC-MFC setup alleviates this limitation and, with two distinct chambers,
separates the anodic and cathodic electrochemical processes. Intriguingly, the use
of DC-MFC with distinct shapes (such as classical H-shaped [III, IV], cubic,
miniature-shaped, up-flow) in the studies summarised in Table 2, makes their
inter-comparison difficult. Therefore, in addition to robust catalyst design,
membrane fouling coupled with the aforementioned technical parameters, re-
quires a thorough examination to evaluate the longevity of the MFC device.

Table 7. MFC performance of ZIF-8 and MPc-based catalysts prepared in this thesis in
comparison with Pt-free cathode catalysts. The SC and DC represent single-chamber and
dual-chamber MFC configurations, respectively.

Cathode catalyst | Cathode material | MFC type Proax COD | Ref.
MmWm?) | (%)

FeCo-N-C@900 Carbon fiber DC 1557 87.3 11

Fe;Cei@N-C Carbon paper DC 200 81.1 111

Fe/FesN@Fe-N-C Carbon paper DC 277 85.5 1%
Fe-BP(N) Activated carbon SC 2430" - [234]
Co-FePc/CDC Activated carbon DC 1500 86 [235]
FePcMnO,/MON Carbon felt SC 143 - [219]
Fe-N/AC Carbon cloth DC 1092 - [236]
FePc/CDC Carbon paper DC 82.6 88.4 | [218]
FeAzPc-CNT Carbon paper SC 1540" 80 [237]
FePc/NGO Carbon cloth SC 280 - [238]
C/FePc Carbon cloth SC 336.6 - [239]
C-CoOy.FePc Carbon cloth SC 654 - [240]
a-MWCNT/FePc Carbon cloth SC 601 - [241]
FePc/PID/CNTs Carbon cloth SC 800 - [242]
Fe(A)-NC Carbon cloth SC ~2000 93.7 | [243]
Cu-N/C@Cu-2 Carbon cloth SC ~580 95.5 | [244]
ZIF(0.5)-MFC SS mesh SC 2100 90.6 | [207]
Fe@CNT@CuNC Titanium mesh SC 1600 - [245]
Fe/FesC@NINC Titanium mesh SC 1600 - [174]

72




7.4. Electrocatalysis on Mn-doped ZIF-8@CNT composite
catalysts

This work [V] is encouraged by the findings of articles [I, II, III], which report
that ZIF-8@CNT composite-derived bimetallic catalysts exhibit excellent porous
morphology and electrocatalytic ORR activity. However, these materials under-
went metal agglomeration, lowering the accessible M-Nx moieties. It is often
assumed that increasing the loading of ZIF-8 will yield higher N content and,
consequently, a higher density of M-Ny centres. However, this assumption is not
fully accurate, as the ZIF-8 amount ultimately dictates the pore architecture of
the resulting M-N-C material. Therefore, this part of the thesis investigated the
key role of ZIF-8 loading on the resulting structural integrity and the anchoring
capacity of Mn-Nj sites within the evolving NC framework. As stated in section
6.3., Mn/Zn-NC@CNT x (x =2, 5, 10, 20, 30) catalysts were designed to study
the influence of ZIF-8 loading and Zn-retention. Subsequently, the acid-treatment
and re-pyrolysis of the optimised Mn/Zn-NC@CNT _x catalyst eliminated the
residual moieties and refined the electronic/textural features of the resulting Mn-
N-C@CNT material.

7.4.1. Physical characterisation of the catalysts

XRD was used to investigate the crystal structure of the prepared materials. As
shown in Figure 29a, the diffraction patterns of Mn/Zn-NC@CNT _10, Mn/Zn-
NC@CNT _10@HCI1 and M-N-C@CNT catalysts displayed two broad peaks at
around 26° and 43°, reflecting (002) and (100) planes of graphitic carbon. Interes-
tingly, these diffraction patterns do not show the presence of any metallic Mn/Zn
nanoparticles or their related compounds. This primarily suggests that Mn is
atomically dispersed within the NC matrix, possibly as Mn-Ny sites. Raman
spectroscopy analysis was performed to study defects and structural order in these
materials. All catalysts showed the typical D and G band centred at 1352 and
1584 cm™', respectively. As illustrated in Figure 29b, Mn/Zn-NC@CNT 10
catalyst with an Ip//g ratio of 1.04 suggests a defect-rich carbon structure. Further-
more, the highest Ipi/(Ig + Ip2) ratio for this catalyst indicated an increased
graphitisation (see Fig. S1, Table S1 in the article [V]).

The N, physisorption isotherms are presented in Figure 29c. Evidently, the
resultant M-N-C@CNT catalyst exhibited the highest Sger and Vi, amongst the
tested materials (Table 8). Moreover, this material possessed a higher volume of
micropores, reflecting a high density of active sites with superior accessibility. In
contrast, the optimised Mn/Zn-NC@CNT 10 catalyst has relatively lower Viot
than the pristine Zn-NC material. This suggests that the residual Zn species have
occupied the mesopores, thereby reducing the Sger. Overall, it can be inferred that
incorporating Mn into the ZIF-8-derived NC framework has profoundly refined
the textural features. In particular, the significant enhancement in the pore archi-
tecture of Mn-N-C@CNT material supports the hypothesis of accelerated Zn
volatilisation after the acid-treatment and re-pyrolysis step [205, 209]. Further-

73



more, such structural morphology is highly beneficial for ORR electrocatalysis
in practical fuel cell conditions.
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Figure 29. (a) XRD patterns, (b) Micro-Raman spectroscopy results, (c) N, adsorption-
desorption isotherms and (d) pore size distribution analysis for the designed materials.

Table 8. Specific surface area, total pore volume and micropore volume for the catalyst
materials.

Catalyst material Sger (M? g | Vie (cm® g'h) V, (cm’ g
Zn-NC 317 0.7 0.01
Mn/Zn-C@CNT 10@HCI 325 0.49 0.07
Mn-N-C@CNT 462 0.78 0.11

XPS was utilised to scrutinise the chemical states and bonding configuration
within the catalysts. As shown in Figure 30a, the wide-scan XPS spectra show
the presence of C, N, O, Mn and Zn. Notably, the presence of distinct Zn peaks
in the Zn-NC material indicates incomplete Zn volatilisation after the initial
pyrolysis carried out at 900 °C. The progressive loss of this peak in Mn/Zn-
NC@CNT 10 and Mn-N-C@CNT catalysts suggests a near-complete elimina-
tion of Zn from the carbon structure. Following this, the detailed XPS spectrum
was recorded in the C1s and N1s regions, as shown in Figure 30b and 30c, respec-
tively. The pristine Zn-NC material contained both sp* and sp® carbon, while the
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Mn-containing material showed a complete absence of sp’-C, a signature of
enhanced graphitisation. Subsequently, the N1s spectra for Zn-NC material were
fitted to six deconvoluted peaks corresponding to imines, pyridinic-N, Zn-Ny,
pyrrolic-N, graphitic-N and bulk N-H. The distinct Zn-Ny peak reflects that Zn is
thermally stabilised within the NC matrix during pyrolysis. Because of 3d'°
electronic configuration of Zn?*, the Zn-Ny sites are widely considered to be
electrocatalytically inert. However, several studies have shown that these sites
can catalyse ORR, preferably via a 2e¢” pathway [210, 246]. Therefore, their
removal is essential to divert the ORR to a 4e” route. The one-step pyrolysis is
unable to completely remove Zn; as evidenced by a Zn content of 0.61 at% in
Mn/Zn-NC@CNT 10 catalyst. The Mn-N-C@CNT catalyst showed a drastic
reduction in Zn content to 0.04 at%, indicating that the M-N peak originates from
the Mn sites. Furthermore, this catalyst, despite having the lowest N content, has
the highest relative concentration of M-Ny centres. The high-resolution Mn2p
spectra (see Figure 3e in article [V]) showed well-resolved Mn2ps, and Mn2pi,»
peaks at ~641.68 and 653.38 eV, respectively, for both catalysts, with a spin-orbit
splitting of ~11.7 eV. The deconvoluted XPS spectra revealed that both catalysts
contain oxidised Mn species. The N, physisorption and XPS results together point
to the high density and accessibility of the Mn-Nj active sites.
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Figure 30. (a) XPS survey spectra, (b) detailed Cls XPS spectra and (c) detailed N1s
XPS spectra for the catalyst materials.

SEM and EDX analyses were performed to examine the structural morphology
and elemental composition of the materials, respectively. The SEM images for
Zn-NC material in Figure 31 clearly show the typical rhombic dodecahedral
morphology, a characteristic structure of pyrolysed ZIF-8. However, in the
absence of a secondary carbon source, ZIF-8 particles aggregate and exhibit poor
electrical conductivity. Such agglomerated morphology offers complex diffusion
pathways. After incorporation of MWCNTs and Mn, the surfaces of these
polyhedral-shaped particles become rougher, forming intricate bridges and
connections across the porous network of the ZIF-derived carbon framework. In
particular, the Mn-N-C@CNT catalyst exhibited a CNT-dominated network,
alongside a partial retention of ZIF-like structure, suggesting the templating
nature of ZIF-8. The resulting composite catalyst exhibits a highly porous
morphology with exposed CNTs, enabling enhanced O, diffusion and providing
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the framework with excellent mechanical strength. Moreover, these CNTs act as
an electron transport chain during electrochemical reactions, which is especially
advantageous for ORR electrocatalysis. The EDX analysis was used to determine
the elemental composition of the catalysts, as listed in Table 9. Evidently, the
progressive loss in Zn content from Zn-NC to Mn-N-C@CNT catalyst reflects
the successful elimination of Zn species from the NC matrix. This is consistent
with the XPS results in Table 8.

500'nm

Figure 31. SEM images for (a) Zn-NC, (b) Mn/Zn-NC@CNT 10 and (c) Mn-N-C@CNT
catalysts.

Table 9. Elemental composition (wt%) measured by SEM-EDX.

Catalyst material C N 0 Mn Zn
Zn-NC 62.23 16.94 7.22 - 13.19
Mn/Zn-NC@CNT 10 | 77.33 9.97 7.46 2.53 2.45
Mn-N-C@CNT 87.59 6.59 4.02 1.01 0.58

Subsequently, STEM and STEM-EDX analyses were performed on these mate-
rials to gain further insights into the catalyst structure. Figure 32a presents the
crystalline MnO» nanoparticles with a d-spacing of 0.25 nm. These nanoparticles
can inhibit ORR activity by blocking reactant access to the active centres. How-
ever, these were not detected by XRD, probably due to their very low content.
The next STEM image (Figure 32b) and its corresponding EDX mapping (Figure
32c-f) show the Mn-rich aggregates alongside a uniform dispersion of C, N, O,
and Zn. Notably, the Mn-N-C@CNT catalyst does not contain such aggregate
Mn/Zn species, indicating that they are effectively removed after the acid treat-
ment step. The HAADF-STEM images shown in Figure 32g and 32h resemble
the ZIF-like morphology embedded with pores, underscoring the Zn evaporation
phenomenon. The EDX mapping performed in this region showed a uniform
distribution of all elements. Intriguingly, the observed Zn signal in Figure 321 is
mainly due to continuous X-ray radiation and the EDX spectrum of this area
arises from non-zero background signals.
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Figure 32. (a) BF-STEM image showing MnO» nanoparticle, (b) HAADF-STEM image
and (c-f) corresponding EDX elemental mapping for Mn/Zn-NC@CNT 10 catalysts, (g,
h) HAADF-STEM images and (i-1) EDX elemental mapping for M-N-C@CNT catalyst.

7.4.2. Electrochemical performance of Mn-N-C catalysts

Initially, the ORR activity of the Mn/Zn-NC@CNT x catalysts was evaluated
using the RDE and RRDE methods. At first, the CV curves were obtained in O»-
and Ar-saturated 0.1 M KOH at 10 mV s™' for these catalysts (Figure 33a). The
relatively sharper, more positive peak centred at 0.75 V vs RHE for the Mn/Zn-
NC@CNT 10 catalyst reflects its superior ORR performance. The RDE polarisa-
tion curves shown in Figure 33b compare the ORR activity of these materials at
1900 rpm. Evidently, the Ei» increased with increasing ZIF-8 loading from
Mn/Zn-NC@CNT 2 to Mn/Zn-NC@CNT 10, then decreased sharply upon
further increasing the ZIF-8 loading. This trend suggests that at the lowest ZIF
content, insufficient N content results in a low active site density and thus poor
ORR activity, while with excessive ZIF-8 content, the high retention of residual
Zn species decreased the electrocatalytic activity of Mn-Ny centres. Therefore,
with optimal ZIF-8 content, the Mn/Zn-NC@CNT 10 catalyst exhibited the
highest electrocatalytic activity under identical conditions. The K-L plot for this
optimised material showed good linearity and parallelism (Figure 33c). Sub-
sequently, the RRDE analysis was employed to determine the HO, yield and the
n value during the ORR process. As depicted in Figure 33d, the Mn/Zn-
NC@CNT 2 catalyst with a HO,™ yield of ~30-50% exhibits a considerable
portion of 2e” pathway (n approaching 3.2). The Mn/Zn-NC@CNT 5 catalyst
showed a transition towards a dominant 4¢° ORR pathway, with the n value of
approximately 3.4 and a moderate HO," yield of about 25%. Intriguingly, a further
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reduction in the HO;™ yield to 22% for the Mn/Zn-NC@CNT 10 catalyst reflects
its superior selectivity for a 4e" ORR pathway.
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Figure 33. (a) CV curves in O,- and Ar-saturated 0.1 M KOH at 10 mV s™! for all Mn/Zn-
NC@CNT _x catalysts, (b) RDE polarisation curves recorded in O»-saturated 0.1 M KOH
at 1900 rpm, (c) K-L plot for Mn/Zn-NC@CNT 10 catalyst, (d) HO" yield and n value
as a function of potential for Mn/Zn-NC@CNT x (x =2, 5, 10) catalysts.

Thereafter, this best-optimised Mn/Zn-NC@CNT _10 catalyst underwent an acid
treatment, followed by a re-pyrolysis at 950 °C. The RDE polarisation curves in
Figure 34a confirm that the resulting Mn-N-C@CNT catalyst with an Ei; of
0.85 V vs RHE outperformed both the commercial Pt/C and the Mn/Zn-
NC@CNT 10 catalysts. Also, this E1» value is equal to those for Fe;Co,-ZNT-
900 and Fe;Co;-ZNT-900 catalysts reported in the article [I]. The outstanding
ORR performance of Mn-N-C@CNT is rooted in its high relative N content,
especially at the M-N; sites, and in its excellent porous morphology, evidenced
by N» physisorption analysis (Figure29c, d, Table 8). Moreover, with an Egnset
value of 1.0 V vs RHE, this material demonstrates faster intrinsic reaction kine-
tics. The RDE polarisation curves at different electrode rotation rates indicate a
progressive rise in the ji.. The K-L plot constructed from these polarisation curves
deviates from linearity and violates the classical assumptions of the K-L equation.
The RRDE measurements conducted with these materials showed that Zn-NC
material produced about 50% HO, yield and the n value was close to 3.0. This
result suggests that a higher number of Zn-N sites promotes a dominant two-
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electron ORR pathway, which also confirms previous literature reports [246].
Concurrently, it can be anticipated that the Zn-NC catalyst supports a 4e” reduc-
tion pathway, likely originating from its abundant pyridinic-N sites, which, in
principle, enhance the adsorption of oxygen intermediates (‘OOH) and ensure a
direct ORR process. In contrast, the co-existing pyrrolic-N due to its delocalised
lone pair has a lower tendency for initial O, adsorption and O=O bond cleavage,
thereby weakening the adsorption strength of “OOH intermediate below the ideal
value, thereby facilitating a 2e” reduction. This becomes clearer when the HO»
yield for Mn-N-C@CNT material decreases to 17%, promoting a predominant
4e¢” reduction. These results provide strong evidence that eliminating Zn-Ny sites
is crucial for tuning the catalyst's electronic structure and selectivity for a 4e" ORR
pathway.
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Figure 34. (a) RDE polarisation curves recorded in O,-saturated 0.1 M KOH at 1900 rpm,
(b) RDE polarisation curves at different electrode rotation rates, and (c) their respective
K-L plot constructed for Mn-N-C@CNT catalyst, (d) HO, yield and » value as a function
of potential for all catalysts.

To assess the electrochemical stability of the Mn-N-C@CNT material, current-
time responses were recorded at a constant potential of -0.1 V vs RHE for 15 h.
Following this, an RDE polarisation curve was acquired to investigate any loss
in the electrocatalytic activity. Evidently, after the stability tests, a loss of about
40 mV in the E, was observed, which suggests the catalyst is rather stable (see
Figure 6i in article [V]). To investigate the catalytic role of these Zn-N sites, the
cyanide poisoning tests were performed with Zn-NC catalysts, as shown in Figure
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35a. The loss of 45 mV in the ORR activity clearly reflects the electrocatalytic
contribution of Zn-Ny active centres, which have previously also been widely
considered inert towards the ORR[211, 247]. Furthermore, the more pronounced
loss in the ORR activity of the Mn-N-C@CNT material after NaCN addition
indicates an accessible, high-density of Mn-Ny moieties (Figure 35b).
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Figure 35. RDE polarisation curves in O;-saturated 0.1 M KOH at 1900 rpm with and
without the addition of 10 mM NaCN for (a) Zn-NC and (b) Mn-N-C@CNT catalysts.

7.4.3. AEMFC tests with Mn-N-C material

Single-cell AEMFC tests were performed with Pt/C, Mn/Zn-NC@CNT 10 and
Mn-N-C@CNT cathode catalysts. The polarisation and power density curves for
these materials are presented in Figure 36a. Notably, the Mn-N-C@CNT cathode
achieved outstanding AEMFC performance, reaching a Pz, of 975 mW cm™, and
significantly outperforming the commercial Pt/C catalyst under identical condi-
tions. A systematic optimisation of operational parameters, such as backpressure
and gas flow rates, was performed before achieving this maximum AEMFC per-
formance. This optimisation underscored the interplay between catalyst morphology
and fuel cell performance. For instance, at a lower backpressure of 50 kPa, the
AEMFC operated with Mn/Zn-NC@CNT 10 and Mn-N-C@CNT catalysts
exhibited significant disparities in their Pmax values, reflecting the direct impact
of their distinct pore architecture on mass-transport.

Furthermore, the remarkable fuel cell performance of Mn-N-C@CNT catalyst
is attributable to its tailored electronic structure. This was further evidenced by
the total area-specific resistance (ASRr) calculated from the slope of the linearly
fitted ohmic region of the J-V curves (see Figure S14 in article [V]). The
marginally lower resistance for Mn-N-C@CNT catalyst (0.16 Q cm?) in com-
parison to Mn/Zn-NC@CNT _10 (0.31 Q cm?) and Pt/C catalysts (0.32 Q cm?)
suggests a superior intrinsic electrocatalytic activity and charge-transfer kinetics.
The significantly higher current density and Pmax at a cell voltage of 0.6 V showed
that Mn-N-C@CNT catalyst represented a crucial trade-off between power,
efficiency and durability at a practical level (Figure 36b). These results provide a
conclusive argument that elimination of Zn-N sites is imperative to achieve a
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more efficient reaction pathway for ORR, as demonstrated by the outstanding
half-cell and AEMFC performance of Mn-N-C@CNT catalyst.
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Figure 36. (a) AEMFC polarisation and power density curves with Pt/C, Mn/Zn-
NC@CNT 10, and Mn-N-C@CNT cathode catalysts at 200 kPa, (b) current densities at
a cell voltage of 0.6 V and maximum power densities of these cathode catalysts.

7.5. Electrocatalysis on MPc and ZIF-8@CNT derived
bimetallic catalysts

As discussed in the previous study [V], the acid-based post-treatment strategy
tuned the electronic/structural properties of the resulting catalyst. Benefiting from
this post-treatment, the catalyst demonstrated impressive ORR electrocatalytic
activity and remarkable AEMFC performance. However, this post-treatment led
to a loss of the desired Mn sites, along with undesired Zn-Ny moieties, thereby
diluting the resulting density of Mn-Ny centres. Therefore, the last part of this
PhD thesis couples the structural benefits of MPc with the temperature-dependent
structural evolution of ZIF-8@CNT-derived NC scaffolds. This study com-
prehensively evaluates the influence of acid-based pre-treatment on the resulting
NC matrix and its anchoring capacity for bimetal phthalocyanines. Moreover, this
work demonstrates that the initial pyrolysis temperature is crucial for determining
the support material's porosity characteristics and electronic properties. The
resulting catalysts were thoroughly examined for their ORR electrocatalytic
activity and later their applicability in a practical AEMFC device.

7.5.1. Physical characterisations of the catalyst materials

XRD was used to investigate the crystal structures of the prepared catalysts. The
comparative XRD patterns of pre-treated NC supports revealed that the ZIF500a
catalyst retained the parent crystalline structure of ZIF-8 after pyrolysis (at 500
°C) and acid treatment. This result provides robust evidence that Zn-Nj sites
remain stable up to 500 °C, with negligible Zn loss. Eventually, two broader
peaks appeared at 25.4° and 42.8°, corresponding to the (002) and (100) planes
of graphitic carbon after pyrolysis at 700 °C. This suggests that the thermal de-
composition of the ZIF-8 structure begins above 600 °C, consistent with previous
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literature [209, 248]. The XRD patterns for NC900a, Fe;sMn;s-NC900a,
Fe15Co015-NC900a and Coi.sMn; s-NC900a catalysts are displayed in Figure 37a.
All catalysts showed two broader peaks at 25° and 42°, which correspond to
graphitic carbon. In addition, these bimetallic catalysts showed diffraction peaks
attributed to FeCo alloys and Fe>O; nanoparticles. Raman spectroscopy was used
to examine the structural defects and the degree of graphitisation of the catalysts
(Figure 37b). Each material exhibited two broad peaks: one at ~1355 cm™,
corresponding to the D-band and the other at ~1581 cm™, corresponding to the G-
band. Evidently, the bimetallic catalysts showed negligible deviations in their
Raman spectra when compared to the NC900a support, suggesting a finely tuned
carbon framework. Furthermore, the I/ ratio of <0.5 in these materials indicates
a higher degree of graphitisation. Such morphology enables long-range structural
order and electrical conductivity, necessary for efficient ORR electrocatalysis.
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Figure 37. (a) XRD patterns, (b) Micro-Raman spectra, (¢) N, physisorption isotherms
and (d) corresponding pore size distribution for NC900a, FeMn-NC900a, FeCo-NC900a
and CoMn-NC900a catalysts.

The porosity features and specific surface area for the prepared catalyst materials
were determined using BET analysis. The N, physisorption isotherms presented
in Figure 37c, revealed that each catalyst exhibited the characteristics of a Type
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IV isotherm with H3 hysteresis loop, indicating the co-existence of micro- and
mesopores. The Sger was similar across all catalysts, while noticeable differences
in their V,, and Vi values suggest that structural evolution is critically dependent
on the combination of dual-metal sites (Table 10). Notably, the highest micropore
volume of Co;sMn;s-NC900a catalyst micropores suggests a relatively higher
active site density, mainly the M-Ny centres.

Table 10. BET surface area (Sger), total pore volume (V) and micropore volume (V)
of catalysts.

Catalyst material Sper (m? g™!) Viot (cm?® g1) Vi (em® g
NC900a 251 0.42 0.05
Fe;sMn; sNC900a 282 0.52 0.01
Fe; 5Co1sNC900a 271 0.47 0.03
Co1.sMn; sNC900a 267 0.48 0.04

XPS analysis was used to examine the chemical states and surface bonding con-
figurations of these bimetallic electrocatalysts. The wide-scan XPS spectra
revealed the presence of C, N, O, Fe, Co, Mn and Zn in these materials. Notably,
the NC900a catalyst displayed distinct sharp peaks at ~1021 and ~1045 eV,
corresponding to Zn2ps» and Zn2p;., respectively. This strongly suggests an
incomplete volatilisation of Zn from the evolving NC framework. However, the
disappearance of the Zn peak from the survey scan of bimetallic catalysts clearly
indicates its successful elimination. This is evident from the findings of article
[V], where the acid-based post-treatment strategy effectively dissolved Zn sites.
The detailed N1s XPS spectra for the NC900a material consist of seven de-
convoluted peaks (Figure 38a). Among these, the distinct M-N peak is attributed
to Zn-Ny sites. The detailed Zn2p spectra for this material further reinforce this
conclusion (Figure 38b). The detailed N1s XPS spectra for the Fe; 5Co;.5-NC900a
material revealed a similar set of seven deconvoluted peaks, assigned to imines,
pyridinic-N, M-Ny, pyrrolic-N, graphitic-N, pyridinic-NO and bulk N-H (Figure
38c). The absence of Zn in this material provides strong evidence that the Fe/Co
metal is coordinated to nitrogen sites to yield Fe/Co-Nx centres. Conversely, the
N1s XPS spectra of Fe; sMn; 5-NC900a and Co; sMn; s-NC900a materials do not
display a distinct, clearly resolved peak assigned to M-Ny coordination. However,
it does not suggest a complete loss of these centres; indeed, a closely overlapped
signal of pyridinic-N and pyrrolic-N, that obscures the effective contribution of
discernible M-Ny moieties [249]. Given the low surface concentration of these
transition metals, these spectra inherently possess a low signal-to-noise ratio.
Despite this, the definitive characteristic shake-up satellite peaks, featuring the
metal oxidation states, remained clearly resolvable. Furthermore, the comparative
Mn2p XPS spectra for Co;sMn;s-NC900a and Fe;sMn;s-NC900a catalysts
presented in Figure 38d displayed well-resolved peaks at ~641 eV (Mn2ps/) and
~653 eV (Mn2pi12), with a spin-orbit splitting of ~11.5 eV. The comparative Fe2p
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XPS spectra shown in Figure 38e displayed two broad characteristic peaks at
~709 and ~711 eV, suggesting that surface Fe exists in oxidised forms (Fe*'/Fe*").
Likewise, the comparison of high-resolution Co2p XPS spectra in Figure 38f
reflects two distinct sharp peaks at ~781 and ~796 eV, corresponding to Co2ps3.»
and Co2p., spin-orbit doublets.
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Figure 38. Detailed XPS spectra in (a) N1s and (b) Zn2p regions for NC900a catalyst,
(c) detailed N1s XPS spectra for Fe; sCo15-NC900a catalyst. Comparison of detailed (d)
Mn2p XPS spectra for Fe;sMn;s-NC900a and Co;sMn;s-NC900a catalysts, (e) Fe2p
XPS spectra for Fe;sCo0;5-NC900a and Fe;sMn;s-NC900a catalysts, (f) Co2p XPS
spectra for Fe; 5Co15-NC900a and Co; sMn; s-NC900a catalysts.

The SEM and EDX analyses were conducted to examine the morphology and the
elemental composition of the bulk materials (Table 11, Figure 39). A similar
morphology, comprising a densely packed tubular CNT network, was found for
each bimetallic catalyst. Such interconnected CNT structures facilitate rapid
electron and mass transfer processes. Notably, the ZIF500a material exhibited a
distorted ZIF-like morphology, which diminished for NC700a and NC900a
materials, indicating that the ZIF-8 structure has transformed into an NC matrix.
Furthermore, the elemental mapping and respective bulk elemental content reflect
that ZIF500a contains a higher proportion of Zn (13.2 wt%), which significantly
decreased for NC700a (1.51 wt%) and NC900a (1.60 wt%) materials.
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Table 11. Bulk elemental composition (wt%) obtained from SEM-EDX analysis.

Catalyst material C N (0] Fe Co Mn Zn
NC900a 89.8 6.9 1.8 - - - 1.60

Fei sMn; s-NC900a 94.9 0.9 2.4 0.8 - 1.0 0.03
Coi.sMn; 5-NC900a 92.4 3.7 2.5 - 0.7 0.7 0.03
Fe15Co1.5-NC900a 92.2 3.6 3.1 0.5 0.5 - 0.0

Interestingly, for CoisMn; 5-NC900a, Fe; sCo15-NC900a and Fei sMn; 5-NC900a
catalysts, the Zn content was close to 0.03 wt% as listed in Table 11. These results
indicate that incorporating transition metals facilitates the volatilisation of Zn
sites. This was also evidenced in previous work [III], where the addition of Fe
favoured Zn elimination due to their similar ionic radii (see Section 7.2.1).

Figure 39. SEM images for (a, b) NC900a, (c, d) Co;sMn;s-NC900a, (e, f) Fe;sCo; s-
NC900a and (g, h) Fe; sMn; s-NC900a catalysts.

SEM is often limited to lower magnifications and cannot provide an in-depth
view of the evolved structural morphology, especially in a densely packed CNT
network. Therefore, (S)TEM and EDX were employed to study the catalyst’s
internal structure at the atomic scale and elemental mapping, respectively. The
high-angle annular dark-field (HAADF) images for Fe; sCoi.5-NC900a catalyst
are shown in Figure 40. A distorted ZIF-alike structure is evident in Figure 40a,
with a porous texture resulting from aggressive Zn volatilisation following dual
pyrolysis. The images in Figure 40b and 40c show numerous bright spots that
indicate the atomically dispersed M-N sites. Interestingly, the HAADF image in
Figure 40d resembles the ZIF morphology, suggesting a highly porous, sponge-
like structure with enlarged pores, attributed to enhanced Zn volatilisation [205].
Such a porous-dominated network is highly desirable to mitigate mass-transport
limitations. Its corresponding EDX elemental mappings (Figures 40 e-j) further
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confirm a uniform distribution of C, N, O, Fe, and Co, especially suggesting that
Fe/Co is effectively coordinated as M-Ny sites within the carbon matrix without
any visible aggregates. Furthermore, this elemental mapping indicates that Zn is
almost eliminated after the two-step pyrolysis.
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Figure 40. HAADF-STEM image (a) showing a distorted ZIF morphology, (b, c) STEM
image showing with numerous bright spots representing atomically dispersed M-Ny
moieties, (d) HAADF image resembling a ZIF-like morphology and (e-j) corresponding
EDX elemental mapping for Fe; sCo;s-NC900a catalyst.

7.5.2. Electrochemical performance of the catalysts

The ORR performance of the NC900a and M1M»-NC900a electrocatalysts was
examined using the RDE and RRDE methods. Amongst the prepared supports,
NC900a showed superior ORR activity and therefore this was chosen for the
anchoring of bimetal phthalocyanines. Initially, the RDE polarisation curves were
acquired at 1900 rpm for all catalysts in O,-saturated 0.1 M KOH (Figure 41a).
Clearly, the Fei 5Co1.5-NC900a material exhibited the £1/» and Eonset values of 0.88
and 1.0 V vs RHE, respectively. This was followed by Fe; sMn; s-NC900a (E1,, =
0.87 V), Co1.5sMn; 5-NC900a (£1» = 0.85 V) and commercial Pt/C catalyst (E1, =
0.84 V) under identical conditions. Also, Fe;sCo15-NC900a outperforms the
Fe1Co1-ZNT-900 [I], FeiCo0,-ZNT-900 [I], and Mn-N-C@CNT [V] catalysts,
which all exhibited the £1, 0f0.85 V in 0.1 M KOH. The superior electrocatalytic
activity of Fe; 5Co1.5-NC900a suggests that the incorporation of Co optimises the
adsorption of the “OH intermediate, which serves as the rate-limiting step with
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single-atom Fe-N-C material [170]. Crucially, these dual-atom sites allow the
side-on or bridge adsorption (Yeager type) of O, molecules. This specific attach-
ment enables a dissociative ORR pathway, where the O=0O bond might get
cleaved immediately upon adsorption. For example, Park et al. used advanced in
situ adsorption spectroscopy and DFT calculations to understand the adsorption
energetics of oxygen intermediates on atomically engineered FeCo-based DAC
[59]. They revealed that Fe-N4 single-atom sites possess significantly stronger
binding affinity to “OH intermediate (AG on = -0.57 eV) compared to FeCo dual-
atom sites (AG ou =-0.03 eV), which modulated this energy to a near-ideal value.
This synergy shifted the d-band centre and reduced the population of antibonding
states, effectively lowering the “OOH dissociation barrier. The Tafel plots con-
structed from the RDE polarisation curves are presented in Figure 41b. Evidently,
all bimetallic catalysts exhibited a Tafel slope close to -60 mV dec!, suggesting
that the first electron transfer is rapid, followed by a slow chemical rate-deter-
mining step. Thereafter, RDE polarisation curves at different rotation rates were
obtained, as shown for the Fe; sCo15-NC900a material in Figure 41c.

Subsequently, the K-L plots were constructed for Fe;sCo;s-NC900a. As
shown in Figure 41d, the linearity of the K-L lines suggests first-order reaction
kinetics and the n value remained constant (3.94-3.96) over the entire potential
window. To gain further insights into the reaction pathway, RRDE analysis was
performed to measure the HO,™ yield and the »n value. The RRDE polarisation
curves for these materials are displayed in Figure 41e. Clearly, the Fe;sMn; s-
NC900a catalyst exhibits low HO, yield (<10%) compared to the other two
bimetallic catalysts (Figure 41f). Furthermore, with an n value close to 3.83,
FeisMn;s-NC900a catalyst predominantly promoted a 4e” reduction pathway,
indicating superior pathway selectivity compared to the other two bimetallic
catalysts. This is attributable to Mn’s dynamic redox activity across multiple
oxidation states, which exerts a favourable adsorption free energy for "“OH
intermediate, leading to a 4¢° ORR pathway [250]. The electrochemical stability
of the Fe; sMn; s-NC900a catalyst was assessed by scanning 5000 potential cycles
between 0.4 and 1.0 V vs RHE at 200 mV s™'. Following this, an RDE polarisation
curve at 1900 rpm was acquired, which is presented in Figure 42a. Clearly, a loss
of about 30 mV in its £ suggests that this catalyst showed good stability. To
inspect the role of M-Ny sites in the ORR electrocatalytic activity of the
FeisMn;5s-NC900a catalyst, the RDE polarisation curve was acquired at 1900
rpm in 0.1 M KOH containing 10 mM NaCN (Figure 42b). Intriguingly, a signi-
ficant loss of about 100 mV in the Ej» after NaCN addition provides strong
evidence that these centres are the primary active sites. This finding resolved the
apparent ambiguity visible in the N1s spectra of the Fe; sMn; s-NC900a catalyst,
where previously no distinct and clearly resolved peak assigned to M-Ny
coordination was observed.
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Figure 41. RDE polarisation curves recorded in O»-saturated 0.1 M KOH electrolyte at
1900 rpm for NC900, Fe;sMn; s-NC900a, Fe; 5Co15-NC900a, Co;sMn;s-NC900a and
Pt/C catalysts (v = 10 mVs™), (b) corresponding Tafel plots, (c) RDE polarisation curves
at different electrode rotation rates and (d) respective K—L plot for Fe; 5Co15-NC900a
catalyst, (¢) RRDE polarisation curves at 1900 rpm in 0.1 M KOH electrolyte for NC900,
FeisMn; s-NC900a, Fe;sCo;5-NC900a, Co;sMn;s-NC900a and Pt/C catalysts, and (f)
their respective %HO>™ and n values as a function of potential.

88



(a) o 0 J—nitial K (b) — 0 —— Initial P
th D 1. - .
E . After 5000" cycle ) E 4. With 10mM NaCN /
< 2 [}
£ g2 j
z = 1 i
= 34 Ll AE,,=100mV
g z ‘ !
(=] _ @
- -4 o -4 -
5 =
- -5 - L .5 -
H =
© 6 = : *
Fe, Mn, .-NC900a Qe ==~ Fe, ;Mn, .-NC900a
—T T T T T . v : v r
0.0 02 04 0.6 08 1.0 0.0 02 04 06 08 1.0

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

Figure 42. (a) RDE polarisation curve recorded with Fe; sMn; s5-NC900a catalyst before
(solid) and after (dotted) 5000 potential cycles, (b) RDE polarisation curve at 1900 rpm
before and after 10 mM NaCN addition to 0.1 M KOH solution.

7.5.3. AEMFC performance of the catalysts

The single-cell AEMFC tests were performed with M;M,-NC900a cathode cata-
lysts, PtRu/C anode catalyst and PiperlON AEM. A catalyst loading of 1.2 mg
cm™ was used at the cathode, whereas 0.9 mg cm™ was used at the anode. The
polarisation and power density curves for these materials were recorded at a cell
temperature of 80 °C, whilst varying backpressures and gas flow rates were used
to achieve the maximum AEMFC performance (Figure 43a, c¢). For instance,
Fei5Co15-NC900a material with a catalyst layer thickness of 115 um, achieved
the maximum power density (Pma) of 1.02 W cm? with a backpressure of
200 kPa (anode/cathode) and gas flow rates of 0.6 NLPM (anode/cathode).
Conversely, for the Co; sMn; s-NC900a catalyst, with a backpressure of 175 kPa
and a gas flow rate of 0.6 NLPM, the AEMFC reached its highest performance
(Pmax = 0.93 W cm?). However, Fe; sMn; s-NC900a material utilised the lowest
backpressure of 100 kPa and gas flow rates of 0.45 NLPM to gain the peak
AEMFC performance (Pmax = 0.78 W cm™). These differences in the operational
parameters originated from their distinct porosity features, measured by N»
physisorption studies. Evidently, the Fe; sMn; s-NC900a catalyst, with very few
micropores, exhibits a low active-site density. Furthermore, under zero back-
pressure conditions CojsMn;s-NC900a catalyst with a Ppax of 0.52 W cm™
showed superior performance than the other tested materials (Figure 43b, d).
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Figure 43. AEMFC power density and polarisation curve for Fe;sMn;s-NC900a,
Fei5Co15-NC900a and Co;sMn;s-NC900a cathode catalysts (a) with backpressure, (b)
without backpressure conditions. Current density at 0.6 V from J-V polarisation curves
(c) with backpressure and (d) without backpressure conditions [Anode loading = 0.9 mg
cm?, cathode loading = 1.2 mg cm™].

Moreover, the CoMn-based bimetallic catalyst showed the highest current densi-
ties under both backpressure and no backpressure conditions, reflecting its faster
intrinsic reaction kinetics and pore features that facilitated mass- and charge-
transfer processes. The prepared bimetallic catalyst outperformed most of the
reported works summarised in Table 12 and established a breakthrough in the
design of highly efficient non-noble catalyst materials for AEMFC application.
Table 12 summarises the comparison of AEMFC performance for the M-N-C
catalysts prepared in this PhD thesis and relevant examples from the literature.
Clearly, a wide range of Pt-free M-N-C cathode catalysts has been deployed in
AEMFC, encompassing different AEMs and catalyst loadings. Therefore, these
fundamental heterogeneities in methodology across the reported works limit a
direct comparison based solely on Pn.x values. Furthermore, the parameters, i.e.
backpressure, gas flow rates, cell operating temperature, and MEA structure,
significantly influence the AEMFC performance and thus should be considered
to draw a meaningful comparison. Still, the best performance for the Fel.5Co1.5-
NC900a cathode catalyst reported in article [IV] is currently among the best
results worldwide for non-PGM bimetallic M-N-C catalysts applied in AEMFCs.

90



Table 12. AEMFC performance of ZIF-8@CNTs composite-based single and bimetallic
M-N-C cathode catalysts prepared in this PhD thesis, compared against the Pt-free
cathode catalysts documented in the literature.

Cathode catalyst Cathode Membrane Prax Ref.
loading (W cm??)
(mg cm™)
Fe1C0,-ZNT-900 2.0 Aemion+® 15 pm 0.17 I

Mn-N-C@CNT 1.2 Piper]lON 0.98 v

Mn/Zn-NC@CNT 10 1.2 PiperlON 0.50 v

FeisMn; s-NC900a 1.2 PiperION 0.78 VI

Fe15Co1.5-NC900a 1.2 PiperlON 1.02 VI

Co1.5Mn; 5-NC900a 1.2 PiperION 0.93 VI
CoFe-NC-PPy 4.0 FAA-A-30 0.35 [251]
FeCoPc/C 0.30 LDPE 1.26 [252]
FeMn-N-MPC 2.0 HMT-PMBI 0.37 [181]
Mn-N-C 2.0 CCM 0.77 [161]
CoPc/KB 1.0 Functionalised ETFE 0.61 [217]
Fe-Mn-N-C 0.8 PAP-TP-85 1.32 [253]
FeCoN-MWCNT 0.7 FAA-3-05-rf 0.69 [254]
FeMnN-MWCNT 0.7 FAA-3-05-rf 0.58 [254]
MPF/Mn 1.0 Aemion” (10 um) 0.30 [158]
SHUb-Fe/N-A 2.0 HMT-PMBI 0.23 [255]
CoMn-N-C-Ac-2-800 1.5-2.5 QAPPT 0.29 [256]
L FeMn 0.8 Functionalised HDPE 0.26 [257]
FeCoNC-MgOAc 0.96 Radiation-grafted 0.92 [258]

LDPE

D-MN4-CNF-IL-A 2.0 Aemion+™ (10 um) 0.23 [259]
FeMn-N-MPC 2.0 HMT-PMBI 0.47 [181]
(FeMn-DA)-N-C 3.5 PAP-TP-85 1.06 [260]
0-Mn,O3/Feg s-NHj 1.2 ETFE 0.98 [261]
FeCoNC 0.6 HMT-PMBI 0.42 [262]
Fe-S-Phen/CNT 1.5 Monomer-impregnated 0.76 [263]
MC-CoFeN 0.8-0.85 PiperlON 0.51 [264]
FeNSC2 2.0 Aemion” (10 pm) 0.16 [265]
FePc/C - Tokuyama A901 0.10 [266]
Fe-N-C/C 0.5-2.0 FAA-3 0.40 [267]
FeNiN-MWCNT 2.0 AF2-HLE8-10-X 0.41 [183]
CoFe/VC 2.4 LDPE 1.35 [268]
CoFe-N-CDC/CNT 0.75 ETFE 1.12 [178]
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8. SUMMARY

The goal of this PhD thesis was to design ZIF-8-derived M-N-C catalysts for
efficient ORR electrocatalysis in AEMFC and MFC devices. These materials
exhibit impressive ORR activity in both neutral and alkaline media, making them
a remarkable alternative to expensive Pt-based catalysts. All the prepared cata-
lysts underwent comprehensive physical characterisation to gain insights into
their nanostructures and active-site distribution. Furthermore, the RDE and
RRDE methods were used to study their electrocatalytic performance and ORR
pathway selectivity under different pH conditions. Lastly, the best-performing
catalysts were integrated into AEMFC and MFC devices to evaluate their power
generation performance. Therefore, this PhD thesis establishes a comprehensive
foundation for the development of non-noble ORR catalysts with well-defined
structure, controlled atomic dispersion of active sites and their accessibility,
thereby addressing the significant drawbacks associated with M-N-C materials.

In the first part, Fe and Co-based bimetallic catalysts were designed using one-
step pyrolysis methodology [I, II]. The resulting FeCo-N-C material exhibited a
porous morphology with hierarchical porosity, facilitating mass transfer. More-
over, the use of MWCNTSs offered electrical conductivity channels. Benefiting
from this, the FeCo-based bimetallic catalyst showed impressive ORR activity,
as evaluated by RDE and RRDE methods, in 0.1 M KOH and 0.1 M PBS solu-
tions. With a peroxide yield of ca. 20%, the FeCo-N-C material exhibited excel-
lent selectivity for a 4e” reduction pathway. Furthermore, when applied in AEMFC
and MFC devices, this material achieved Pmax of 171 mW cm™ and 1557 mW m?,
respectively. This outstanding performance was attributed to the exposed atomic-
ally dispersed M-Ny active sites and high surface area. However, the high per-
oxide yield compromises the catalyst's true catalytic performance.

The second part of the thesis pivoted towards the incorporation of Ce, which,
with its radical-scavenging ability, fine-tunes the electronic structure and drives
the ORR via a predominant 4e” reduction pathway [III]. This work used a one-
step pyrolysis strategy, in which ZIF-8, MWCNTs and Fe/Ce salts were mixed
and annealed at 900 °C in N, atmosphere. The physicochemical characterisation
revealed that the incorporation of Fe favoured Zn volatilisation and evidenced
their in-situ substitution. The enhanced structural defects after Ce addition
reduced the charge-transfer resistance and increased the exposed active site
density. The uniform distribution of M-Nyx moieties was confirmed by STEM
analysis. The resultant Fe;Cei@N-C catalyst showed outstanding ORR activity
in 0.1 M PBS, with an £, 0of 0.76 V vs RHE and excellent electrochemical stabi-
lity. When applied in a dual-chamber MFC device, the Fe;Cei@N-C catalyst
achieved a Pmax of 200 mW m™. Furthermore, the MFC-Fe,Ce; demonstrated
long-term operational stability (>600 h) under an external load of 450 Q. The
enhanced ORR kinetics improved wastewater treatment efficiency, with COD
removal exceeding 85% [111].
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In the next part of the thesis, a unique inverted pot dual-pyrolysis approach
fine-tuned the electronic structure of the FePc-derived Fe-N-C material through
an in situ nitridation mechanism, in which the hybrid Fe/FesN species in pro-
ximity of Fe-Ny sites optimised the adsorption of oxygen intermediates [[V]. The
resulting Fe/FesN@Fe-N-C material exhibited a micropore-rich structure and a
high density of exposed Fe-Nj sites. Moreover, these specific nitride species pro-
moted graphitisation, enabling faster charge-transfer kinetics. In RDE tests, this
material achieved an impressive Ei» of 0.79 V vs RHE, outperforming the
FeiCei@N-C [III] and FeCo-N-C@900 [II] catalysts. In MFC tests, a Pmax of
277 mW m™ and a COD removal efficiency of 85% were observed, providing
compelling evidence for the altered catalyst structure induced by the nitridation
approach.

In the fourth part of this thesis, Mn-doped ZIF-8@CNTs-derived catalysts
were prepared using one-step pyrolysis at distinct initial ZIF-8-to-Mn molar
ratios [V]. The resulting Mn/Zn-NC@CNT _10 catalyst exhibited the optimal
porous morphology and the highest ORR activity in 0.1 M KOH. It was observed
that the coexistence of residual Zn-Ny sites downshifted the electrocatalytic
activity by decreasing the desired Mn-Ny population. Intriguingly, the subsequent
acid-treatment and re-pyrolysis step substantially increased the surface area of
the Mn-N-C@CNT catalyst and refined its electronic properties by eliminating
the residual Zn species. Most importantly, the AEMFC performance significantly
improved with Mn-N-C@CNT cathode catalyst, reaching a Ppax of 975 W cm™,
which outperformed the Pt/C cathode. The findings of this work demonstrated
that eliminating Zn-Nj sites is crucial for refining ORR kinetics and pathway.

The last part is inspired by previous work [V] and explores the integration of
MPc and ZIF-8 to address issues of active site density and metal aggregation [VI].
In this work, a dual-pyrolysis approach was adopted to prepare the final bimetallic
M-N-C catalysts. In the initial pivotal step, the NC supports were designed from
one-step pyrolysis of ZIF-8 and MWCNTs performed at different temperatures
(500, 700, 900 °C). Following this, the acid-treatment step promoted graphitisa-
tion, improved ORR activity and eliminated most of the Zn-Nj sites. The structural/
electronic properties of the optimised NC900a support were further improved
through sequential anchoring of bimetal phthalocyanines, where Fe;sCos-
NC900a material exhibited an outstanding ORR activity. In an AEMFC test, this
cathode catalyst delivered a remarkable Ppax of 1.02 W cm™.

The research reported in this PhD thesis provides valuable insights into the
design of efficient Pt-free ORR catalysts for different fuel cell applications. The
prime focus remained on resolving the key limitations of active-site density and
site utilisation efficiency. Therefore, the prepared materials represent an advance-
ment in the development of non-noble metal catalysts, making a valuable contri-
bution to the field of oxygen reduction reaction electrocatalysis.
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10. SUMMARY IN ESTONIAN

ZIF-8 pohised M-N-C elektrokatallisaatorid hapniku
redutseerumisreaktsiooniks AEMFC ja MFC seadmetes

Doktorit66 eesmark oli valmistada ZIF-8 pohised siirdemetall-lammastik-siisinik
(M-N-C) tiiiipi kataliisaatorid hapniku redutseerumisreaktsiooni (ORR) elektro-
kataliilisiks anioonivahetusmembraaniga kiituseelemendi (AEMFC) ja mikroob-
se kiituseelemendi (MFC) katoodidele. Need materjalid néitasid kdrget ORRi
elektrokataliiiitilist aktiivsust nii neutraalses kui ka aluselises keskkonnas ning
osutusid paljulubavaks alternatiiviks kallitele Pt-pohistele kataliisaatoritele. Kdik
valmistatud materjalid 1dbisid pdhjaliku fiilisikalise karakteriseerimise, et hinnata
nende struktuuri ja aktiivtsentrite jaotusest. To0s kasutati podrleva ketaselektroodi
(RDE) ja poorleva rongas-ketaselektroodi (RRDE) meetodeid, et uurida nende
materjalide elektrokataliiiitilist aktiivsust ja ORRi reaktsiooniteed. Lopuks integ-
reeriti parimad kataliisaatorid AEMFC ja MFC seadmetesse, et hinnata nende
energiatootmise voimekust. Kéesolev doktorit6d loob tervikliku aluse aktiivsete
M-N-C elektrokataliisaatorite véljatootaamiseks, keskendudes aktiivtsentrite
soodsale jaotusele ja hapniku ligipddsetavusele nendele tsentritele.

T66 esimeses osas valmistati Fe ja Co sisaldusega kataliisaatorid piiroliiiisi
teel [I, II]. Saadud FeCo-N-C kataliisaatormaterjalid olid hierarhilise poorsusega,
mis soodustas hapniku massiiilekannet. Siisiniknanotorude (MWCNT) lisamine
parandas materjalide elektrijuhtivust. Siinteesitud FeCo-pohised kataliisaatorid
nditasid RDE ja RRDE testides head ORRi aktiivsust nii 0,1 M KOH kui ka 0,1
M PBS lahustes. Vesinikperoksiidi saagis 20% RRDE testis osutas FeCo-N-C
materjali suuremale selektiivsusele 4e” reaktsioonitee osas. Lisaks saavutati selle
kataliisaatori rakendamisel katoodina AEMFC ja MFC seadmetes maksimaalse
voimsustiheduse (Pmax) vddrtuseks vastavalt 171 mW cm™ ja 1557 mW m™. Sel-
line silmapaistev joudlus omistati O, molekulidele hésti ligipddsetavatele ning
atomaarselt dispergeeritud M-Ny aktiivtsentritele ja materjali suurele eripinnale.

Doktoritd6 teine osa keskendus Ce lisamisele kataliisaatoritele, et optimeerida
materjali elektronstruktuuri, millel on hapnikkusisaldavate radikaalide piitidmise
vOime ja mis kataliilisib hapniku redutseerumist valdavalt 4e reaktsioonitee
kaudu [III]. Selles t60s kasutati kataliisaatormaterjalide valmistamiseks ZIF-8§,
MWCNT ja Fe/Ce soolade segu kdrgtemperatuurset pliroliiiisi. Fiitisikalis-keemi-
lise iseloomustamine niitas, et Fe lisamine soodustas Zn lendumist. Ce lisamise
tottu vihenes laenguiilekande takistus ja suurenes O, molekulidele ligipddsetavate
aktiivtsentrite tihedus. M-Ny tsentrite {ihtlast jaotust kinnitas skaneeriva labistus-
elektronmikroskoopia analiiiis. Siinteesitud Fe;Cei@N-C kataliisaatoril oli suure-
parane ORRi aktiivsus 0,1 M PBS lahuses, kus saadi £, véartuseks 0,76 V vs
RHE. Kahekambrilise MFC katoodina rakendamisel saavutas Fe;Ce;@N-C kata-
liisaator Py vidrtuseks 200 mW m™. Valmistatud kataliisaator kiirendas ORRi
kineetikat, mistdttu parandas ka reovee puhastamise efektiivsust, sest keemilise
hapnikutarbe (COD) eemaldamine tiletas 85% [I11].
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Viitekirja jargmises osas valmistati kahe piiroliiiisilacvukese ainulaadse koos-
kasutamisel ja kaheetapilise piiroliiisimeetodi abil FePc pohjal saadud Fe-N-C
materjalid in situ nitrideerimise abil. Saadud materjalis Fe-Ny tsentrite 1dheduses
olevad hiibriidsed Fe/FesN funktsionaalrithmad optimeerisid hapniku redutsee-
rumise vaheiihendite adsorptsiooni [IV]. Saadud Fe/FesN@Fe-N-C materjali ise-
loomustas mikropoorne struktuur ja ligipddsetavate Fe-Ny tsentrite suur tihedus.
Lisaks soodustas moodustunud nitriid grafitiseerumist, vdimaldades kiiremat
laenguiilekande kineetikat. RDE testides saavutas see katallisaator muljetaval-
dava Ei, vairtuse 0,79 V, edestades varasemaid Fe;Cei@N-C [III] ja FeCo-N-
C@900 [I1] kataliisaatoreid. MFC testis saadi Pmax viirtuseks 277 mW m? ja
COD eemaldamise efektiivsuseks 85%, mis kinnitab, et nitriidimismeetodil
soodsamaks muudetud kataliisaatori struktuurist parandab ORRIi kineetikat.

Doktoritod neljandas osas valmistati Mn-dopeeritud ZIF-8@CNT pdhised
kataliisaatorid piiroliiiisi abil erinevate ZIF-8 ja Mn molaarsuhetega [V]. Sellisel
viisil valmistatud Mn/Zn-NC@CNT 10 kataliisaatoril oli optimaalne poorsus ja
korgeim ORRIi aktiivsus 0,1 M KOH lahuses. Téheldati Zn-Ny tsentrite esinemist,
mis vahendas elektrokataliiiitiliselt aktiivsete ja eelistatud Mn-Ny tsentrite moju.
Jargnev happetootlus ja teistkordne piiroliiiis suurendasid oluliselt Mn-N-C@CNT
kataliisaatori eripinda ja korvaldasid jérelejdédnud Zn sisalduse. Veelgi olulisem,
et Mn-N-C@CNT katoodkataliisaatoriga paranes AEMFC joudlus mérgatavalt,
saavutades Py vidrtuseks 975 mW cm™, mis oli kdrgem kui Pt/C katoodil. Selle
to0 tulemused néitasid, et Zn-Ny tsentrite korvaldamine on ORRIi kineetika ja
reaktsioonitee optimeerimiseks iilioluline. Viitekirja viimane osa on inspireeri-
tud varasemast to0st [ V] ja selles uuritakse MPc ja ZIF-8 integreerimist materjali,
et lahendada aktiivtsentrite tiheduse ja metalli aglomeratsiooniga seotud prob-
leeme [VI]. Selles t66s kasutati kahte siirdemetalli sisaldavate M-N-C kataliisaa-
torite valmistamiseks kahekordset piiroliilisi. Kdigepealt valmistati siisinikskelett
ZIF-8 ja MWCNT segu piiroliiiisi teel, mis viidi 1&bi erinevatel temperatuuridel
(500, 700, 900 °C). Seejérel tehti happetdodtlus, mis korvaldas suurema osa Zn
jaagist ning parandas ORRi aktiivsust. Optimeeritud NC900a siisinikskeleti
struktuurilisi ja elektroonseid omadusi parandati veelgi kahe metalloftalo-
tsiianiini lisamisega, misjérel Fe; sCo; s-NC900a materjal niitas silmapaistvaimat
ORRI aktiivsust 0,1 M KOH lahuses. AEMFC katoodil saadi selle katoodkata-
liisaatoriga erakordselt kdrge Pmax viirtus 1,02 W cm™.

Kokkuvottes annab see doktoritdd suure panuse aktiivsete Pt-vabade ORRi
kataliisaatorite arendamisse eri tiiiipi kiituseelementide (AEMFC ja MFC) katoo-
dide jaoks. To6s keskenduti aktiivtsentrite tiheduse ja ligipddsetavuse optimee-
rimisele, et parandada kataliisaatorite elektrokataliiiitilist aktiivsust. Saadud tule-
mused niditavad mérkimisvairset arengut mittevédrismetallidel pohinevate kata-
liisaatorite véljatdotamisel ning toetavad selle teadusvaldkonna edasist arengut.
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